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Soutenue à Cachan le 6 novembre 2015 devant le jury composé de :

Laurent Orgéas Directeur de Recherche CNRS, UGA Rapporteur
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enrichissante construite au fil de tes séjours parisiens et de nos nombreuses conversations
Skype.
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pour qui les mouchetis à la poudre n’ont plus de secrets. Un grand merci à vous deux pour
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Introduction

In western countries, friction and wear phenomena cause losses up to 4% of the Gross
Domestic Product GDP ([Frêne et Zaı̈di, 2014]). In modern automobile, more than 25%
of the power supplied by engine is lost by friction. In a time where energy saving should
be a concern at the heart of the development of new technologies, tribological solutions
are to be mobilized. PolyTetraFluoroEthylene or PTFE is one of the flagship materials for
these applications.

PTFE is a semi crystalline polymer widely used for its very low friction coefficient
but also for its numerous other advantages such as electrical insulation, high resistivity
to corrosion and high thermal stability. It is used in many fields from engine to domestic
cooking pan, from the chemical industry to electric insulation system, from architectural
structure to surgical implant.

Because of its high viscosity at melting temperature, raw PTFE cannot be manufac-
tured thanks to usual processes developed for thermoplastics like injection or melt ex-
trusion. One of the production pathways (the one favored for bulk material) is inspired
from the process used for ceramic or metallic powders, viz. powder compaction at room
temperature followed by a thermal treatment, commonly named sintering. It is this pro-
duction route that will be the focus of the present work. Other production processes are
lubricated paste extrusion, impregnation of glass fabrics or coating on metallic substrates.
However they are limited to specific applications and represent a small fraction of the total
production. This PhD study is a project involving a partnership between the Laboratoire
de Mécanique et Technologie de Cachan (LMT-Cachan), one of the research departments
of ENS-Cachan, and two entities of the industrial partner Saint-Gobain: Saint-Gobain
Recherche and Saint-Gobain Performance Plastics. Large billets of pure and filled PTFE
are produced in their plants. Developing numerical tools to model the manufacturing
process of these parts to improve the production is their long term objective.

The goal of this study is to propose a modeling of the mechanical behavior of filled
PTFE compounds during their pressing at room temperature.

1 Two examples of application
Mechanical and physical properties of PTFE are unique in the field of polymeric materials
([Ebnesajjad, 2002], [Sperati et Starkweather Jr, 1961]). The table 1 provides a quantita-
tive comparison of PTFE and PolyEthylene (PE) for mechanical and physical properties.
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2 Introduction

Table 1: Comparison of PTFE and PE physical properties from [Ebnesajjad, 2002]

PROPERTY PTFE PE
Density 2.2 - 3.3 0.92 - 1

Melting Temperature (◦C)
342 (first) 105 - 140

327 (second)
Dielectric Constant, 1 kHz 2.0 2.3
Surface Energy (dynes/g) 18 33
Resistance to Solvents Excellent Susceptible
and Chemicals No solvent known to hot hydrocarbons
Thermal Stability
T1/2 (◦C) 505 404
k350 (%/min) 0.000002 0.008
Eact (kJ/mol) 339 264
Melt Viscosity (Poise) 1010 - 1012 -
Refractive Index 1.35 1.51
Chain Branching Propensity No Yes

The noteworthiest advantages and particularities of PTFE are:

• low friction coefficient,

• high electrical resistivity, low dielectric constant, low dissipation factor,

• insolubility in most solvents and resistance to acid and basic solution,

• wide thermal stability range, enabling a continuous use across a large temperature
range,

• high fire resistance,

• hydrophobicity,

• cryogenic properties, even at a temperature of 4K, ductility is still present.

Citing [Rae et Dattelbaum, 2004] “During deformation, PTFE stores much more of
the work done as structural change (30%) than typical metals (<10%)”. Even in the
brittle state, the dissipation of energy associated with the propagation of crack in PTFE is
more than one order of magnitude greater than common structural engineering polymer
([Brown et Dattelbaum, 2005]).

Consequently, PTFE finds its place in various fields and applications. For instance,
thanks to the low surface energy stability, good mechanical properties and high chemical
resistance, it is used in medical applications such as ligament replacements or cardiovas-
cular grafts. For the construction industry, fiberglass fabric may be coated with PTFE

Modeling of the mechanical behavior of PTFE compounds during their cold pressing



Two examples of application 3

for stadium and airport roof for its excellent weatherability, flame resistance, low surface
energy, resistance to UV and white color.

Hereunder two applications developed by Saint-Gobain Performance Plastics are de-
scribed in more detail.

OmniSealr seals are used in rotary mechanisms (figure 1). The use of PTFE allows
for an easy rotation due to its low friction coefficient as well as the possibility of using
it in aggressive chemical and thermal conditions, encountered for instance in oil and gas
industry or engine applications. Specific fillers may be added to the raw PTFE to improve
its wear properties of the part without depreciating its friction characteristics.
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(a) OmniSealr

Mach ined spring face sea l

D iaphragm sea ls

Integra l p iston sea l

Ant i-b lowout sea l

Design Capabilities

For more than 30 years SGPPL has
dedicated its engineering efforts to
solving difficult and unique sealing
problems. With each challenge we
gain greater insight into the science
of specialized sealing.

Today, aided by advanced 3-D
modeling software and the latest 

visualizing innovations, our team of
skilled design engineers is exploring the
next generation of sealing applications.
Utilization of Finite Element Analysis
(FEA) as a viable design and production
tool facilitates higher productivity,
design confidence, reduction in testing
time and resultant cost savings.

D iaphragm Seals
This design combines a flexible disk
and static face seal in a single unit.
D iaphragm seals offer chem ical
equipment designers a simple yet
advanced method for handling
corrosive fluids in actuating valves and
small metering pumps.

Machined Spring Face Seal
The machined spring seal is a solid
ring of metal covered by a thin PTFE
jacket. The solid spring is impermeable
to light gases like hydrogen and
helium , and provides extremely low
leak rate sealing. It is also an excellent
face seal for sealing hard vacuums.

Integral Piston Seal
For small diameter applications at
moderate pressures, the integral
piston seal is an innovative approach
to reducing the number of precision
machined metal parts and
components. In addition to being
easy to assemble, this design serves as
a seal and as a guide bearing.

Anti-Blowout Seal
This unique design has been used in
the valve industry for over 40 years.
In applications requiring the rod to
disengage from the seal, the
anti-blowout design prevents the
dynam ic sealing lip from deform ing
under pressure.

F in i te  El ement Ana lys is stress p lot s imu l a t ing
se a l  j a c k e t  de f l ec t ion .

Special Seal Designs

Static Face Seal
(Internal Pressure)

Rotary Shaft SealRotary Face Seal Valve Stem Seal

Static Face Seal
(External Pressure & Internal Vacuum)

Typical Installations

Inside face sea l Outside face sea l
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(b) Scheme of a typical
installation

Seal Function and Motion

Static Seals and
Dynamic Seals

The two basic types of sealing
applications are static seals and
dynamic seals. In static sealing 
there is essentially no relative 
motion between the seal and the
hardware members. An example
would be a seal clamped between
bolted flanges.

In dynam ic sealing there is relative
motion between the two sealing
surfaces. A typical example would be
the rod and piston seals in a
hydraulic cylinder.

There are two directions of motion
in dynam ic sealing: reciprocating or
linear motion, and rotary (including
oscillating) motion.

Occasionally there may be a
combination of both static and
dynam ic applications. An additional
factor to be considered is the
orientation of the seal in the
hardware. Seals that are compressed
in a radial direction are called radial
seals, again using rod and piston
seals as examples.

Seals that are compressed in a
direction parallel to the axis are
called face seals, the flange gasket is
a typical example. Face seals are
usually, but not always, static.

Examples of these basic seal 
types are shown below. Typical
installations are also shown on 
page 40.

Face Seals
in Static Service

O mniSeal® 103A (page 16) is 
generally the first choice for most
static face seal applications. This
series utilizes a moderate to high
spring load, and is capable of sealing
effectively over a wide temperature
and pressure range.

Because of its very high spring
loading, the O mniSeal® RAC O®

1100A (page 20) is particularly 
recommended for extreme sealing
conditions, cryogenic temperatures,
ultra-high vacuum and positive
sealing of helium and other 
light gases.

The O mniSeal® 400A (page 15) may
also be used as a static face seal when
light spring loading is essential.
However, its sealing ability may not
be as effective under extreme
conditions as that of the 103A or the
RAC O® 1100A due to the 400A’s
relatively light spring load.

Selecting an
OmniSeal® Design

Saint-Gobain Performance Plastics
manufactures and markets a variety
of basic styles of spring-actuated
seals. Several of these designs can 
be used interchangeably in the 
same gland.

The recommendations that follow
are intended as a general guide and
should be used together with the
tables and dimensional charts that
appear on the following pages.
Should you require additional 
assistance, please contact Technical
Support at the factory; for complete
contact information, see the inside
back cover.

Face Seals
in Dynamic Service

The O mniSeal® 400A (page 15) 
is recommended for rotary face 
seal applications at slow to moderate
rotary speeds. Low spring loading
keeps friction to a m inimum . 
For ultra-low friction or high surface
speed applications, contact 
the factory.

The O mniSeal® APS (page 18) is an
ideal choice for use in dynam ic 
reciprocating and rotary applications.
Due to the flat load curve of the
Advanced Pitch Spring (APS), it also
provides excellent service in friction-
sensitive applications.

In oscillatory or slow, interm ittent
rotary applications where high
rotational torques are present, the
O mniSeal® RAC O® 1100A (page 20) is
recommended. Such applications
include swivels and loading arm pivot
joints. Because of its exceptionally
high spring load, the O mniSeal®

RAC O® 1100A is also an excellent
choice when maximum sealability is
mandatory: in applications involving
liquids and gases with a low specific
gravity and when sealing at cryogenic
temperatures is required.
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How OmniSeal® Works

O mniSeal® jackets are precision
machined from PTFE, filled PTFE
composites and other high

performance polymers.
O mniSeals® with PTFE jackets
function at temperatures 
ranging from cryogenic to 600oF
(316oC) and are inert to virtually
all chem icals except molten 

alkali metals, fluorine gas at high
temperature and chlorine 
trifluoride (CIF3).

O mniSeals are available with a
variety of spring energizers, each
with characteristics that meet specific
requirements. Spring loading can be
tailored to meet critical low friction
requirements in dynam ic
applications, or the extremely high

loading often required for cryogenic
sealing. Springs are fabricated from
corrosion-resistant metals such as 300
Series and 17-7 PH stainless steels,
Elgiloy®, Hastelloy® and Inconel® .
O mniSeals with metal springs have
unlim ited shelf life and are not
subject to age controls normally
imposed on elastomeric seals.

O mniSeals with elastomer O-rings
used as energizers – made from such
materials as nitrile, silicone, FKM , and
O mniFlex™ – are also available by
contacting the factory. The geometry
of the O mniSeal® installed in the
gland provides positive resistance to
torsional or spiral failures often found
in O-rings.

Quality Assurance

The Saint-Gobain Seals quality
system is AS9100 and Aerospace
Standard accredited at our North
American O mniSeal® manufacturing
facilities. AS9100 exceeds all
requirements included in the ISO-
9001 standard. We chose AS9100
over other quality systems due to the
more exacting requirements in the
aerospace industry. We apply these   

Our Quality Team will represent the
customers’ interest in all areas of
contract adm inistration,
documentation control and
manufacturing functions.

OmniSeal® Components The O mniSeal® is a spring-actuated,
pressure-assisted sealing device
consisting of a PTFE (or other
polymer) jacket partially
encapsulating a corrosion-resistant
metal spring energizer.

When the O mniSeal® is seated in the
gland, the spring is under
compression, forcing the jacket lips
against the gland walls and thereby
creating a leak-tight seal.

The spring provides permanent
resilience to the seal jacket and
compensates for material wear and
hardware m isalignment or
eccentricity. System pressure also
assists in energizing the seal jacket.
Spring loading assisted by system
pressure provides effective sealing in
both low and high pressure
operating environments.

PTFE JACKET

METAL SPRING
ENERGIZER

OmniSea l® 400A in working conditions

4 800.544.0080

AS9100
Certified

quality system requirements to all
O mniSeal® products, whether or not
they are used in aerospace
applications, resulting in the highest
level of product reliability in the seals
industry. Our Garden Grove,
California, facility is fully staffed 
and equipped to perform all our
design inspection, testing and
engineering requirements.

(c) zoom

Figure 1: Example - OmniSealr seals are used in rotary mechanisms (from OmniSealr

brochure). They are composed of a filled PTFE part in which an energized spring is in-
serted. When the pressure applied on the seal is increased, the spring opens and squeezes
the polymer lips against the rotating part in order to avoid any leakage while allowing the

rotation of the parts.

An other remarkable application is Norglider bearings, which are maintenance-free
bearings composed of a PTFE film coating the inner surface of a metallic part (figure 2).
This way, bearings are able to withstand high loads without the need for adding lubricant.
As additional benefits, noise level is reduced and vibration damping is good. Here again,
adding fillers offers a better wear resistance of the PTFE film. Figure 2.(e) gives an
overview of different applications of Norglider bearings in a single car.

Modeling of the mechanical behavior of PTFE compounds during their cold pressing



4 Introduction

(a) Norglider

NORGLIDE®-advantages 
at a glance
ö  Minimum coefficient of friction for solid materials 
ö  Maintenance free and self-lubricating  
ö  Minimum stick-slip effect
ö  High pU (PV) for absolute dry-running and stability 
ö  Takes up edge loading and compensates for misalignment
ö  Eliminates noise 
ö  Vibration damping 
ö  No water absorption
ö  Good formability
ö  Excellent wear resistance
ö  Temperature resistant

2 • Saint-Gobain Performance Plastics
(b) Scheme

(c) Assembly (d) zoom
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(e) Applications in a car
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Figure 2: Example - Norglider are maintenance-free bearings composed of a PTFE film
coating the inner surface of a metallic part. Structural stability and strength of the part can
be reinforced with metal fabrics, whose cross-sectional view of the assembly is presented
figure (d). In figure (e), the different applications of Norglider bearings in a car are listed.
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2 PolyTetraFluoroEthylene - from atomic to macro-
scopic scale

Discovery The discovery of PTFE is one of the most famous examples of serendipity.
Indeed, PTFE was accidentally discovered in 1938 by Dr. Roy Plunkett of DuPont de
Nemours Company. Dr. Plunckett was pursuing studies on a safer and non inflammable
refrigerant liquid, based on TetraFluoroEthylene (TFE). During one of his tests, by cool-
ing down a compressed TFE sample, he produced a white powder which appeared not
to be dissolved in any solvent, acid or base and which formed a clear gel without flow
up to melting. This turned out to be the first PTFE powder production. His discovery
was quickly developed in collaboration with the US Army in the frame of the Manhattan
project during Word War II. The first application of PTFE was for gaskets, packings and
liners in the chain of production of the Uranium 235 as no other polymers were able to
undergo such critical environment. The first commercialization of PTFE by DuPont de
Nemours took placed in 1945 under the brand name Teflonr.

Chemical structure PTFE is a semi crystalline polymer whose chemical structure
(CF2-CF2)n consists of long carbon chains which are surrounded by fluorine atoms. Its
molecular weight is high, in the order of 107g/mol. The atomic structure is similar to the
one of polyethylene PE where hydrogen is replaced by fluorine. They are highly reactive
with the highest electronegativity of all elements. The carbon-carbon and carbon-fluorine
bonds are extremely strong (607kJ/mole for C-C and 552kJ/mole for C-F). Due to the
size of the fluorine atom, the carbon chain looks like surrounded by a continuous cap-
sule of fluorine and thus protected and insulated. This particular structure provides PTFE
with a wide range of advantages, such as the highest chemical resistance among organic
polymers, one of the highest thermal stability, the lowest energy surface and low friction
coefficient.

PTFE molecules have:

• low polarizability or ionization coefficient which minimizes the nonpolar force be-
tween PTFE molecules or PTFE molecules and other molecules,

• no permanent dipoles which minimizes the dipole-dipole force,

• neutral electronic state and geometric symmetry which prevents PTFE molecules
from hydrogen bonding,

• no side groups nor branching during the polymerization which prevents chains from
cross-linking.

As a consequence, PTFE chains may easily slide on each other or on other material.
It gives rise to properties like low friction coefficient, low surface energy, high elongation
and low tensile strength.

To accommodate the large size of the fluorine atoms, the chains adopt a helical confor-
mation (figure 3). The planar zigzag conformation, observed in PE chains for instance, is,

Modeling of the mechanical behavior of PTFE compounds during their cold pressing
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in the case of the PTFE, a metastable conformation which is strain-induced and reached
only at high level of pressure (more than 500 MPa). This is common to polymers with
helical structure as described by [Seguela, 2005].

Besides this phase transformation occurring at high stress levels, PTFE ex-
hibits two crystalline phase transitions, at atmospheric pressure ([Clark, 1999],
[Rigby et Bunn, 1949]). Figure 3, from [Brown et al., 2007], shows the different phases,
their associated conformation and their domain of existence in the hydrostatic stress vs.
temperature diagram. At atmospheric pressure, below 19◦C, the chains form an helix such
that 13 CF2 groups are required to complete a 180◦ twist to the helix (phase II). The crys-
talline system is triclinic. Around 19◦C, a first order transition occurs. Between 19◦C and
30◦C (phase IV) the twist angle of the helix decreases, and 15 instead of 13 CF2 groups
are required for a 180◦ twist. The crystalline system changes to hexagonal. Above 30◦C,
the structure becomes disordered (phase I). A last crystalline change occurs around 340-
350˚C during heating of the as-received PTFE (virgin of any previous thermal treatment).
The crystalline phase progressively disappears during melting and the material becomes
amorphous. The amorphous part of the material presents also two transitions which occur
at atmospheric pressure at -97◦C and 127◦C ([McCrum, 1959]).

Figure 3: Conformation and phase diagram of PTFE from [Brown et al., 2007]. The
phase transformations (II-IV) and (IV-III) are important as they occur in a small range of
temperature close to room temperature and can be triggered by relatively low loadings.

Modeling of the mechanical behavior of PTFE compounds during their cold pressing
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A distinction has to be made between the nascent material, obtained after polymeriza-
tion, and a material which has been subjected to a thermal treatment above the melting
temperature. The nascent PTFE is highly crystalline. The crystallinity is in the range of
92-98%, but will never be reached again after any thermal treatment ([Ebnesajjad, 2002]).

In contrast with most polymers like polyethylene which form spherolitic structures,
PTFE molecules organize themselves as banded structures, or lamellae, with approxi-
mately 10-100 µm length and 0.2-1 µm width depending on the cooling rate of the molten
polymer. These lamellae consist of 20-30 nm thick crystalline ‘slices’, which are formed
by the folding over and the stacking of crystalline segments and separated by amorphous
phases as shown figure 2. The amorphous orientation or the transition zone between crys-
talline and amorphous regions are not well defined. It is therefore probable that pure PTFE
is a three component material composed of crystalline, amorphous and quasi-ordered ma-
terials.

(a) Electron
micrographic

observation of sintered
PTFE from

[Bowden et Young, 1974]

(b) Scheme of the PTFE structure from [Ebnesajjad, 2002]

Figure 4: Microstructure of PTFE

3 Manufacturing process
The molecular weight of the nascent material is high, 107 g/mol. So, even at melt
temperature around 340◦C, the viscosity remains too high, around 1010 − 1012 P
([Sperati et Starkweather Jr, 1961], [Ebnesajjad, 2002]), to allow the PTFE to be melt-
processible. Only rare examples like the medium crystallin weight HD-PTFEr, enable
standard melting processes to be used ([Tervoort et al., 2002]). The main techniques to
manufacture PTFE parts are lubricated granular extrusion, aqueous dispersion of PTFE or
molding and sintering of granular PTFE. All of these techniques start with the same raw
material under powder form, with more or less fine particles.

Production of the PTFE powder The production of PTFE is based on the free-
radical polymerization of TFE in the presence of a small amount of oxygen or initia-
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tors like persulfates, at a temperature between 60◦C and 140◦C and at a pressure up
to 7 MPa. The polymerization is strongly exothermic (105kJ/mol) so that it is gener-
ally made in an aqueous medium to evacuate the heat and to better control the reaction
rate. PTFE can be manufactured under different techniques: emulsion, suspension or so-
lution ([Sperati et Starkweather Jr, 1961],[Feldman, 1996], [Ebnesajjad, 2002]). To pro-
duce granular PTFE, a vigorous agitation with little or no emulsifier is employed so that
particles whose size is in the range of 50 to 100 µm are finally obtained.

Then, fine cut or low flow resin is produced by size reduction by grinding of the parti-
cles obtained by suspension. Pelletized or free flow resin is obtained by agglomeration of
the particles. These two types of powder may both be shaped by compaction and sintering
process. Fine cut resins allow to reach excellent physical and electrical final properties
while pelletized resins are easiest to machine and shape, and isostatic pressing can be used
( [Ebnesajjad, 2002], [Subhash V. Gangal, 2002]). Dispersion polymerization, where sur-
factant agent are added to avoid the agglomeration of particles, allows the production of
finer particles of about 0.2 to 0.3 µm size. This powder is basically used in the lubricated
ram extrusion paste process ([Hatzikiriakos et al., 2002]).

Die pressing and sintering The solution studied here, used for fine cut resin and
pelletized free flow resin, is similar to the one used for ceramic or metallic powders.
PTFE is compacted at room temperature and then sintered ([Bigg, 1977], [Jog, 1993],
[Ebnesajjad, 2002], [Subhash V. Gangal, 2002]) (figure 5).

Figure 5: Schematic representation of the main steps of the manufacturing process of
PTFE - (a) preparation of the powder - (b) compaction step - (c) sintering step - (d) final

part.

Preparation of the compounds If filled PTFE parts are produced, the first step
consists of the incorporation of filler particles in the PTFE powder in a mixer. The bulk
density of the material is very low, generally between 200 and 500g/L for fine cut resin for
instance. The initial density of the powder is highly variable depending on the preparation
conditions, the handling during the filling or the shape of the mold. The bulk density is
higher, around 900g/L, and less dispersed for free flow pelletized powders whose flowa-
bility, and thus filling ability, are higher.
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Pressing One of the technics used to compact PTFE parts is die pressing, which is
studied here. PTFE powder is poured into a die (cylindrical, parallelepipedic, or with a
more complex shape) and compacted thanks to a piston in the axial direction. During the
first stage of the compaction, at low level of pressure, the particles rearrange themselves.
The air between particles is pressed out of the powder, contacts between particles are
created. While the load is rising to higher levels of pressure, the contact area between
particles increases, particles deform and porosity tends to form closed air pockets. The
compaction has to be slow enough to ensure the outflow of air and uniform distribution of
the load. The density and the cohesion of the material increase and, finally, the solid part
may be handled. Once unloaded, the obtained part, named green part, is ejected from the
tool. The green part is left still to allow for the relaxation of the polymer and remaining
entrapped air to diffuse out of the part (figure 6).

Figure 6: Schematic representation of the main steps of the compaction process - (a)
preparation of the powder - (b) filling of the die - (c) compaction step - (d) unloading - (e)

ejection - (f) rest time

A final pressure of 15 MPa to 70 MPa is generally applied, which is low compared
to the stresses involved into the pressing of ceramic or metallic powder, which usually
overpass hundreds of MPa. However, the variation of volume from the powder state to
the compacted one is important. A ratio of 2.5/1 to 6/1 between initial to final volume
is generally measured depending on the type of used granular powder. This high ratio
requires industrial press to be several meters tall.

Another technique, which is generally used with pelletized resin, is isostatic pressing.
Smaller parts or hollow parts like bottles may be preformed. The powder is poured into an
elastomeric bag, which is placed in porous mold to obtain the desired shape. The whole
device is surrounded by fluid under pressure. In this case, the air is not continuously
removed, it can only completely escape when the pressure is released and the bag opened
([Gamboni et al., ]).

Sintering A thermal treatment is then applied while the green part is free of any
mechanical loading, apart from gravity. Temperature is increased above the melting
point at around 370 - 380◦C. This temperature has to be carefully controlled so that
the material reaches the melting state without degradation. The Thermo-Gravimetry
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Analysis (TGA) shows a mass loss of about 1%/hour at 400◦C ([Jr et Kasprzak, 1993],
[Canto et al., 2011]).

During heating, particles coalesce and voids close. As the temperature reaches
the melting point of the material, the crystalline phase turns into an amorphous state.
The high temperature allows for the reptation of the chains from one grains to its
neighbor. During the cooling step, the material re-crystallizes while the tempera-
ture is lowered to the ambient level. Due to the chain diffusion, co-crystallisation
between neighboring particles occur, which create strong bonding between particles
([Hambir et al., 1994], also described for Ultra High Molecular Weight PolyEthy-
lene (UHMWPE) in [Gao et al., 1996] and [Jauffrès et al., 2009]). The crystallinity
of the final part depends on the maximal applied temperature, hold time and cool-
ing rate ([Canto et al., 2011], [Sperati et Starkweather Jr, 1961]). It directly deter-
mines the final properties of the part ([Rae et Dattelbaum, 2004], [Rae et Brown, 2005],
[Sperati et Starkweather Jr, 1961]). Note that the crystallinity is lower than the one of
the nascent phase. A common crystalline ratio would be 40-50%. The cohesion has
been highly increased so that the part can then be machined as other polymeric materials
([Hambir et al., 1994]). Example of bearing manufacture after compaction and sintering
of a hollow cylinder is shown in figure 7.

Figure 7: In the case of the production of bearings, after the sintering step, the cylindrical
billets (e) are hafted on an axis and skived into a film (f). After being etched, the film is
laminated with a metal sheet (g). The composite material is then cut in slices which are

shaped in bearings (h)

High Velocity Compaction is a technique which combines these two steps and is used
for high density polymers. The polymeric powder is filled in a heated mold and compacted
thanks to several impacts with a high displacement rate. The dissipated energy induces the
self-heating of the material above the melting temperature. Nascent polymeric powder is
partially sintered ([Jauffrès et al., 2007], [Jauffrès et al., 2009] for UHWPE) and several
successive compaction may be applied.

4 Fillers
The main weaknesses of PTFE are its low wear resistance and its susceptibility to creep
flow. To enhance these properties while keeping the genuine properties of this material,
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fillers may be added, that reduce by several orders of magnitude the wear rate of pure
PTFE. In some applications, the electrical conductivity may also be tailored by adding
fillers.

Some examples of common fillers, whose characteristics are presented in table 2 and
their main specific advantages. The advantage of glass fibers is the chemical inertness that
makes it a good candidate for application in oxidizing environment. Thanks to its crys-
talline structure, in presence of a sufficient amount of moisture, graphite has an extremely
friction coefficient ([Lancaster, 1990]). Amorphous carbon particles may be added to
graphite fillers. Carbon graphite reduces creep, increases hardness and thermal conduc-
tivity of PTFE. Carbon graphite compounds have good wear resistance and perform well
in non-lubricated applications. They are less abrasive on the matting surface than glass
fiber compounds. Aromatic polyester fillers, another polymer with a high thermal resis-
tance, also enhance the wear properties. They are often used in dynamic applications and
demonstrate particularly good properties in contact with soft metals because of the ab-
sence of abrasion of the counterpart compared to harder fillers. They are less conductive
than carbon/graphite compounds ([Ebnesajjad, 2002], [Friedrich et al., 2005]).

Besides the tribological aspects, fillers have an impact on the mechanical and other
physical properties of the material. Studies have been led on the characterization of filled
sintered PTFE for PTFE filled with glass fibers [Bergström et Hilbert, 2005] or for PTFE
filled with aluminium powder in [Joyce et Joyce, 2004] for instance. In table 3 from
[Subhash V. Gangal, 2002], a summary of the influence of fillers on some physical and
mechanical properties of the sintered PTFE base part is presented.

Table 2: Main types of fillers added in PTFE and their properties [Ebnesajjad, 2002]

Filler Material Description Particle Size (µm) Particle Shape Density (g/cm3)
Diameter 13 mm

Glass E glass Length 0.8 mm Milled fibers 2.5
Aspect ratio > 10

Carbon Amorphous Diameter < 75 µm Roundish 1.8
petroleum coke

Carbon Fiber Pitch or PAN* based Short fibers
Graphite > 99% C, < 75µm Irregular shape 2.26

Synthetic or natural
Bronze 9/1 Copper <60 µm Spherical

to tin ratio or irregular shape
Molybdenum Mineral (98% pure) < 65 µm 4.9

Disulfide
* PAN is an abbreviation for polyacrylonitrile. PAN fibers are thermally carbonized to obtain carbon fiber.
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Table 3: Influence of fillers on the final properties of sintered PTFE from
[Subhash V. Gangal, 2002]

Table 4. Properties of Filled PTFE Compoundsa

Glass fiber, wt%

Property Unfilled 15 25 Graphite, 15 wt% Bronze, 60 wt%

Specific gravity 2.18 2.21 2.24 2.16 3.74
Tensile strength, MPab 28 25 17.5 21 14
Elongation, % 350 300 250 250 150
Stress at 10% elongation, MPab 11 8.5 8.5 11 14
Thermal conductivity, mW/(m·K) 0.244 0.37 0.45 0.45 0.46
Creep modulus, kN/mc 2 2.21 2.1 3.4 6.2
Hardness durometer, Shore D 51 54 57 61 70
Izod impact, J/md 152 146 119
PVe for 0.13-mm radial wear in 1000 h,

unlubricated, (kPa·m)/s f
0.70 106 177 52 281

Wear factor, 1/Pag 5 × 10− 14 28 × 10− 17 26 × 10− 17 100 × 10− 17 12 × 10− 17

Coefficient of friction
static, 3.4 MPab load 0.08 0.13 0.13 0.10 0.10
dynamic at PVe = 172 (kPa.m)/s f 0.15–0.24 0.17 0.15 0.15

V = 900 m/s 0.01 −0.24 −0.18 −0.22
aRef. 88.
bTo convert MPa to psi, multiply by 145.
cTo convert kN/m to lbf/in., divide by 0.175.
dTo convert J/m to ftlbf/in., divide by 53.38.
ePV = pressure × velocity.
f To convert kPa to psi, multiply by 0.145.
gTo convert 1/Pa to (in.3·min)/(ft·lbf·h), divide by 2 × 10− 7.

387

5 Issues

Until the 80’s, PTFE has been widely studied through many different aspects in the litera-
ture. After 20-25 years of lack of interest for this original material from a mechanical and
process point of view, research teams started again the investigations around this poly-
mer. Compared to other materials, few studies exist about the mechanical behavior of the
finished PTFE (PTFE after sintering) and its manufacturing process. The links between
the different steps of the process and the final properties of PTFE parts are complex as
explained in the following section.

5.1 Compaction step

The first difficulty is the description of the initial state. Before the compaction step, the
compound is first poured inside the mold. Due to different parameters like the environ-
ment (temperature, humidity), the handling of the powder, the flowability of the powder
and the interaction between the mold and the particles, the initial density and the repar-
tition of the fillers inside the mold at the end of the filling may be non homogeneous
([Roudsari et Puri, 2009], [Wu et al., 2003]). PTFE is difficult to blend with other parti-
cles because of its chemical inertness. Thanks to the geometry of the particles, low flow
fine cut resins are easier to mix than free flow pelletized resins.

For instance, the initial density of the powder measured in the as-received mate-
rial is between 3×105 and 4×105 g/m3. But, in the case of the industrial process,
the average density at the end of the tool filling, which corresponds to the ratio be-
tween the total mass of powder poured inside the tool and the volume of the column
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of powder is between 5.5×105 and 7×105g/m3. This difference may be explained by
the interaction between the mold and the powder, the self compaction of the powder be-
cause of gravity, the preparation of the compounds before filling and the filling tech-
nique (more or less shaking, plugging...). The higher the powder column is, the higher
the density gradient. The prediction of the initial packing of irregular shaped material
would require a very precise knowledge of the powder preparation and its reproductibility
([Latham et Munjiza, 2004]).

Then, during the compaction step, viz. application of the load, unloading and ejection
of the part, because of the interaction between the particles and the surface of the mold,
additional heterogeneities are created. During uniaxial simple effect die pressing, part
of the pressure exerted by the piston is opposed by wall friction, and hence it decreases
progressively along the loading axis. This induces a gradient of density and mechani-
cal properties. Thereby heterogeneous stresses induced by density profile may persist.
Moreover, if the applied compaction is too high, severe plastic deformation can cause
‘plane slippage’ and apparition of microcracks ([Ebnesajjad, 2002]). If the cohesion of
the material is too low, cracks may appear during the ejection step.

The microstructure, the physical and mechanical properties of the green part as well as
their heterogeneities and the defaults, that are set up during the compaction step, influence
the following steps of the manufacturing process.

5.2 Influence of the compaction on the sintering stage
As it may be observed in other compacted powder materials, like in metallic or ce-
ramic powders, anisotropic shrinkage of the parts occur during the thermal treatment
and is found to be linked, through different mechanisms, to the pre-compaction step.
Large anisotropic deformations are observed ([Andena et al., 2004], [Canto et al., 2011],
[Huang et Yu, 2012]) both at laboratory and industrial scales for PTFE parts. They are
caused by different mechanisms, viz. reversible thermal expansion, void closure, phase
changes during the melting and the re-crystallisation, which are directly linked to the com-
paction process. As shown in [Canto et al., 2011], in the case of isostatically compacted
green parts, the deformations during the thermal loading remain isotropic. On the other
hand, in the case of a sample compacted through an anisotropic loading, deformations are
different in direction of compaction and an additional recovery mechanism (not present
for isostatic sample) appears (figure 8).

Although the nascent crystalline phase melts into the amorphous state and re-
crystallizes in a new crystalline phase during cooling, the anisotropic texture created dur-
ing the pressing step persists above the melting temperature and is still visible during a
second heating phase of the sintered material ([Andena et al., 2004]).

So, in addition to an heterogeneous local thermal expansion caused by a non uniform
thermal history through the thickness of a part (example of the gap between the applied
thermal loading and the effective temperature in a billet is given [Andena et al., 2004]),
an additional dimensional change, which may be highly anisotropic, is added, and directly
linked to the heterogeneities initially present in the green part. It may contribute to the
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where H denotes the Heaviside function, and avc a mate-
rial dependent parameter. Considering the bounding val-
ues given in Eqs. 18 and 19, and assuming that parameter
avc is not temperature dependent, integration of Eq. 20 for
T . Tm, gives

evcvolðtÞ ¼ Devcvol
! "

max
1$ expð$avctÞ½ & when

TðtÞ ' Tm ð21Þ

The value of the material-dependent parameter, avc,
identified from all the experiments depicted in Fig. 10 is
equal to avc ¼ 0.001 s$1. A better fitting may be obtained
when assuming that parameter avc depends on temperature
T. However, as a first approximation, the accuracy of this
simple one-parameter phenomenological model looks suf-
ficient and coherent with the experimental discrepancies.

The prediction capabilities of this model are illustrated
by Fig. 13 where model predictions and experimental
results can be compared for isotropic specimens with
different initial void ratios subjected to different heat
treatments. Incidentally, these results prove that the void
closure mechanism in this material is not very sensitive to
the maximum temperature applied during the sintering
heat treatment, within the range 365 to 3808C.

Deformation Mechanisms During Sintering of Pure
PTFE Anisotropic Specimens

Figure 14 displays the results of dilatometry tests
carried on pure PTFE anisotropic green specimens com-
pacted down to different values of the void ratio by con-
strained uniaxial pressing. The thermal loading applied
during these tests was the same as the standard sintering

heat treatment applied during the dilatometry tests per-
formed on the isotropic specimens (cf. Fig. 10). By com-
paring the macroscopic uniaxial strains measured in the
compaction direction, denoted by symbol k, and in the
perpendicular direction, denoted by symbol \, the anisot-
ropy of these specimens is evident, before, during, and
after melting.

Figure 15 displays the results of nonstandard cyclic
dilatometry tests that were carried on isotropic and aniso-
tropic specimens with a nil initial void ratio. The heat-
ing–cooling treatment used during these tests consisted in
a series of cycles from room temperature to a maximum
temperature that is increased at each cycle from 150 to
3808C. Heating and cooling rates were identical for each
cycle, viz. 628C min$1, as well as dwell times at room
temperature and maximum temperature, viz. 30 and 60
min, respectively.

Figure 16 displays the temperature evolution during
the first four cycles of the uniaxial strains in the compac-
tion (k) direction of the anisotropic specimen. For each
cycle of increasing amplitude, the strain versus tempera-
ture response is plotted twice. Black lines are plotted
while assuming that the strain is nil at the beginning of
each cycle, whereas grey lines are plotted while assuming
that the strain is nil at the end of each cycle. With such a
presentation, it appears, first that the strain versus temper-
ature response during the heating phase of cycle i þ 1 is
identical to the strain versus temperature response during
the cooling phase of cycle i [as long as T ) (Ti)max,
where (Ti)max denotes the maximum temperature reached
during cycle i] and, second that all the responses during
the cooling phases are similar. In other words, for any

FIG. 13. Time evolution of temperature during different heat treatments

and corresponding time evolution of the uniaxial void closure strain in
isotropic specimens made of pure PTFE. Comparison between experi-

mental results and model predictions labeled [Heating rate (8C min$1),

Tmax (8C), eg (%)].

FIG. 14. Time evolution of temperature during sintering treatment and

corresponding time evolution of uniaxial strains in the compaction (k)
and perpendicular (\) directions of anisotropic specimens made of pure

PTFE with different initial void ratios.
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Figure 8: Dilatometry measurements along the transverse and parallel directions on œdo-
metric PTFE samples compacted with different level of applied stress during their sinter-

ing ([Canto et al., 2011])

appearance of residual stresses, which may lead to dramatic cracks if they are too high
([Huang et Yu, 2012]). Knowledge of the mechanical and thermal properties of the green
part are required to precisely describe the behavior of the material during sintering.

The influence of the compaction step is also visible on the properties of the final
product. The influence of the level of the applied pressure during the compaction on the
tensile strength is shown in [Hambir et al., 1994] and in [Bigg, 1977] on polyethylene.
The higher the applied pressure, the higher the strength. In [Brown et Dattelbaum, 2005],
the fracture toughness of sintered PTFE samples and its evolution as a function of the
temperature is shown to depend on the direction of compaction and the anisotropy of the
material created during the pressing is highlighted.

The nature of the powder also influences the final properties of the part as highlighted
in [Hambir et al., 1994]. Two PTFE powders with particle average size of 35 µm and
550 µm are compacted and sintered with the same procedure. The smaller the particles,
the shorter the time at maximal temperature required to reach the same level of tensile
strength. The differences may be attributed to a higher surface of contact in the case of
the smaller particles.

Because of the polymer specificities and its wide spectrum of usage, standard mod-
els developed for commonly used polymers must be adapted. Few constitutive mod-
els have been dedicated to the mechanical behavior of sintered fluoropolymers. Worth
mentioning are those by [Jordan et al., 2007] or the one by [Bergström et Hilbert, 2005]
that model the large deformation thermo-mechanical behavior and takes into account
the influence of temperature and of strain rate, the asymmetry in tension and com-
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pression (also thoroughly experimentally investigated by [Rae et Dattelbaum, 2004] and
[Rae et Brown, 2005] where the Poisson’s ratio, the Young’s modulus and the failure
stress are compared) and the shape memory effect.

In the scientific stakes, the thermo-mechanical behavior of finished fluoropolymer is
still poorly defined and calls for a more systematic investigation. The same observation
may be done concerning the process of fabrication. To the best of the author’s knowledge,
only few studies were led on the compaction of polymeric powders, and more particularly
on PTFE compounds aiming to link the compaction parameters and the properties of the
powder to the sintering step and the final properties. No modeling have been proposed to
describe the whole process. Moreover, by adding fillers, the mechanical, tribological and
other physical properties of the final part are modified. In the same way, the mechanical
behavior of the compounds during their pressing and sintering is changed, depending on
the type of fillers and has to be characterized.

6 Aim of the study
To sum up, a reliable and accurate prediction of the final properties of the green part ob-
tained at the end of the compaction step is necessary to understand and predict the defor-
mations and the residual stresses involved during the thermal treatment and the properties
of the final product.

In the case of the industrial process studied here, large billets of approximately 1 to
1.5 m height and 500 mm diameter are produced. Because of the compactability ratio
of the materials, an initial column of powder of 3 to 4 m height has to be compacted.
Considering the above mentioned problems, added to the large deformations and large
scales involved in the process, specific parameters of compaction and sintering have to be
carefully tailored to obtain the desired level of property homogeneity in the final product
and to prevent the occurrence of defects.

Up to now, the industrial process has been set up by trials and errors. However, con-
sidering the cost of the installation (press, mold, ejection system, oven) and of the raw
material, empirical approaches are costly, both in time and money.

6.1 Presentation of the studied materials
The aim of the PhD study is to develop and identify a modeling of the mechanical behavior
of pure and filled PTFE compounds during the pressing step a room temperature in order
to predict the final state of the green part depending on the parameters of compaction and
the type of material.

The industrial plant deals with tens of formulations which have all their own specifici-
ties and optimal mechanical and thermal loading path. In the present study, four different
materials are considereds :

• virgin PTFE,
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• PTFE + filler 1,

• PTFE + filler 2,

• virgin PTFE B.

To reveal the influence of the type of PTFE powders on their mechanical behaviour,
two pure PTFE resins — with the same chemical properties — were tested, the virgin
PTFE and the virgin PTFE B, which are respectively a fine cut resin and a pelletized
powder.

The geometry of the virgin PTFE particles, and their size are highly dispersed with an
average of around 50 µm. The material appears as stringy shaped flakes of various sizes
and shapes, from roundish agglomerations of flakes particles to fibrils structure, mainly
because of the size reduction process. Scanning Electron Microscopic, SEM, observations
are presented figure 9.

Virgin PTFE B is a free flowing pelletized resin, obtained by agglomeration of initial
particles into so-called pellets, see Figure 10. The large size of the pellets (D50 at 550µm)
— compared to the size of the original flakes — and their almost spherical shape induce
excellent flowing properties and higher apparent density. Conversely, the fine cut resin
allows for a finer mix with various fillers and or pigments, and leads to better final physical
properties.

Then, comparisons between virgin PTFE and the two compounds of PTFE + filler 1
and PTFE + filler 2 sheds some lights on the influence of the fillers during the compaction
step. SEM observations of the fillers in the compounds are presented figure 10.
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(a) virgin PTFE (b) zoom on big particles

(c) smaller particles (d) zoom on smaller particles

Figure 9: Detailed SEM observations of the virgin PTFE
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(a) SEM observation of virgin PTFE (b) SEM observation of PTFE + filler 1

(c) SEM observation of PTFE + filler 2 (d) Photograph of virgin PTFE B

Figure 10: Observations of the four studied materials
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6.2 Structure of the manuscript
Chapter 1 Phenomena involved during the compaction step and a review of the differ-
ent modeling approaches used to model it are presented. A focus is made on the descrip-
tion of the particular interactions between PTFE and a counterpart material.

Chapter 2 Considering the complexity of the loading experienced by the billet during
the first step of the process, Finite Element (FE) simulation is required to describe the
final properties of the material depending on the type of compounds, the geometry of
the tool or the applied load for instance. A 3D mechanical model is to be identified,
based on experimental characterization. The parameters of the Drucker-Prager/cap type
elasto-plastic model are identified for the four studied compounds thanks to an original
3D compaction device. This compaction tool is presented in the first section. In the
second section, the identification procedure of the Drucker-Prager/cap model parameters
is detailed. The influence of the ambient temperature phase transition is characterized. An
improvement of the model is proposed to account the non linearity induced by this phase
transition and is implemented in the FE code ABAQUSr. Then material behaviors are
compared. Finally a first validation of the model and its identification as well as a critical
review of the technical of characterization are reported.

Chapter 3 This chapters shows other experimental tests in order to validate the pro-
posed constitutive equations. The materials are submitted to two different uniaxial tests.
First experimental results obtained from the compaction and the ejection of the parts in a
fully instrumented die are shown. To simulate the shaping of the green parts, an interac-
tion model between the polymer and the tool is proposed. Then a comparison between the
experimental results and the predictions of the Finite Element (FE) simulation is done. In
a second part, the material is compacted in an original ‘V’ shaped tool, from an original
idea of R.B. Canto from UFSCar. The die allows the measurement of the applied and
transmitted force as well as the measurement of the displacement field inside the matrix
by Digital Image Correlation (DIC). A routine is used to directly compare the experimen-
tal measurements and the results of the simulation.

Chapter 4 After the previous validation of the constitutive law, our model is used to
simulate the industrial process by FE simulation. The influence of different process pa-
rameters like the dimensions of the tool, the material or the loading path is studied.

Chapter 5 Finally, as prospective attempts to connect the macroscopic behavior to the
microstructural features of the material, some preliminary works have been performed
and are here reported. To do so, first measurements of the crystalline texture of green
parts compacted through different loading paths are made thanks to X-ray diffraction
(XRD). The results are compared with the same measurements made on the sintered parts.
Evolution of the volumes changes before and after sintering is also measured.
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Chapter 1

PTFE and its pressing at room
temperature

In this chapter, the two main phenomena involved during the pressing of powders
are described : the mechanical behavior of the powder under compaction load-
ing and its interaction with the tool. First, the compaction of granular materials
is presented based on a bibliographic approach. Then different ways to model
the compaction step of the manufacturing process are reviewed. In the third
part, the interactions of PTFE in contact with another material are discussed
in relation with the low friction properties of PTFE, as this question is critical
for the compaction process. Models usually developed for the description of the
compaction of granular materials are described.
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22 PTFE and its pressing at room temperature

1 Compaction of powders

The general specificities of the PTFE powder have been presented in the introduction.
Here, a detailed presentation of the behavior of this material under compaction loading is
made.

1.1 Crawford et al. studies

In studies run by Crawford and co workers, the compaction of different poly-
meric powders, including PTFE resin, has been thoroughly studied experi-
mentally ([Crawford et al., 1979], [Crawford et Paul, 1980], [Crawford et Paul, 1981],
[Crawford et al., 1982], [Crawford, 1982], [Crawford et Sprevak, 1984]). Compacted
samples were cut in half and hardness measurement were performed over the entire di-
ametral cut surface of the sample ([Crawford et al., 1979]). The results highlight the het-
erogeneities created inside the part and the complexity of the compaction behavior even
for simple cylindrical geometry (figure 1.1).

A fully instrumented die was also developed to measure stresses at different loca-
tions: axial stresses at different points along the radius of the top and bottom pistons and
transversal stresses along the radial surface of the mold ([Crawford et Paul, 1981]) (fig-
ure 1.2). Finally, the heterogeneous properties found in the green parts are linked to the
variation of pressure caused by friction with the mold. The behavior of the compacted
powders is different from one polymer to the next. The PTFE powder is distinct from the
other polymers because of its particular density profile and stress distributions and its low
friction coefficient ([Crawford et Paul, 1980], [Crawford et Paul, 1981]).
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consistent with the low pressures measured in these 
regions. Also the top outside edges of the compacts 
had the highest values of hardness/densi ty and the 
ins t rumented die tests had suggested that  these were 
regions of high axial and radial pressure. However, 
when microhardness  scans were done on the 30 mm 
dia. cylinders, for direct compar ison with the pressure 
distr ibutions measured on this cylinder, the results 
were a little surprising. The bo t tom corners were still 
low hardness areas as had been expected, but what 
was not expected was the regions of low hardness in 
the top corners. At a compact ion pressure of 200 MPa  
the top corners of the compacts  showed Vickers 
Hardness Numbers  in the region of 2 3, whereas 
earlier results on 19 mm dia. cylinders had suggested 
hardness numbers  in the region of 9 10 for the top 
corners. When the compact ion and microhardness  
tests were repeated for the same compact ion pressure 
and also at 400 M P a  (see Fig. 11), the same pat tern of 
results were obtained. These soft areas in the top out- 
side zones of the compact  called into question the 
earlier suggestion that  the pressure profiles across the 
punch and along the sides of the die could be extrapo- 
lated to give the pressures at the corners of the com- 
pact. Practical difficulties prevented measurements  in 
these areas but it had been assumed that these values 
could be estimated from the measured ~alues. For 
example, Fig. 10 suggests a radial pressure of about  
49 M P a  and an axial pressure of about  250 MPa  at 
the top corner of the compact.  It now appears, how- 
ever, that there are special effects [probably friction at 
powder/die interface) which make these estimates 
incorrect. The hardness measurements  would suggest 

Figure 1.1: Map of the hardness distribution in polyvinylidene chloride after compaction
at 200 MPa from [Crawford et Paul, 1981]
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can be cold-compacted but unfortunately these have 
not been available in sufficient quantities to compare 
their radial pressure distributions with those observed 
in Fig. 6. 

An important characteristic of polymeric materials, 
which is not so apparent in other materials, is the 
time dependence of their properties and behaviour. In 

the cold compaction process, this manifests itself as a 
rate effect during the application of pressure. It has 
already been shown [12] that the faster the polymeric 
powder can be compacted, the greater will be its den- 
sity and strength. Figures 7 and 8 illustrate that the 
pressing rate also influences the radial pressure distri- 
butions for both PVdC and PVC. The effect is as 
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Figure 1.2: Measured stresses along the axial and radial directions during the compaction
of PTFE powder from [Crawford et Paul, 1981]

1.2 From the particle point of view

A description of the phenomenon involved during the compaction at the scale of particles
during compaction of polymeric powder is made for instance in [Crawford et Paul, 1982].
When the powder is poured inside a vertical tool, a more or less compacted and regular
structure is established, depending on the shape of the particles, their size distribution
and their interactions with their neighbors and the tool. Arching and bridging structures
decrease the initial density of the material. In contrast, vibrations during the filling, as
they break down such arches, may lead to higher densities.

The following compaction step may be partitioned in several substeps. First of all,
when the piston enters in contact with the powder and starts its compression, particles
move and rearrange. A very low level of pressure is required here as particles have enough
room to move and rearrange to accommodate the applied displacement. The open and
connected porosity allows for the free expulsion of air.

Then polymeric particles start to deform first elastically then plastically. Rearrange-
ments by sliding of particles are still possible and particles are mainly submitted to
compression loading. The area of contact between particles increases. Air may still
flow out until isolated closed pores are formed. Then, it may be entrapped or the
material may absorb part of the remaining air ([Meimon, 2000], [Baudet et al., 2011],
[Ebnesajjad, 2002]). Quick unloading may create local heterogeneous expansion gener-
ated by sudden depressurization which may lead to cracks.

Modeling of the mechanical behavior of PTFE compounds during their cold pressing



24 PTFE and its pressing at room temperature

1.3 Examples of parameters influencing the compaction behavior

Difference of behavior between powders may be explained by different parameters : the
local behavior of the particles of course but also their shape, their size, their size dis-
tribution or their adhesion and friction. The influence of the particular shapes on the
compaction behavior and the mechanical properties of the green part have been exper-
imentally studied for different types of material like in [Poquillon et al., 2002] (where
compaction of two steel powders, one spherical and one with spongy morphology,
are compared), in [Li et Puri, 1996] (for food powders with different morphologies), in
[Galen et Zavaliangos, 2005] (with two pharmaceutical powders).

As highlighted in [Crawford et Paul, 1982] and [Bigg, 1977], polymeric powder com-
paction is different from other types of powder like ceramic or metallic ones. In
[Crawford et Paul, 1982], it is found that small particles with irregular shapes are eas-
ier to compact and have a higher strength than particles with smooth and spherical
surfaces or/and bigger particles. However, this is not systematic as illustrated with
Ultra High Molecular Weight PolyEthylene (UHMWPE) and PolyEthylene (PE) pow-
ders. UHMWPE samples are easily compacted and are ejected without apparent failures,
whereas the geometry of the particles is spherical and their size is of 400 µm, which is
quite big compared to the other tested materials. On the other hand, the cohesion of PE
powder, with an average size of 300 µm and smooth irregular surface, is too low, so it
is not possible to eject a green part from the die without failure. In the case of the PE,
some grades are compactible while others not. Polypropylene powders, even after a die
compaction with an applied load of 700 MPa, stay in powdery state. This study does not
focus on parameters like the size distribution of the particles and does not try to adapt the
compaction process depending on the type of powder. But it highlights the huge variety of
behaviors of polymeric powders whose compactability strongly depends on the variable
physical and chemical properties.

The compaction behavior is also influenced by the addition of filler particles. Many
studies have been made on the compaction of metallic powders (or model material
like PMMA for hot compaction) reinforced with hard inclusions in cold or hot envi-
ronment like in [Besson et Evans, 1992], [Bonnenfant et al., 1998], [Kim et al., 2003] or
[Martin et al., 2000]. As explained in [Bouvard, 2000], different microstructures are ob-
tained after compaction of soft and hard particles compounds function of their shape and
volume content. If the volume fraction exceeds a critical value (generally extimated to
about 20%), percolation network may be set and prevent or slow down the densification
of the material.

Note that in the cases cited hereinbefore, the soft particles of the matrix are relatively
hard compared to other material like polymeric powders or compaction is performed at
high temperature and the observed behaviors are not representative of cold pressing of
filled polymeric powder. Less data are available on the compaction of composite powder
for other types of material.

In [Pandeya et Puri, 2011], the influence of binder in pharmaceutical tablets is studied
for low level of pressure (<10 MPa). The binder is added with volume fraction from 0, 5
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to 10%. Adding binder delays the densification with respect to the applied pressure and
the bulk modulus slightly increases. The effect on failure stress and shear modulus is not
predominant here.

2 Mechanical behavior of the powder - existing modeling
techniques

Now that the mechanical behavior of the powder during compaction has been illustrated
through experimental observations, modeling techniques to predict this behavior are pre-
sented. Different types of model, with different approaches have been developed. They
may be classified in two main categories: micro-mechanical models and phenomenologi-
cal approaches.

2.1 Discrete micro-mechanical approaches
The micro-mechanical approach is based on the modeling of the interaction between par-
ticles at the local scale to address the macroscopic behavior of the material.

In [Fleck, 1995], a micro-mechanical model, (which extends a former one
[Fleck et al., 1992]) is presented. The model describes the behavior of randomly dis-
tributed pack of mono-sized spheres.The objective of the model is to compute a macro-
scopic response of the material as a function of the description of the contacts between
each particles.

From a statistical analysis, the number of contacts per particle and the area of con-
tacts as a function of density is estimated. The statistical distribution of the contact area,
which varies under load, is included in the model and described by a second order tensor
(fabric tensor). Their distribution reflects the stress anisotropy. Accounting for the plastic
behavior of the inter particle interaction, the macroscopic stress-strain constitutive law is
proposed. A macroscopic yield surface is described and its shape depends on the applied
loading. It favorably compares with a Cam Clay surface in the case of the hydrostatic
loading.

Based on the same approach, Sinka and Cocks ([Cocks et Sinka, 2007] and
[Sinka et Cocks, 2007]) proposed a ‘simpler’ model. As experimentally shown in
[Sinka et al., 2001] for various metallic powders, iso density contours in the (−σH ,q)
plane are not consistent with usual soil mechanics models for materials whose initial den-
sity and state cannot be precisely known. Thus, the authors proposed a more appropriate
state variable which is related to the plastic work (or the complementary work) per unit of
volume. The contours in that case are found to be smoother and without angular points.
Here again, due to the rather strong hypotheses, this model is limited to few materials
where the compaction results from the plastic deformation of the particles and to the case
of simple loading paths without any friction effect.

Another approach consists of modeling each particles in a Finite Element code
([Chen et al., 2007]). Each particle is meshed and has its own mechanical behavior. The
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interactions between the particles are implemented in the FE simulation. The calculations
are long and cannot be reasonably extended to a large volume of particles. However the
large deformation of the particles may be accurately described.

2.2 Phenomenological approaches

The majority of discrete element models address elastic cohesion less granular materials,
but only few ones have been developed for powders composed of plastically deformed
grains whose adhesion provides cohesion. Phenomenological continuum models appear
as another interesting approach.

In phenomenological approaches, constitutive equations are given to describe the
thermo mechanical behavior of the material under multiaxial loadings. To describe the
state of the material, constitutive equations relate stress and strain tensors.

To better describe the observed deformation mechanisms, the invariants of the stress
and strain tensors are commonly chosen. They may be written as:

• the first invariant, σH , which corresponds to the hydrostatic part of the Cauchy
stress tensor σ:

σH =
1
3

tr(σ) (1.1)

• the second invariant, q is defined from the partition of the stress tensor in hydrostatic
and deviatoric parts, with s the deviatoric part of the Cauchy stress tensor:

σ = σHI + s (1.2)

with I the second order unit tensor. The equivalent deviatoric stress, q, is a scalar
proportional to the norm of σ :

q =

√
3
2

s : s (1.3)

• the third stress invariant, r, corresponds to

r = 3

√
9
2

σ : σ : σ (1.4)

whose contribution may conveniently expressed by the Lode angle defined by

cos(θ) =
(

r
q

)3

(1.5)
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In 1977, Gurson ([Gurson, 1977]) proposed to extend the classical elastoplastic model
for ductile metal to take into account the damage induced by the nucleation and growth of
spherical voids. The main (matrix) phase is described as an isotropic perfectly plastic and
incompressible, which obeys the von Mises yield criterion. A flow rule is derived from
an homogenization procedure when spherical voids are embedded in the medium. When
the fraction of void tends to 0, the yield criterion tends to the von Mises yield criterion.
The obtained yield criterion depends on the hydrostatic loading (contrary to former plastic
models for metallic material).

The Gurson’s model has been improved by the works of Tvergaard and Needleman
(Gurson-Tvergaard-Needleman or GTN model)([Tvergaard, 1981], [Tvergaard, 1982],
[Tvergaard et Needleman, 1984]). They introduced additional parameters (q1,q2,q3) and
a damage variable f ∗.

The yield surface of the GTN surface is equal to :

Y =

(
q

σY M

)2

+2q1 f ∗ cosh
(

3
2

q2
σH

σY M

)
− (1+q3 f ∗2) = 0 (1.6)

with the damage variable f ∗ such as

f ∗( f ) =

{
f for f 6 fc

fc +
q−1

1 − fc
fF− fc

( f − fc) for f > fc
(1.7)

where fc corresponds to the void ratio at which the void nucleation begins and fF denotes
the final failure. The void ratio may be separated in two parts ḟ ∗ = ḟgrowth + ḟnucleation to
represent the void nucleation and growth.

The expression of the flow rule is

˙εpl = λ̇
δY
δσ

= λ̇

(
1
3

δY
δσH

I +
3

2q
δY
δq

s
)

(1.8)

One of the disadvantage of this model is the symmetrical behavior in tension and com-
pression. In recent work, a solution is proposed by Guo et al [Guo et al., 2008] where the
matrix is pressure-sensitive and dilatant and supposed to follow a Drucker-Prager’s yield
criterion. The internal pressure in the voids is taken into account. The same approach is
adopted in [Lin et al., 2012] to model the mechanical behavior of ductile porous chalk.

However these models are not able to describe the behavior of materials with a high
level of porosity and a low level of cohesion. These models are generally used for material
with high cohesion like green part or partially sintered material where voids are closed
and whose pore volume fraction is low. The use of this model makes sense for materials
where the plastic deformation of the particles is predominant and the relative motion of
the particles during their rearrangement may be neglected.

Based on the same homogenization concept of the behavior of a highly porous
matrix, models are proposed to predict the influence of fillers added to the matrix.
In [Bonnenfant et al., 1998] for instance, the multi-scale schemes proposed by Hill
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[Hill, 1965] and Hashin and Shtrikman [Hashin et Shtrikman, 1963] are used, depending
on the size ratio of the fillers versus the particles of the matrix, to predict the densification
behavior and an effective bulk modulus of the material.

2.2.1 Models derived from soil mechanics theory

Popular models to describe the behavior of a wide variety of granular and powder materi-
als were initially developed in the field of soil mechanics.

The development of elastoplastic models dedicated to geomaterials starts with the
Mohr-Coulomb criterion. It corresponds to a straight line in the normal stress σn vs shear
stress τ plane, parametrized by two basic quantities: the cohesion, c, and the internal
friction angle, φ, described in the equation 1.9. In the principal stress space, the criterion
is a cone whose axis is the hydrostatic stress direction and whose orthogonal section is an
irregular hexagon.

τ = c−σn tanφ (1.9)

The Drucker-Prager criterion ([Drucker D.C., 1952]) proposed a smoothed version
(circular cone in the principal stress space) that can be seen as a generalization of the
von Mises criterion where a linear dependance of the yield stress with the hydrostatic
stress has been introduced.

Models, where the yield surface is closed in the (−σH ,q) plane, have been devel-
oped to describe both effects of shear loading and material consolidation, viz the volume
shrinkage and the pore collapse under hydrostatic loading.

The Cam-Clay model (CC) or Cambridge model ([Roscoe et al., 1958] and
[Schofield et Wroth, 1968]) introduces the critical state concept. The material undergoes
continuous hardening (decrease of volume tr(ε̇) < 0) or softening (increase of volume
tr(ε̇)> 0) until the critical state is reached where additional loading produce flow without
change of volume. This maximal deviatoric state is characterized by a critical straight line
in the (−σH ,q) plane. The material is dilatant above the critical straight line (q >−MσH)
and is consolidated below (q<−MσH). The yield state is described by an ellipse ‘sliding’
along the critical state line in the (−σH ,q) plane and its size depends on the hardening
law (parametrized by the void ratio). The flow is associated (i.e. it obeys the normality
rule, the plastic strain rate direction is normal to the yield surface). A cohesion parameter
may be added to describe the behavior of the material in tension. The elastic part of the
model is non linear.

The yield surface of the modified Cam-Clay (mCC) model is such as

f =
( q

M

)2
+σH(σH−σc). (1.10)

An other widely used model, which has been chosen in the study, is the Drucker-
Prager/cap model (DP/c). The yield surface is composed of two parts, the shear failure
surface and the consolidation surface. The shear failure surface comes from the Drucker-
Prager model and controls the dilatancy of the material and its softening under mainly
shear loading. In the (−σH ,q) plane, the slope of the straight line, tanβ, represents the
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internal friction of the material while the intercept of the q axis corresponds to the co-
hesion d. The flow rule is generally non-associated and controlled by the dilation angle
Ψ such that associated flow corresponds to the coincidence of these two angles, Ψ = β.
The shear failure line is closed by a consolidation surface as proposed by Dimaggio and
Sandler [Dimaggio et Sandler, 1971] with an elliptical cap in the (−σH ,q) plane. The cap
surface describes the volume shrinkage under compaction with mainly hydrostatic loads
and whose position is dictated by a hardening law relating the hydrostatic stress to the
volumetric plastic strain. The shape of the elliptical cap is monitored by a parameter R,
ratio of the major to minor axis. The flow rule related to the cap surface is generally as-
sociated. A third transition surface to link the shear failure line and the cap surface may
be added to the model.

Many versions of DP/c model with multiple yield surfaces have been developed. The
Drucker-Prager line may be replaced by a more general curve or the surface may be
cut off in the tension area or above the von Mises criterion for instance to better de-
scribe the experimental observations ([Chtourou et al., 2002], [Coube et Riedel, 2000],
[Han et al., 2008]).

Both Cam Clay model and Drucker-Prager/cap model and their derived versions offer
an accurate description of the behavior of cohesive powders from the early stage (in the
powdery state) to the fully compacted state under various loading paths. This is shown
for instance by [Tripodi et al., 1995] where a Cam Clay model successfully describes
the early stage of the compaction of wheat flour. Influence of others parameters like
the temperature ([Brulin et al., 2011]) or the amount of fillers ([Kim et al., 2003] for low
volume fraction) may be taken into account in the constitutive equations. These models
may be used to describe the manufacturing process of many different materials :

• metallic ([Watson et Wert, 1993] aluminium powder (DP/c), [Shang et al., 2011]
steel powder (DP/c), [Guyoncourt et al., 2001] ferrous and aluminum powders (el-
liptical model)),

• ceramic ([Brulin et al., 2011] ramming mix (mCC), [Aydin et al., 1996] (DP/c)),

• pharmaceutic ([Han et al., 2008] (DP/c), [Wu et al., 2005] (DP/c),
[Cunningham et al., 2004] (DP/c)),

• other organic powders ([Kamath et Puri, 1997] and [Tripodi et al., 1995] wheat
flour (mCC)).

2.3 Evolution of the parameters with the density
In early studies, parameters that describe the shape of the yield surface and elastic pa-
rameters were assumed constant. However, during their pressing, powder materials may
undergo large transformations as they evolve from a powdery state with low cohesion
and no elastic behavior, to a shaped green part endowed with enough cohesion to be han-
dled. The elastic and plastic parameters have to evolve along the densification process to
describe the different mechanical states of the material.
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The shape of the consolidation surface changes during consolidation as shown by
[Brochu et Turenne, 2004] who identified the consolidation surfaces of three metallic
powders at different levels of density. From the pulverulent to the denser state, the higher
the density, the more the deviatoric component facilitates densification. Therefore, the
consolidation surface evolves to a higher aspect ratio.

In [Aubertin et Li, 2004], an inelastic criterion able to describe a wide range of me-
chanical behavior with a unique set of equations is proposed. The shape of the yield
surface depends on the porosity and may reduce to the previous described models as it is
described by a unique function.

Table 1.1: Example of evolution of the parameters as a function of the density (or equiv-
alent state variables) in the litterature

Study Material Cohesion d
Friction
coefficient β

Cap
parameter R

Young’s
modulus E

Poisson’s
ratio ν

[Cunningham et al., 2004] pharma. 0↗ 9 MPa 40˚↗ 70˚ 0.5↗ 0.8 0↗9 MPa 0.02↗ 0.31

[Han et al., 2008] pharma.
0↗ 16

MPa
70˚ slight↘ 0.6↗ 1.6−

‘S′shape
0↗ ↗

[Shang et al., 2011] metallic
0↗ 25

MPa
slightly↘ ↗ 10↗70 MPa 0.18↘ 0.12

[Coube et Riedel, 2000] metallic
0↗ 30

MPa
slight↘ 0.4↗ 0.9−

‘S′shape
E(ρ,σH ,q) * constant

In table 1.1, the evolution of different parameters as a function of the density or equiv-
alent state variables for different materials is given. The same experimental characteriza-
tion technique is used. Parameters are identified from classic uniaxial, diametral and die
compression tests.

In [Coube et Riedel, 2000], E follows a non linear law which depends on −σH and q.
ν is assumed to be constant. To better predict the appearance of cracks in multilevel die
compacted powder, a dependance of β and d on both the volumetric and the deviatoric
plastic strains is implemented. β and d decrease when the material is sheared. This evo-
lution was not identified experimentally but led to a better prediction of crack nucleation
in the sample, contrary to models only based on the volumetric plastic strain (and where
the onset of cracking cannot be predicted).

Even for the same material and with the same measurement techniques, the evolution
of some parameters of the elasto plastic Drucker-Prager/cap model are different. Cohesion
and Young’s modulus increase with density is consistent with a densification process but
the evolution of other parameters appear less intuitive. A more extensive study of the
evolution of the different parameters has to be carried out.
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3 Adhesion and friction between the PTFE and contact-
ing materials

To describe the compaction of powder, the modeling of the interaction between the pow-
der and the die wall is necessary. From a more general viewpoint, interaction between
two bodies is characterized by two phenomena : adhesion and friction.

When two surfaces are brought into contact, they interact through surface forces, with
potentially attraction and repulsion forces depending on the nature of the surface and the
surrounding medium. Chemical or physical bonds, promoting binding between contact
points are formed or broken. This phenomenon, dependent on many parameters such
as the chemical nature of the surfaces or the mechanical and rheological properties of
surface material, is described as the adhesion. When a tangential force is exerted at a
contact, the mechanical behavior of the resisting junction is what the friction consists of.
If the tangential force overcomes the shear strength of the junction, the two surfaces may
slip relatively to each other. A distinction is commonly made between the static friction
(maximum tangential force that may be sustained before slip) and the dynamic one (in
steady state sliding).

In the next part, the specificities of the interaction between PTFE and metal are pre-
sented.

3.1 Characterization of the interaction between PTFE and other ma-
terials

Particularly in polymer materials, contact and relative motion between polymer and a fac-
ing solid, is resisted by the deformation of junctions that may involve shear localization in
the subsurface. When interfacial bonding is stronger than the cohesion of both contacting
solids, a transfer of matter from the weaker to the harder counter solid may take place.
Thereby, a consistent film may be formed that shields the soft polymer from the hard
metallic asperities. This ‘third body’ acts as a self-lubricant and decreases the friction co-
efficient. Not all polymers may create such a coherent film, depending on their backbone
flexibility, side chains, pendant groups, and crystallinity, the loading conditions and the
nature of the contacting solid influence also the formation of the thin film. Lump debris
may be formed instead and therefore, the interface properties are degraded. The nature,
formation conditions and stability of this transfer film are intrinsically complex and it is
impossible to present an exhaustive and fair overview.

However, PTFE is known as the polymer which forms the best transfer film in the
shortest sliding distance. In [Makinson et Tabor, 1964], evidences for the creation of thin
transfer film whose length is approximately equal to the slip distance are presented. A
200 Å thick transfer film is measured and is shown to display a highly oriented crystalline
structure (figure 1.3 (a)).

In [Pooley et Tabor, 1972], it is observed that, for very small slip distances, the friction
coefficient is high and then quickly drops to low values comparable to those measured by
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[Makinson et Tabor, 1964]. To confirm the mechanisms involved at the interface, a pin is
first rubbed on the surface in one direction. It is observed that a film of polymer remains
on the disc. Then the pin is rubbed in the transversal direction. The friction coefficient
starts at a high value before decreasing, like on the virgin surface. This may be explained
by the fact that crystalline chains have to realign in the transverse direction before starting
to slip on each other again.

Other measurements by XRD or situ surface plasmon reso-
nance ([Biswas et Vijayan, 1992], [Krick et al., 2013], [Sawyer et al., 2014]) confirmed
that on an extremely thin thickness, crystalline chains are oriented. The strong bond be-
tween the PTFE transfer film and the metal surface may be explained by van der Waals
forces (as the main physical interaction) and the high conformability of the transfer film
with the facing surface. So, right from the onset of slip, adhesion is high enough (as com-
pared to the cohesion of the bulk) to cause cohesive failure (slip) in the near surface of
the PTFE. Lumps of PTFE are transferred to the metal part. While the material is slip-
ping, a thin film, strongly bonded and highly oriented, between 100-400 Å thickness, is
laid on the contact surface. The helical chains tend to orient in the direction of the slid-
ing movement. As the chains are oriented, they can easily and smoothly slip over each
other. The layered structure of PTFE, enhances the shear and the slippage of the crys-
talline structure compared to classic spherulitic structure of other polymers (see on figure
1.3 (b) from [Biswas et Vijayan, 1992]). Evidence of such a phenomenon at the industrial
scale is shown figure 1.3 with the formation of fibrils at the surface of the green part. The
interaction is not any longer between PTFE and metal but between bulk PTFE and PTFE
transferred film.

The friction is time and temperature sensitive and depends on the loading conditions
and the nature of the counterpart (figure 1.4). In [Makinson et Tabor, 1964], a transition
of the friction coefficient is found, depending on the temperature. At low temperature the
friction coefficient is of the order of 0.1 while it drops to a smaller value, 0.07 when the
temperature increases.

3.1.1 Influence of the fillers on the friction and wear properties

Fillers improve the material properties such as hardness, elastic modulus or creep. The
prediction of the effect of fillers on wear is complex. When fillers are added, the wear
resistance is increased if the fillers improve the bound between PTFE and contacting
solid. But added particles may also create discontinuities on the formed transferred film,
increase the roughness by abrasion, prevent the formation of the transfer film and so
degrade the wear properties.

Thus a particular attention has been paid on the choice of types (size,
geometry, chemical properties, hardness...) and amount of fillers as they
may improve or degrade the tribological properties ([Tanaka et Kawakami, 1982],
[Bahadur et Tabor, 1984], [Sawyer et al., 2003], [Friedrich et al., 2005]). Tanaka and
Kawakami [Tanaka et Kawakami, 1982] suggest that filler particles inhibit large-scale de-
struction of the PTFE banded surface. For Lancaster [Lancaster, 1968], long fiber parti-
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(a) Observation of the oriented chains at the sliding glass surface by electron
micrograph observations (left) and XRD characterization of the highly oriented

crystalline structure after sliding (right) from [Makinson et Tabor, 1964].

206 

which hold the crystallites together. Under such circumstances thicker material in the 
form of ribbons and sheets is pulled out of the sliding surface and transferred to the 
counterface. The transferred material may include crystallites drawn out of the sliding 
surface. It may be noted that only the banded structure with alternate crystalline and 
amorphous regions can favour the process of slippage proposed by Makinson and 
Tabor. A spherulitic arrangement, on the other hand, is not likely to favour such a 
slippage. 

Tanaka et al. [17] have observed long films and fibres generated during the sliding 
of PTFE on a steel surface. The formation of these has been attributed to the destruction 
of the banded structure by slippage of crystalline slices. Tanaka et al. have estimated 
the activation energy for the occurrence of slippage between adjacent crystalline slices 
in the band to be as low as about 7 kcal mol-‘. Thus the energy needed for destruction 
of the banded structure is very low and does not necessitate processes such as melting 
which are required for the destruction of a spherulitic structure. Tanaka et al. have 
proposed a wear model of PTFE (Fig. 9) according to which a fibre is formed by 
serial connection of adjacent crystalline slices and the formation of a film is due to 
lateral connection between adjacent fibres. 
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Fig. 9. Mechanism of formation of PTFE film due to change in structures [17]. 
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Fig. 10. Change in unit cell volume as a function of sliding distance; the data were obtained 
by subjecting the worn face of a 3 mm slice to X-rays: material, PTFE; counterface, En24 steel; 
normal pressure, 0.24 MPa; surface speed, 0.42 m s- ‘; temperature, ambient; pressure, atmospheric; 
roughness, 0.3 hrn &.a. 1’271. 

(b) Mechanism of formation of the transfer
coherent film and of long fibrils from

[Biswas et Vijayan, 1992], from Pooley and Tabor
1972.

(c) Observation of long fibrils at the end of the
compaction step at the surface of the green part

Figure 1.3: Formation of oriented crystalline structure between the PTFE sample and the
contacting part.
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Fig. 2. Friction of PTFE. (a) Sphere on glass: speed, lo-” m s -‘; load, 10 N; roughness, less than 0.1 pm c.1.a. (centre-line average); temperature, 
ambient; pressure, atmospheric [18]. (b) Sphere on glass: speed, lo-’ m s -I; load, 10 N; roughness, greater than 0.1 pm c.1.a.; temperature, 
ambient; pressure, atmospheric [18]. (c) Pin on glass: speed, 3 X 10-t m SC’; normal pressure, 19.62 MPa; temperature, ambient; pressure, 4X 10-s 
mm Hg [17]. (d) Pin on steel: speed, 3 X 10-r m s-‘; normal pressure, 0.086 MPa; roughness, 0.3 pm c.1.a.; temperature, ambient; pressure, 
atmospheric [12]. (e) Pin on steel: speed, 1X10-’ m SC’; normal pressure, 2.8 MPa; roughness, 0.02 Km c.1.a.; temperature, ambient; pressure, 
atmospheric [7]. 

Figure 1.4: Evolution of the friction coefficient function of the sliding distance on differ-
ent conditions (roughness, speed, normal load...) from [Biswas et Vijayan, 1992]

cles may support the loading. In [Sawyer et al., 2003], it is shown that alumina nano
particles on PTFE increase the wear without degrading the friction coefficient. The nano
particles are not homogeneously distributed, they are spread at the surface of the 500
times bigger particles of PTFE. During sliding, islands of PTFE surrounded by fillers
may prevent the formation of debris and thus allow for the formation of a transfer film.

3.2 Modeling of the interaction
The interaction between two surfaces in contact during their relative sliding is, as above
discussed, still under investigation. Yet, some experimental observations give clues to
model these phenomena.

In the widely used Coulomb’s law, it is assumed that no slip occurs as long as the
tangential force ~T , is smaller than µ0‖~N‖ with µ0 a static friction coefficient and ~N the
normal force. As soon as this limit is reached, relative motion is allowed, the surfaces
may slip along each other and the tangential force is assumed proportional to the normal
force with a ratio equal to a dynamic friction coefficient µd . Models have been developed
to justify this empirical law.

Models developed by Tabor and co-authors ([Bowden et Tabor, 1966]) are based on
the idea that a surface is composed of asperities and craters whose topography may be
described up to nanoscopic scale. When two surfaces come closer to each other, the high-
est asperities come into contact and form individual contact spots. The real contact area
is equal to the sum of the area of contact of each touching asperities. And the coefficient
of friction may be equal to the ratio between the real shear τr and the real pressure of
contact pr which depend on the real area of contact and of the mechanical properties of
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the material. The estimation of this area is tricky as, if the micro roughness is taken into
account (Archard type model), each contact is not a continuous surface but the sum of
smaller discontinuous spots. The total area is named the ‘physical contact area’ and is
much less than the real contact area.

Under loading, the area of contact changes. Asperities may be deformed elastically
([Greenwood et Williamson, 1966]), plastically ([Bowden et Tabor, 1966]), with or with-
out viscous components depending on the nature of the couple of surfaces and the load-
ing. In [Bowden et Tabor, 1966] model, the asperities of the harder surface is assumed to
plough the softer one. When a tangential force is applied, a ploughing resistance is created
which contributes to the friction force. The sum of the coefficients due to the adherence
and the one due to the plough may justify the Coulomb law in a certain range of normal
load, certain range of roughness and some material. [Greenwood et Williamson, 1966]
model is based on the same idea but elastic deformation is assumed and specific hypothe-
ses on the surface topography are made.

However Coulomb’s law is not applicable to all interaction conditions. In
[Myshkin et al., 2005], a literature review of the evolution of the friction coefficient
function of the applied load for different polymers is proposed. It is highlighted that
Coulomb’s law is not unconditionally true.

In many studies on die compaction of different types of powder, the interaction behav-
ior between the powder and the tool is modeled thanks to a Coulomb friction coefficient.

Experimental procedures, based on instrumented œdometric dies, are developed to es-
timate friction coefficient material/tool during compaction test ([Briscoe et Rough, 1998]
for ceramic powder and [Cunningham et al., 2004] for pharmaceutical powders). To eval-
uate the friction coefficient at the interface in an œdometric tool, the Janssen and Walker
model, initially developed to predict the stress/strain state of agricultural grains inside
silo, is often used. It is based on a one dimension differential slice analysis and provides a
semi-empirical analytical calculation of the stress transmission through the axis of com-
paction. It is assumed that the radial stress is proportional to the axial stress, σrad = κσz,
and that the contact at the wall follows the Coulomb law, τrz = µσrad . By integrating the
force balance equation in a slice along the height of the tool, if a stress ΣTop is applied
on the top of the sample and the displacement is blocked on the bottom, the expression of
the axial stress as a function of the height z is:

σz(z) = ΣTop exp
(
−4µκ

D
(H− z)

)
(1.11)

This classical model highlights the exponential decrease of the axial load along the
height of the tool, the consequence of which is a heterogeneous densification of the ma-
terial.

In [Millet et al., 2006] and [Rahmoun et al., 2009], an improvement of the analytical
solution of the Janssen model is given. The properties of the material, viz. the internal
friction and the cohesion of the material are integrated in the model. A slip condition at
the wall and a Mohr-Coulomb criteria is added to the model.
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Figure 1.5: Differential slice analysis

In [Briscoe et Tabor, 1975], it was found that the shear strength of various poly-
meric films (included PTFE), sliding on a glass surfaces, is incrementally proportional
to the normal applied pressure. Therefore, for polymers, authors proposed the fol-
lowing expression of the shear strength τr = τ0 + αpr with τ0 and α constants. In
[Briscoe et Rough, 1998] the model is improved and takes into account the real area of
contact at the interface to evaluate the tangential and normal stresses. Despite the ambi-
tion to propose a more realistic model, estimating the real contact area remains a fragile
point of the analysis and additional information is needed to fit experimental data.

The identification of the interaction model and its modeling require a specific care for
polymers like PTFE.
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Chapter 2

3D compaction device and experimental
results

In this second chapter, the procedure of identification of 3D constitutive law suit-
able to describe the behavior of PTFE powders under compaction is presented.
The experimental characterization is made thanks to the original 3D compaction
device, initially developed during the PhD study of R. Canto [Canto, 2007] and
for which some further developments have been made to improve on the mea-
surements. Different tests are performed in order to identify the parameters of
a Drucker-Prager/cap type model, where the evolution of each parameter with
the void ratio is identified. In addition to the soil mechanics model, the phase
transition between phases II and IV has been taken into account. Indeed, this
phase transformation takes place at ambient temperature and for a relatively
low level of pressure, conditions that are often met in practice, and it gives rise
to a significant volume expansion. Finally the model is implemented in the FE
code Abaqusr. A first validation of the model is proposed and a critical analysis
of the 3D compaction device is made.
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Goal 39

1 Goal
As seen in the previous chapter, mechanical models have been developed to precisely
describe the phenomena involved during the compaction of the powder and to predict
the final properties of the obtained green parts. These models have to be identified and
validated from experimental studies and to do so, experimental tools have been developed
to describe the specific mechanical behavior of powder or grain based materials.

In the case of the PTFE powder compaction, three main difficulties have to be taken
into account to characterize their mechanical behavior:

• the tricky definition of the initial state which is irreversibly modified by low loads;

• the large displacements to be imposed;

• the relatively high level of confinement stress, which can reach several tens MPa.

Thus, in order to identify the mechanical behavior of the PTFE powder under com-
paction, several loading paths are needed to investigate the whole (−σH ,q) space. Dedi-
cated experimental tools, which fulfill the above cited constraints, have to be designed.

An original 3D compaction device was designed in the previous PhD study of Rodrigo
B. Canto [Canto, 2007]. Improvements of the pressure sensors and of the displacement
measurement were performed during the present study and are described in this chapter.
The different loading paths and the obtained results are then presented, followed by a
description of the identification procedure of the elasto-plastic model together with its
constitutive parameters.

Finally a comparison between the experimental observations and the results obtained
from the Finite Element simulation of the tests (based on the identified model) provides a
validation of this first part of the proposed model.

2 Presentation of the true triaxial compaction device
Experimental tools dedicated to the study of powders and granular materials and their
behavior under mainly compaction loading or shaping by pressing, have been developed.

Commonly used experimental devices Isostatic press ([Turner et Ashby, 1996]) and
œdometric tools are commonly used either for mechanical characterization or for pre-
compaction to endow the powder with some cohesion for further handling and processing.
Both devices provide information on the compactability of the material.

To enrich the description of the behavior of the material, œdometric tools have been in-
strumented [Crawford et Paul, 1981, Guyoncourt et al., 2001, Cunningham et al., 2004,
Burlion et al., 2001]. The transmitted axial stress is measured to provide information
on the interaction between the mold and the material. Evaluation of the radial stresses,
by measuring the deformation of the matrix with strain gauges for instance, allows one
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to describe the loading path in the (-σH ,q) plane at a given height. From those data, evo-
lution of the elastic parameters, hardening law, and plasticity models may be identified
[Guyoncourt et al., 2001, Cunningham et al., 2004, Shang et al., 2011].

Let us stress that this simple test presents some limitation as it only partially describes
the mechanical behavior of the material. Indeed, in industrial cases, due to the interac-
tion with the tool, the geometry of the sample and the complexity of the behavior of the
material, heterogeneous loading is applied through the compact, as discussed in chapter
1.

Other tests may be performed to investigate the cohesive part of the mechanical
behavior, such as Brazilian test [Jonsën et Häggblad, 2007] (where the central diame-
tral plane of the sample is in uniform and uniaxial tension) , shear test in Jenike shear
cells [Jenike, 1964] and simple compression test [Coube et Riedel, 2000]. These tests are
suited to green samples, ideally compacted thanks to hydrostatic loading. But even with
these additional tests, parts of the (σH ,q) plane remain to be investigated (figure 2.1).

⅓ 
-⅓ 

tensile test 

shear test simple 
compression 
test oedometric test 

hydrostatic test 

q

-σH 

Figure 2.1: Summary of the loading paths in the (−σH ,q) plane, usually performed to
characterize powder materials. Let us stress that the œdometric path is not prescribed in
the stress space but rather the strain one, and hence its representation is here schematic.

Triaxial compaction devices To overcome this problem, triaxial compaction devices
allowing the application of complex loading paths in the hydrostatic/deviatoric plane have
been developed.

They may be separated in two categories : the triaxial cells, initially devoted to the
study of geomaterials and now widely used for the study of many types of materials; and
the true 3D compaction devices.

In triaxial cells, a cylindrical sample, placed in an elastomeric bag, is surrounded
by a fluid whose pressure is controlled. While it is submitted to a confining pressure,
two plates located on the bottom and top ends of the sample apply an additional axial
stress. By controlling the confining pressure and the axial stress, both deviatoric and
hydrostatic parts of the stress can be modified. This way, all the intermediate loading
states between the simple compression case and the hydrostatic one may be applied. The
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evolution of the strain tensor may be deduced from the displacement of the axial piston
and the measurement of the variation of the volume of the sample. To avoid important
errors in the measurement of volume change due to barreling effect, sophisticated devices
with a direct measurement of the radial length of the sample have been developed like in
[Dorémus et al., 1995].

To allow the application of the same kind of complex loadings, true 3D compaction
devices have been developed. The original idea was proposed by [Hambly, 1969] and
developed by [Pearce, 1971]. The device is composed of six metallic blocks, placed in
front of the six faces of a cubic sample, as described in figure 2.2. The blocks are arranged
so that they may slide with respect to their neighbors as they are moving. The blocks are
activated thanks to three perpendicular pistons.

génie civil, laissent entrevoir le moment où l'on 
pourra utiliser des résultats d'essais faisant inter-
venir de telles conditions de contrainte. De nom-
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de machines d'essais ont été construites afin de 
pouvoir étudier le comportement du sol dans de 
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ces appareils peuvent produire la rotation des axes 
principaux [6]. La plupart des machines précédentes 
ont été décrites par Green [4] et Hambly [5] qui 
ont également précisé les inconvénients de chaque 
appareil. 

Un véritable appareil triaxial (TTA) a été récem-
ment construit par l'auteur. Suivant le même prin-
cipe, une autre machine a été ultérieurement réalisée 
à Karlsruhe en Allemagne. Une troisième est en 
cours de fabrication, au CEBTP (x). 

Le TTA est capable d'appliquer, sur un échan-
tillon initialement cubique, des contraintes normales 
et indépendantes sur chaque paire de faces opposées, 
rigides mais mobiles. L'inconvénient majeur du 
TTA est sans doute que la direction des contraintes 
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presque la seule qui, théoriquement, est capable 
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LA BOITE TRIAXIALE 

Le principe du TTA a été pour la première fois 
décrit par Hambly [5] : des plateaux rigides soli-
daires peuvent glisser les uns par rapport aux autres 
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(a) Scheme of the device from [Pearce, 1972]
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(b) Photography from
[Pearce, 1972] of five of the six
blocks of the device which are
positioned to form a cavity for

the tested sample.

Figure 2.2: Triaxial device proposed by Pearce [Pearce, 1971, Pearce, 1972]

Based on the same idea, the device proposed by [Shima et Mimura, 1986] for ceramic
powders and improved by [Brown et Abou-Chedid, 1994] for metallic powders, is acti-
vated by a simple uniaxial machine as depicted in figure 2.3. The device is designed so
that different ratios between the displacement in the vertical direction and the ones in the
horizontal directions may be applied. However, it is not possible here to measure directly
the radial displacement during the unloading step and only proportional loadings can be
applied.

Others devices, activated thanks to six independent pistons have been developed and
allow complex loadings with accurate measurement of the strain and stress responses,
like in [Lanier, 1988] or [Kamath et Puri, 1997] (here, a flexible boundary type cubical
triaxial tester is developed). In both cases, large displacements and complex loading paths
([Bouvard et al., 1988]) with accurate measurement of the response of the material in each
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where f is expressed in terms of the relative density p as 

f = l/a(1 _p)m (a,m > 0). (2) 

S, n, a and m in these equations are constants which can be determined experimentally. 
By putting 

F = (3/2)a[~a'~ + (1/9f2)a2 k - (Spn)  2 (3) 

and assuming that F is a plastic potential, the Levy-Mises type stress-strain rate relation is 
obtained. The normality of the strain rate vector was confirmed experimentally. 

Since the particles of ceramic powder do not deform plastically, compaction behaviour 
may be very different compared with metal powders. In the present study, a newly designed 
apparatus was used to carry out three-dimensional compaction, and an attempt was made to 
develop a relationship between stress state and relative density; this may be called a 
densification criterion. 

2, E X P E R I M E N T  

2.1 Three-dimensional compaction apparatus 
Figure 1 shows a plan view (a) and the sectioned side view (b) of  the apparatus. Powder is poured into the cavity 

created by the six blocks 1, 1', 2, 2', 3 and 3'. Blocks 2 and 3 have slanted back surfaces; these blocks move along the 
guide 4 and 5, respectively, when block 1 moves downward (z direction). Because of  the slanted surfaces, block 2 
moves in the z, x and y directions, while block 3 moves in the z and y directions. Accordingly, block 1' at the bottom 
moves in the x and y directions. The powder in the cavity is thus compressed from the three directions. 

Since all of the blocks in this apparatus have some freedom to move, there is a possibility that some of the blocks 
move apart from each other, allowing the powder to penetrate out of  the gaps. Therefore, some force should be 
applied to prevent it; this was left to the friction force at the block-guide interfaces. In the apparatus used for the 
previous work [ 1], all the blocks had slanted surfaces which caused them to have force components playing this role. 
In this case, three hydraulic rams were necessary to push three of  the blocks. Therefore, the tooling was complicated. 
Furthermore, it was rather difficult to control the ram movement to keep the stress or strain ratios constant during 
compaction process. The tooling in the present work, on the other hand, is comparatively simple and such control is 
not necessary; during a compaction process with one set of  blocks, the ratio between the block-displacements normal 
to the faces of the rectangular compact is constant and consequently, the strain ratio in the compact was almost 
constant as shown later in Section 4.1. To change the strain ratio, the size and shape of  the cavity may be changed; the 
blocks and guides with various angles also provide various strain ratios. In the present study, both methods were 
employed for convenience. 

If friction ig neglected at the powder-block interfaces, the stress may be uniform throughout the compact. Further, 
the normal stresses axx, ayy and tr:~ are principal stresses; let the maximum principal stress be expressed by at,  with 
others being a2 and a3. When the blocks with 02 = 03 are used, a stress state where two of  the principal stresses, a2 
and a3, are equal is achieved; this is commonly called a 'triaxial stress state' in the field of  soil mechanics. When 02 
4= 03, a more general three-dimensional stress state is produced. 

If there is excessive friction between the blocks and the guides, the force to push block 1 becomes too large. 
Therefore a lubricant was applied to the interfaces, and experiments showed that compaction was quite successful. 

2.2 Displacement o f  blocks 
The apparatus was set on a hydraulic compression testing machine. Block 1 was forced to move downward 

(z direction); its displacement was measured by a displacement metre. The displacements of  the other blocks were 
calculated geometrically from the movement of  block 1. 
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FIG. 1. Three-dimensional compaction apparatus: (a) plan view, (b) side view [section A-A' in (a)]; 03 

is the angle of the slanted back surface of  block 3, corresponding to 02. 
Figure 2.3: Triaxial device proposed by [Shima et Mimura, 1986], top and side views are
respectively shown on the left and on the right. While the top block moves, the radial
blocks are subjected to two translations : they are pushed down and, as they slide on tilted
planes, they also move horizontally. The ratio between the two translations may be tuned
by the angle of the tilted plane θ2 on the figure. Each block is equipped with a pressure
sensor and the imposed displacements are geometrically related to that of the top piston.

principal directions. However, contrary to the stage described in [Shima et Mimura, 1986]
or [Brown et Abou-Chedid, 1994], applied loads do not exceed 5 MPa.

Design of a new true triaxial device for powder compaction The main advantages of
the 3D tool compared to triaxial cells are the possibilities to apply large displacements and
to better control of the geometry of the sample. To meet the specific demands of materials
such as the PTFE powder, where higher level of applied pressure and large displacements
in non-proportional loading cases are required, an original 3D compaction tool, developed
during the PhD thesis of Rodrigo B. Canto [Canto, 2007] and improved during the present
study, has been used.

The 3D compaction device, inspired from the original device of Pearce
([Pearce, 1971]), is composed of six stainless steel blocks, as presented figure 2.4. The
device is installed in the triaxial testing machine ASTREE, at the LMT-Cachan. This ma-
chine is composed of six independent actuators. The capacity of the horizontal actuators
is of 100 kN, while the two vertical ones may reach 250 kN. The maximal amplitude of
the displacement of the actuators is 250 mm. The actuators may be controlled indepen-
dently in displacement or in force, enabling complex proportional or non-proportional
loading paths.

Each block is placed in front of one actuator of the triaxial machine in contact through
metallic platens. This allows the blocks to slide transversally while they are pushed in the
axial direction by the actuator. An initial cavity of a maximum size of 50×50×75 mm3

offers the possibility to obtain after compression a sample size of 23×23×23 mm3.
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horizontal directions and 250 kN in the vertical one. The length of travel is

250 mm for each actuator, and they may be controlled independently in the three

directions by load or displacement, which enables the application of complex,

including non-proportional, loading paths in the in p � q space.
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actuators of the triaxial testing machine Astree

The maximum initial volume of the cavity to hold the specimen is equal to

50 x 50 x 75 mm3 and a final cube of 23 mm side may be reached. The blocks
9

Figure 2.4: New triaxial device ([Canto et al., a]). The blocks are placed in front of
one face of a cube-shaped sample. Each block is positioned with respect to its neighbor
blocks and the metallic platens so that they all may slide perpendicularly to the actuator.
The passive support in blue allows to fill the initial cavity by holding the upper blocks. A
particular care has been taken on the surface dressing of the functional surface to decrease

the friction between elements.
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3 Detailed information on the measurement techniques
A particular care has been exercised concerning the measurements of the stresses and the
displacements experienced by the sample. To fully describe the strain and stress state of
the material during the loading, the displacements and the stresses have to be measured in
the three perpendicular directions. The difficulty to overcome here is the confinement of
the sample.

3.1 Pressure measurement

Not to loose accuracy of the measurement, the stress sensors are directly in contact with
the sample. A pressure sensor is embedded in each metallic block as described on figure
2.5. The sensors are located in the corners of the metallic block so that they are always in
contact with the sample through the loading.

block AB3

fixation screw

strain gage

cutting plane A-A

cutting plane B-BBB

A A

specimen contact area

dimensions in [mm]

Figure 2.5: Pressure sensor and its position in block AB3 - [Canto, 2007]. One surface is
locked inside the metallic block while the opposite surface is machined at the same time
as the surface of the block to be precisely at the same level. A small gap between the

cylindrical surface and the block allows the pin to slide freely.

This system, inspired from that
developed for instance in [van Rooyen et Backofen, 1960] or [Guyoncourt et al., 2001],
is a cylindrical sample of 14 mm diameter with a reduction of section in the middle (sec-
tion of 9.5 mm diameter), built in the same material as the metallic block. Three strain
gauges of 120 Ω are equally distributed on the circumference of the part and enable the
measurement of the average deformation, minimizing the possible parasite flexural com-
ponent of the local deformation, and thus the measurement of the pressure applied on the
sample in the direction of the axis of the sensor. These three strain gauges are connected
through a half Wheatstone bridge to three others strain gauges which are glued on the free
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surface of the metallic block to correct the thermal deviation. The system is conditioned
with a 2.0 V excitation voltage and amplified with a Signal Conditioning Amplifier model
2130 from Vishay Company. The maximal pressure applied on the sample is limited to
110 MPa not to overtake the elastic limit of the steel. Finally, the normal compression
component in each perpendicular direction is measured twice, on each face of the cubic
sample, through the principal directions of the system. The calibration of the pressure
sensors are presented in appendix A.

3.2 Measurement of the displacements
3.2.1 Artefactual displacements of the triaxial machine

In the first experimental campaign of the present study, the displacements were directly
measured thanks to the LVDT sensors embedded in the actuators of the triaxial machine,
which enabled the position control of the machine. The LVDT sensors are at the end
of the kinematic chain: this measurement does not take into account the stiffness of the
whole actuator and of the 3D compaction device as well as the different plays between
the parts of the kinematic chains, the consequence of which is a large overestimation of
the displacement applied on the sample.

The difference of the displacements measured by the two actuators is shown in figure
2.6.
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The error of position due to the stiffness of the machine is not negligible. To give
an order of magnitude, a displacement of 0.5 mm is measured for a compression applied
loading of 60 kN on each actuator for instance. To correct the displacements measured
with the LVDTs of the machine, the relationships 1.2 (horizontal axes) and 1.3 (vertical
axe) are used, with Utot the total displacement, Usample the displacement applied on the
sample, Usti f f ness the part of the displacement due to the stiffness of the kinematic chain
of the triaxial machine and F the force applied on the cubes:

Utot = Usample +Usti f f ness(F) (1.1)

Uhorizontal
sti f f ness =

1
K

F (1.2)

with K = 93.3kN/m

Uvertical
sti f f ness = aF2 +bF + c (1.3)

with a = 4.9910�5m/kN2, b = 1.2510�2m/kN2, c = 3.4610�2m

But this calculation only gives an approximation of the correction of the measurement
of the displacement. Indeed, it does not take into account the stiffness of the whole system
and the interaction between the 3D compaction device and the machine.

Moreover, the LVDTs of the triaxial machine are embedded in the middle of the ac-
tuators and thus, are surrounded by oil of the hydraulic net. Because of the system of
regulation of the temperature, the oil is submitted to cyclic and slow variations of temper-
ature of few Celsius degrees, which induces a thermal dilation of the LVDTs’ parts, up to
80 µm per actuator (which is coherent with an increase of 4.5oC in a steel bar of 1.5 m
with a expansion coefficient of 12�6/K). Thus, for instance, if the displacement speed is
imposed to be null, as the LVDTs are in the control loop of the machine, fluctuations of
the real position of the actuators are observed (Figure 1.11) and are directly linked to the
variation of temperature of the oil through the thermal dilation strain of the LVDTs.

Here, the coupling between the variation of temperature and the variation of the mea-
sured displacements by the LVDTs sensors is too complex to be modeled. Finally an
external system of measurement of the displacements in the three perpendicular direc-
tions of the 3D compaction device is required. The use of Digital Image Correlation
(DIC) or technics such as marker tracking methods are not suitable in this case consider-
ing the confinement of the 3D compaction device and the large displacements observed.
The installation of external LVDT probes is also excluded because of risk of collision
and problem of room. Thus, to solve both problems, a measurement of the displacements
imposed onto the sample by laser displacement probes is set.
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tuators and thus, are surrounded by oil of the hydraulic net. Because of the system of
regulation of the temperature, the oil is submitted to cyclic and slow variations of temper-
ature of few Celsius degrees, which induces a thermal dilation of the LVDTs’ parts, up to
80 µm per actuator (which is coherent with an increase of 4.5oC in a steel bar of 1.5 m
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(DIC) or technics such as marker tracking methods are not suitable in this case consider-
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and problem of room. Thus, to solve both problems, a measurement of the displacements
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(a) horizontal axis (b) vertical axis

Figure 2.6: Stiffness of the axes of the triaxial testing machine coupled with two blocks
of the 3D compaction device in two directions. A compression loading is applied on two
blocks placed face to face on one axis of the triaxial machine. One of the two horizontal
axes and the vertical one were tested. The second horizontal axis is supposed to have the

same mechanical behavior as the other.

The error of position due to the stiffness of the machine cannot be neglected. To give
an order of magnitude, a displacement of 0.5 mm is measured for an applied compression
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of 60 kN on each actuator for instance. From the expressions of the stiffness in each
direction, presented figure 2.6, correction of the displacements may be done through the
relationship :

Utot =Usample +Usti f f ness(F). (2.1)

with Utot the total displacement, Usample the displacement applied on the sample, Usti f f ness
the one due to the stiffness of the kinematic chain of the triaxial machine and F the force
applied on the cubes.

But this calculation only gives an approximation of the correction of the measurement
of the displacement. Indeed, it does not take into account the stiffness of the whole system
and the interaction between the 3D compaction device and the machine.

Moreover, the LVDTs of the triaxial machine are embedded in the middle of the ac-
tuators and thus, are surrounded by oil of the hydraulic net. Because of the system of
temperature regulation, the oil is subjected to cyclic and slow variations of temperature
of few degrees Celsius, which induces a thermal dilation of the LVDTs’ parts, up to 100
µm per actuator (which is consistent with an increase of 5◦C in a steel bar of 1.5 m with
a expansion coefficient of 13×10−6/K) (figure 2.7).
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(b) Evolution of the distance between two face
to face actuators measured with a laser sensor as

described in the next paragraph 3.2.2.

Figure 2.7: If the displacement speed is imposed to be null, as the LVDTs are in the con-
trol loop of the machine, fluctuations of the real position of the actuators are observed and
are directly linked to the variation of temperature of the oil through the thermal dilation

strain of the LVDTs.

Finally an external system of measurement of the displacements in the three perpen-
dicular directions of the 3D compaction device has been set. To fulfill the constrains
imposed by the confinement of the device and by the involved large displacements, in-
strumentation with laser displacement probes has been chosen.
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3.2.2 Measurement of the displacements with laser sensors

The laser displacement probes LK-G 407 provided by Keyence have been selected. An
accuracy of about 10 µm is guaranteed. More details on the choice of the laser model and
its characterization are given in appendix B.

Three laser probes and three corresponding targets are fastened to the platens in con-
tact with the 3D compaction device and deported thanks to aluminum optical rails pro-
vided by CVI Melles Griot, to avoid any collision problem, as shown figure 2.8. A par-
ticular attention is paid to the alignment of laser probes and targets.

Figure 2.8: Laser probes and targets set on the 3D compaction device. Each axis is
instrumented.

Moreover the temperature of the oil is followed during the test to make sure that it
does not reach exceeding high values (that would be detrimental to the control of the
applied displacement). The variations are slow compared to the time needed to complete
the test (less than 5 min).

Before the beginning of the test, the initial cavity is calibrated by compacting a poly-
oximethylene (POM) cube of side length of 45.3 mm under hydrostatic loading up to 5
MPa. This ensures a proper contact between the blocks and the sample. The position of
the laser is set to zero to record the initial dimensions of the cavity in each directions.
Once the POM sample is taken out of the device and the blocks are moved on the cal-
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ibrated position. The top block CD3 is removed to open the cavity and the powder is
poured inside the formed mold. The block is finally placed back to close the cavity and
the test may start. This way, despite the fluctuation of measurement of the LVDT, the
initial size of the sample is accurately reproduced from one test to the other.

This procedure is more accurate than the one developed by [Canto, 2007] but the de-
sired displacement loading is not exactly followed and tests involving long hold times
(such as relaxation) are not possible. Ideally, the feedback loop should be done on the
measurements made by the laser probes. However, considering the complexity and the
risk of such a control loop (risk of obstruction of the laser beam, speckle default as ex-
plained in the annex B for instance) and because of a lack of time, this solution has not
been implemented during this study.

Figure 2.9 is an illustration of the resulting displacements and its consequence on the
identification of the mechanical behavior of the material. The benefit of the measurement
the displacement with laser probes is clearly established.
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(b) Zoom on the loading/unloading steps
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(c) Identification of the hardening law of the cap
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Figure 2.9: Comparison of the displacement measurements with the LVDT of the ma-
chine with and without correction of the measured stiffness or with the laser displacement

probes. An hydrostatic test is run with successive loading and unloading steps.
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4 Identification of the parameters of the model

4.1 Drucker-Prager/cap model
As explained in the previous chapter, both elasto-plastic models Cam Clay and Drucker-
Prager/cap are suitable to describe the behavior of cohesive powders. These two models
have their own merits. Although the Cam Clay model offers some simplicity (e.g. it obeys
the normality rule) it may lead to compaction failure, and for this reason we did not retain
it. In contrast, the Drucker-Prager model is somehow more involved, (it has an associated
flow rule only along the cap surface, while it may violate the normality rule along the
Drucker-Prager cone). It is also more versatile in the evolution of the yield surface as
needed to comply with the experimental data obtained with the PTFE powders, as will
be shown in the following chapter. For these reasons, we were led to choose this latter
constitutive framework in the sequel.

The precise model used for the study is based on the implementation that has been
included in the Finite Element software Abaqus [Hibbit et al., 2011]. A detailed presen-
tation is made in the following section. Considering the large transformations involved in
the pressing of the material, large-displacement effects are included in the model using the
NLGEOM option implemented in Abaqus. Elements are formulated in the current con-
figuration using current nodal positions and may thus distort from their original shapes as
the deformation increases. The logarithmic expression of the deformation is used. True
Cauchy stresses are calculated. In a first stage, the viscous behavior of the material is
not taken into account. Finally, the anisotropy of the material is not accounted for in the
Drucker-Prager/cap model and thus the material remains isotropic. We will see later that
this assumption is not quite appropriate, but the introduction of an anisotropy in the plas-
ticity law would require a considerable investment in time and effort with presumably a
lot of difficulties to ascribe decent values to the large number of additional constitutive
parameters required.

To describe the elasto-plastic model, the strain rate is decomposed in an elastic part
dεelas and a plastic part dεplas such as

dε = dε
elas +dε

plas (2.2)

The strain tensor may be separated in deviatoric part ed and an volumetric part εvolI such
as

ε =
1
3

εvolI+ ed (2.3)

where
εvol = tr(ε) (2.4)

The contribution of the deviatoric part of the strain is summed up in an equivalent devia-
toric scalar εdev

εdev =

√
2
3

ed : ed (2.5)
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4.1.1 Description of the state of the material

Here, the state of the material is assumed to be only dependent on the void ratio e. It is
defined as the ratio of the volume of void in the material Vvoid on the volume of the solid
part of the material Vsolid .

e =
Vvoid

Vsolid
(2.6)

The void ratio e is equivalent and directly linked to the porosity n by

n =
Vvoid

Vtotal
=

Vvoid

Vsolid +Vvoid
=

e
e+1

(2.7)

From the experimental tests, the final and initial mass m and volume of the sample V
are measurable. The void ratio and its evolution through the test are indirectly deduced
from the measured variation of volume. Indeed if reversible volumetric strain is neglected,
the evolution of the state variable e is directly related to the evolution of the volumetric
plastic strain, ε

plas
vol = ln(V/V0), and the initial void ratio of the loose powder, ep, so that

(from equation 2.6)

dε
plas
vol =

dVvoid

V
=

de
e+1

(2.8)

By integration from the initial state described by the initial void ratio of the loose
powder, ep

ε
plas
vol =

∫ e

ep

de
e+1

= ln
1+ e
1+ ep

(2.9)

Then
e = (1+ ep)exp(εplas

vol )−1 (2.10)

As the initial state of the material is highly variable from a sample to the other and
difficult to characterized because of the fluffy nature of the powders, the state of reference
chosen here is the fully compacted material, without any porosities. Thus, the state of the
material may be defined as a function of its critical state for which e = 0 with

εcrit− ε
plas
vol = ln

(
1

1+ e

)
(2.11)

Based on the assumption that the elastic part of the deformations may be negligible,
all these quantities may be easily linked to each other.

The density is simply defined as m/V , where the elastic part of the deformation is
included.

4.1.2 Linear isotropic elasticity model

The elastic part is described by a linear isotropic elastic model. The stress tensor is linked
to the strain tensor following the Hooke’s law :

σ =

(
K− 2G

3

)
ε

elas
vol I +2Gε

elas (2.12)

with G the shear modulus and K the bulk modulus.
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4.1.3 Plastic part of the model

As explained in the previous chapter 1, the yield surface of the Drucker-Prager cap model
is written as a function of the two invariants of the stress tensor, the hydrostatic part of the
stress tensor −σH and the equivalent deviatoric stress q.

It consists of two parts: the shear failure surface, which is closed by the second part,
viz. the consolidation part or cap surface (figure 2.10).

Figure 2.10: Scheme of the Drucker-Prager/cap yield surface

Shear failure surface In the (−σH ,q) plane, the Drucker-Prager yield criterion is de-
scribed by a line whose slope tan(β) corresponds to the internal friction of the material
and whose shear axis-intercept corresponds to the cohesion of the material d under pure
shear loading (figure 2.10).

Therefore, the expression of the shear failure surface in the (−σH ,q) plane is :

Fs = q− (−σH) tanβ−d = 0 (2.13)

In Abaqus, the non-associated flow of the shear failure surface is implemented through
the definition of the plastic potential, Gs, which is described as an ellipse

Gs =
√
((pa− (−σH)) tanβ)2 +q2 (2.14)

The plastic strain rate is derived from the flow rule

ε̇
plas = λ̇

∂Gs

∂σ
(2.15)

with λ̇ the multiplicator.
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In [Canto et al., 2009], simple compression tests were made on square based bar sam-
ples of PTFE, compacted in an isostatic press at different levels of density. Thanks to
DIC, the displacement field of the sample is measured. In the (−σH ,q) plane, the loading
path followed during this test is a line which passes through the origin with a slope of 3.
If the loading is high enough, the Drucker-Prager shear failure surface is reached. When
data are observed in the hydrostatic-deviatoric strain plane (−εvol,εdev), it is shown that
once the yield surface of the material is reached, the volumetric component of the strain
rate is null while its deviatoric part increases (figure 2.11). Thus the plastic flow is non-
associated and seems to be vertical in the (−σH ,q) plane in the case of PTFE green part.
Which, with a low internal friction coefficient, as it will be showed in this chapter, is
actually very close (though not strictly identical) to the equation 2.14 of the plastic flow.
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Figure 2.11: Results of simple compression tests on two PTFE green parts with different
levels of density - The plastic flow is non associated in the Drucker-Prager part of the

model - from [Canto et al., 2009]

Cap surface The yield domain is closed by a cap surface. This consolidation part is
described in the (−σH ,q) domain by an elliptical curve, crossing the hydrostatic stress
axis in pb (in blue on figure 2.10). The center of the ellipse is at the point (pa,0). The
shape of the cap is monitored by the parameter R.
As proposed in Abaqus, the yield surface may be closed by a transition region that links
the Drucker-Prager line and the elliptical cap to ensure a smooth link between the two
areas. In our case, considering the parameters measured in the next section and after
checking that the transition region has no influence on the results of the simulations, no
transition surface is implemented. The apex of the elliptical cap is coincident with the
Drucker-Prager line in (pa, tan(β)pa +d).
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Here, the assumption of the associated plastic flow is made.
So, to sum up, the cap yield surface is described by the equation

Fc = 0 =
√

(−σH− pa)2 +(Rq)2−R(d + pa tanβ) (2.16)

with

pa =
pb +Rd

1+R tanβ
(2.17)

The plastic flow in the cap area is defined from the plastic potential Gc which for the
cap (and only for this part) can be chosen to be Fc associated flow rule and the plastic
strain rate is derived from the associated flow rule

ε̇
plas = λ̇

∂Gc

∂σ
= λ̇

∂Fc

∂σ
(2.18)

The position of the cap depends on the density of the material. Let us note that the
yield surface is continuous but may have a discontinuous derivative at the intersection
between the shear and the cap surfaces. However, the plastic potential does not lead to
discontinuous gradients with our chosen two potential. While the material is compacted
under mainly hydrostatic loading, its density increases, the air between particles is ex-
pelled (at least in part) and PTFE particles are brought to intimate contact. To reach a
given density, a level of hydrostatic stress is required. This is described by a hardening
law linking the hydrostatic stress pb = −σH for which q = 0 and the volumetric plastic
strain ε

plas
vol .

pb = f (εplas
vol ) (2.19)

4.1.4 Evolution of the base model

To the based version of the model proposed in Abaqus, two main improvements of the
model are added in this study :

• the evolution of the parameters of the model as a function of the void ratio, based
on the experimental results ;

• the modeling of the first order phase transition that appears in the range of temper-
ature and pressure considered here.

These two points and the procedure of identification of the model are presented in the
following section.
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4.1.5 Initial state of the material

For lowest density, a small loading induces a high deformation of the sample (as illustrated
in the figure 2.12). The initial state of the material is highly variable from a sample to the
other and difficult to characterize because of the fluffy nature of the powder. The material
has very low resistance to compaction and shear. Identification of the constitutive law is
difficult due to the limitation of the accuracy of the pressure sensors and some hypotheses
have to be made. The hardening of the powder occurs as soon as a loading is applied. The
cohesion of the powder is null and the elastic parameters are small compared to the one
identified for the fully compacted material.

To overcome the difficulty to describe properties of the powder, the fully compacted
material, for which the void ratio is null, is chosen as state of reference. At this stage,
the hardening law, the elastic parameters and the cohesion tend to asymptotic values. The
state of the material is described thanks to the void ratio instead of the volumetric strain
whose definition depends on the initial state of the sample.
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Figure 2.12: For high void ratio, a small loading induces a large variation of volume. The
uncertainty on the initial state of the powder is high.

4.2 Procedure of parameter identification
4.2.1 Consolidation part - hardening law - description of the densification of the

material

First of all, the consolidation part of the mechanical behavior of the material is studied.
The hardening law of the consolidation part of the model is described as the evolution
of the hydrostatic yield stress (i.e. the parameter pb figure 2.10) as a function of the
volumetric plastic strain. It is identified from the hydrostatic test with successive load-
ing/unloading steps, performed in the 3D compaction device. The experimental data ob-
tained for the virgin PTFE is shown in figure 2.13.

At the end of each unloading step, the hydrostatic stress is smaller than 5 MPa so
that the elastic recovery of the material is assumed to be complete. The plastic part of
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Figure 2.13: Hydrostatic test with successive unloading steps at increasing levels of hy-
drostatic stress - The same displacements are applied in the three directions - The volu-
metric strain increases while the deviatoric strain remains small - a small variation of the
deviatoric part is mainly imputed to the non symmetry of the actuators of the machine -

virgin PTFE

the volumetric strain is directly given by the measured minimum volumetric strain. The
hydrostatic stress required to reach this level of plasticity is equal to the maximal stress
reached before the beginning of the unloading.

The evolution of the hardening law, as required in Abaqus, is described, as proposed
in [Frachon, 2002], by

pb = a.

(
ln

(
bεcrit

εcrit− ε
plas
vol

))n

(2.20)
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with a, b and n positive constants and b > 1. It is easy to observed that the maximum
volumetric compaction is εcrit = ε

plas
vol (ep = 0), the asymptotic volumetric plastic strain

corresponding to a dense material for which the void ratio e tends to zero as defined in the
above section. The algebraic expression is illustrated in figure 2.14.
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Figure 2.14: Fit of the experimental hardening curve - virgin PTFE

The expression 2.20 of the hardening law describes the main steps of the compaction.
Indeed, during the first stage of the pressing, large displacements occur with negligible
applied stress as the main action is to expel the air. Particles may rearrange easily. When
the cohesion in the material increases and bonds between particles become tighter, stress
starts to increase until reaching an asymptotic vertical limit at εcrit . The voids are then
closed, and the density of the material tends to the absolute PTFE density, ρcrit (figure
2.15).

The absolute density of the different compounds studied here are measured by helium
pycnometry. The measurements are made on 5 g of material at 21◦C and are presented
table 2.1. The favorable comparison between these measured values and the value of
density extrapolated from the data obtained in the 3D compaction device indicates that
the critical state (where e = 0) is well estimated.
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Figure 2.15: Evolution of the density as a function of the hydrostatic stress - virgin PTFE

Table 2.1: Validation of the identification of the density by comparison of the absolute
densities measured by helium pycnometry the one identified from the hydrostatic test.

Material Absolute density (g/cm3)
He pycnometry hydrostatic test

virgin PTFE 2.26 2.27
PTFE + filler 1 2.23 2.19
PTFE + filler 2 2.02 2.017
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4.2.2 Identification of the elastic parameters

The identification of the evolution of the elastic properties with the void ratio, based on
experimental tests made in the 3D compaction tool, is presented in this part.

The bulk modulus K and the shear modulus G are chosen to describe the elastic be-
havior of the material. This way, stress and strain quantities are directly linked with

σH = Kε
elas
vol and q = 3Gε

elas
dev (2.21)

Based on the previous hydrostatic test with successive loading/unloading steps, the
value of the bulk modulus K is identified as the slope of curve in the (−εvol,−σH) plane
at the beginning of the unloading step. The evolution of K as a function of the void ratio,
identified in the previous step, in the case of the virgin PTFE, is presented figure 2.16.
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Figure 2.16: Evolution of the bulk modulus K as a function of the void ratio e, deduced
from the hydrostatic test. As expected the elastic stiffness of the material increases while

the resin is pressed - virgin PTFE.

Hysteresis loops appear during the loading/unloading steps 2.13, because of dissipa-
tion mainly caused by viscoelasticity effects resulting from the polymer viscosity, as well
as the permeation of the air out of the compacted volume. However the viscosity of the
elastic part is assumed to be negligible here. The same test has been performed at differ-
ent strain rates. The observed differences are within the measurement uncertainties and
hence no specific micro structural information may be derived (figure 2.17) in the range
of the tested applied speeds, allowed by the capacities of the triaxial machine (thermal
problem, maximal speed of the actuators).

The 3D compaction device makes it possible to investigate various complex loading
paths in the (−σH ,q) plane. In ‘isodensity’ tests (figure 4.2.2), after a monotonic hy-
drostatic displacement loading, the volume is kept constant while the deviatoric part of
the strain is increased. During the second stage, the displacement in one direction is in-
creased while it is decreased in the other two directions, twice slower, so that the material
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Figure 2.17: Evolution of the bulk modulus as a function of the void ratio - influence of
the strain rate. No influence of the strain rate could be seen here - PTFE + filler 1

is sheared at a constant volume. The increase of strain is finally imposed so that

∆ε =

 ∆ε 0 0
0 −1

2∆ε 0
0 0 −1

2∆ε

 (2.22)

in order to have,

tr(∆ε) = ∆εvol = 0 (2.23)

The shear modulus G may be straightforwardly identified as 3 times the slope of the
curve in the (εdev,q) plane, in the elastic regime, at the beginning of the isodensity step.
The same test is performed with different levels of hydrostatic stress during the first press-
ing step so that the evolution of the shear modulus as a function of the void ratio is mea-
sured as shown in figure 2.19.
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(a) Hydrostatic
loading
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Figure 2.18: Displacement controlled isodensity test in 3D compaction device - during
the second part of the test, the volume is kept constant.
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Figure 2.19: Evolution of the shear modulus G as a function of the void ratio e - virgin
PTFE - The uncertainty on G is higher than the one on K, several series of tests have been

performed.
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One may argue that hardening may occur right from the beginning of the isodensity
step. To validate this point, another series of tests have been done. After the hydrostatic
loading and before the isodensity step, the hydrostatic stress is released by a few MPa to
ensure to be inside the yield surface. The shear modulus G is identified the same way and
no significant difference of results is observed between the two types of tests as shown in
figure 2.20. The differences are of the order of magnitude of the uncertainties as shown
figure 2.19.
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Figure 2.20: Isodensity test preceded by unloading hydrostatic step - tests 1 and 2 are
isodensity tests without unloading step. The procedure of identification is validated.

The evolution of the elastic parameters, viz the bulk modulus K and the shear modulus
G, as a function of the void ratio is described as

K(e) = Kp +(Kcrit−Kp)(1+ e)−aK (2.24)
G(e) = Gp +(Gcrit−Gp)(1+ e)−aG (2.25)

with Kp and Gp the values of the bulk modulus and the shear modulus respectively of
the powder at the initial state, Kcrit and Gcrit the elastic parameters of the densified bulk
material for which e = 0 and aK and aG are two exponents. Both bulk and shear moduli
Kp and Gp can be chosen arbitrary small compared to the one of the bulk material Kcrit
and Gcrit . The parameters aK and aG characterize the more or less rapid increase of the
moduli with compaction. The increasing is faster for the hydrostatic part of the behavior
than for the deviatoric part.

The associated engineer moduli E and ν, calculated from the relationship

E =
9KG

3K +G
and ν =

3K−2G
2(3K +G)

(2.26)

are presented figure 2.21 At the critical state, ν tends to 0.5 which is consistent with the
fact that the material is closer to the bulk PTFE material that is quasi incompressible.
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Figure 2.21: Evolution of the elastic parameters and their fitted curves - virgin PTFE
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4.2.3 Characterization of the cohesion part

In two tests, the material may reach its shear failure surface :

• hydrostatic test followed by ‘isodensity’ test,

• hydrostatic test followed by ‘isopressure’ test.

For the so-called ‘isopressure’ test, which is force-controlled, all the samples are com-
pacted with the same void ratio at the end of the hydrostatic loading, as the first hydrostatic
load is similar for all the tests. Then the hydrostatic pressure is decreased to a given value,
before the ‘isopressure’ loading starts. As shown figure 2.22, the forces are controlled so
that the pressure remains almost constant while the deviatoric strain increases. The offset
yield points at 0.2% strain are measured for each level of pressure. These points define
the shear failure surface for a hydrostatic pressure pb of ∼70 MPa. They may be fitted
with a line whose slope is equal to the tangent of the internal friction angle of the material
tan(β) (figure 2.23).

It is found to be small and equal to 0.06, which is in agreement with the physical
properties of the PTFE described in the introduction. This parameter is assumed to be
constant. Considering the low sensitivity of the angle during the simulation of the indus-
trial process and its low value, no effort has been made to characterize the evolution of
the internal friction with the void ratio.

Once the value of the slope of the Drucker-Prager line is known, the cohesion of the
material d may be identified. Both ‘isopressure’ tests and ‘isodensity’ tests performed at
different level of density allow for the identification of the cohesion.

During ‘isodensity’ tests, while the material is sheared after the consolidation step,
the deviatoric stress increased while the hydrostatic stress slightly decreases. Indeed, as
seen in other materials ([Brochu et Turenne, 2004], [Watson et Wert, 1993]), a reasonable
deviatoric component in the loading makes the compaction of the material easier. Thus, as
the volume is kept constant, the hydrostatic component of the stress tensor is decreased.
However, if the shear component is too large as compared to the combined effects of
the cohesion and the internal friction of the material, the material fails. The failure is
characterized by a quick decrease of the hydrostatic stress and the much slower increase
of the deviatoric stress.

The cohesion is identified in the (εdev,q) plane as shown figure 2.24. The deviatoric
stress is equal to qd = tanβ(−σd

H)+d where −σd
H is the value of the hydrostatic stress at

the same time. As the internal friction angle β has been previously measured, the cohesion
d and its evolution as a function of the density of the material may be directly deduced.

Figure 2.25 shows the evolution of the cohesion d as a function of the hydrostatic
stress pb. As expected, the cohesion of the material increases with the densification of the
material. Note that low values of confinement pressure followed by isodensity test were
difficult to achieve. The initial value of this cohesion is assumed to be close to zero in
the initial powder state. The cohesion is described as a power-law of the solid volume
fraction

d(e) = ad (1+ e)−bd (2.27)
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(d) Isopressure tests at different level of hydrostatic loading

Figure 2.22: Force controlled ‘isopressure’ tests in 3D compaction device. For the first
stage of the hydrostatic loading, displacement are applied until a sufficient level of stress is
reached to control the loading in force. Once the switch is made, the same force is applied
in the three directions. The sample is compacted to a maximal hydrostatic stress and
unloaded. Then during the second part of the test, the hydrostatic stress is kept constant
while the deviatoric stress increased by decreasing the forces equally in two directions

and increasing the force in the third one, twice as much.

with ad the maximal cohesion at the asymptotic state and bd the exponent. The cohesion
is close to zero for large values of void ratio e and increases up to the maximal cohesion
at the asymptotic state. Considering the limitation of the implemented model in Abaqus,
no hardening of the Drucker-Prager surface as a function of the shear component is taken
into account. The behavior would not be realistic under tension where the strength is
known to be much lower.

4.2.4 Characterization of the consolidation part of the model

Up to this point, the Drucker-Prager line has been characterized as well as the position of
the consolidation surface (the hardening law associated to the consolidation mechanism,
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Figure 2.23: Identification of the internal friction coefficient tanβ - for virgin PTFE
initially hydrostatically compacted at 70 MPa
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(b) Corresponding hydrostatic stress

Figure 2.24: Identification of the cohesion d of the material
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Figure 2.25: Evolution of the cohesion d respect to the hydrostatic stress pb

identified from the hydrostatic test). The evolution of the parameter R as a function of
the void ratio is identified from the response of the material along a ‘three rate’ type
test where the applied displacement rates in each direction are constant and ε̇1 = xε̇3 and
ε̇1 = yε̇2 (figure 4.2.4). For computational reasons, the ratio pa/pb which always satisfies
0 < pa/pb < 1, is preferred as an unknown to be identified as compared to the quantities
R or pa. These quantities are linked through the equation 2.17. The range of the void
ratio e is divided in several intervals ei−i+1. First the value of the ratio pa/pb is assumed
to be constant. A first FE simulation of the ‘three rate’ test on an element of volume
(as described section 7.2) is made. By comparison of the experimental data with the FE
results, the values of the ratio pa/pb on each interval ei−i+1 are adjusted to minimized the
error. The FE computations are iterated, the results are compared to the experimental data
and the parameters are adjusted by dichotomy at each iteration until the error between the
response of the material and the simulation of the test is less than 10%. The piecewise-
defined function of the ratio pa/pb as function of the void ratio e may be then fitted with
a continuous function. Results for virgin PTFE are shown in figure 2.27.

With this last step, the identification procedure has been presented exhaustively. In
the following it will be used to characterize the different powders.
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(c) Experimental results

Figure 2.26: Displacement controlled ‘three rate’ test in the 3D compaction device. The
displacements are imposed in each direction with different monotonic rates.
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the FE simulation of the ‘three rate’ test.

Figure 2.27: Identification of the shape of the cap surface.
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5 Phase transition

5.1 Description of the phenomenon

During the unloading and reloading steps, a non-linear behavior is observed (see for in-
stance the evolution of σH vs. εvol during the hydrostatic test shown in figure 2.13).
This may be explained in cohesive materials like clay or non-cohesive materials like glass
beads, by the modification of the area of contact between particles with the applied load-
ing. In the case of PTFE, the ambient phase transition, described in the introduction 2,
has to be taken into account and contributes to this non linearity.

Indeed, it is argued here that the crystalline phase transition has a strong influence on
the mechanical properties of PTFE ([Rae et Brown, 2005], [Brown et Dattelbaum, 2005],
[Blumm et al., 2010]). The influence of the phase transition (II to IV and IV to I) is
observed on the evolution of the elastic parameters and the failure stress. The fracture
mode brutally goes from brittle with coalescence of micro voids in phase II to ductile
fracture with localization in fibril up to 1 µm in diameter and several mm length for phases
IV and I.

The phase transition II-IV has an influence on the interactions between the particles
of PTFE and with other materials. It is found that the blending of PTFE material with
other particles is easier below 19◦C while the transmission of load during the compaction
is less efficient than at higher temperature. The compaction of the compounds is always
made above 19◦C ([Ebnesajjad, 2002]).

The phase transition causes a significant change in the volume of the crystal and so
of the bulk material. From phase II to phase IV, an increase of the volume of 1.8%
is commonly measured for sintered material with a crystalline fraction of 50-60%w
([Ebnesajjad, 2002], [Quinn Jr et al., 1951], [Kirby, 1956], [Blumm et al., 2010]).

In [Eby et Sinnott, 1961], it is shown that the rate of the phase transition and the level
of variation of the parameters linked to this phase transition depends on the crystallinity.
The transition extends on a wider range of temperature for nascent PTFE than for sintered
material.

Phase change may also occur varying the pressure in isothermal conditions. In
[Beecroft et Swenson, 1959], at 27.8˚C, a volume change due to the II-IV transition oc-
curs at 65 MPa and is estimated to amount to 0.5%. The volume change is found to be
higher at 20˚C and atmospheric pressure and equal to∼0.8%. [Brown et al., 2007] shows
that the phase transition may occur at a lower level of pressure if a shear loading is added.

5.2 DSC measurement

In order to characterize these phase transitions, at first, Differential Scanning Calorimetry
(DSC) analyses of the three compounds were carried out on samples of approximately 15
mg of the as received powders using a Setafram DSC 131.

As expected and described in the literature (for instance on nascent PTFE in
[Canto et al., 2011]), two first peaks appear at around 19.5◦C and 28◦C (figure 2.28)
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which correspond to the phase transitions at ambient temperature between the phases
II and IV and the phases IV and I. Then a third peak arises and reaches its maximum
at the temperature of 340◦C, which corresponds to the melting of the nascent crystalline
phase. When the material is cooled down, the re crystallization of the material occurs at a
lower temperature than the melting one, viz 317◦C. The material is partially crystallized
([Canto et al., 2011]).

A particular attention is paid to the characterization of the ambient temperature tran-
sition phase. In a second test, the raw material is heated up with a rate of 5◦C/min from
-40◦C to no more than 100◦C so that the nascent crystalline phase does not start to melt.
The sample is then cooled down with a rate of -5◦C/min to the minimum temperature
reachable by the testing device. Results are presented in figure 2.29.

During the cooling, the same peaks are observable but the transition temperatures are
lowered, especially for the main IV-II transition.The integrated area of both peaks during
cooling is 30% smaller than the same peaks during heating.

The influence of the fillers is analyzed (figure 2.30). The temperature of the phase
transition are not changed by adding fillers to the PTFE powder. However, the area of all
the peaks are smaller, which may be partly explained by the smaller amount of PTFE in
filled samples. Interactions between the fillers and the PTFE particles may also explain
these differences.
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Figure 2.28: DSC of the virgin PTFE powder from -40◦C to 400◦C. The sample is cooled
down to -40◦C, heating up to 400◦C with a rate of 10◦C/min, maintained at the maximal
temperature during 5 minutes, and finally cooled down with a rate of 10◦C/min. Because
of the limitation of the machine, the initial temperature of -40◦C could not be reached at

the end of the cooling step, keeping the same rate of decrease of the temperature.
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Figure 2.29: DSC with heating up and cooling down without reaching the melting tem-
perature
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Figure 2.30: Influence of the fillers. The same thermal loading is applied on each sample.
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5.3 Thermal tests
A sample compacted in an œdometric tool with a rectangular base of 35×35 mm2 section
is subjected to a thermal loading between 7˚C and 36˚C. The sample is placed in a climatic
chamber and lies on a glass plate. Once the desired temperature is reached, a minimum
waiting time of 90 min allows the temperature to become homogeneous, and an equilib-
rium state reached in the sample. The sample is first cooled from 35˚C to 7˚C and then
heated to 36˚C. A random speckle pattern was previously sprayed on the sample and pic-
tures are acquired at the end of each stabilization period of applied constant temperatures.
Using DIC (see 6.2.2), displacement fields at the surface of the sample are measured. The
deformation field is homogeneous at the surface of the sample and almost equal in both
directions. Between 7˚C and 35˚C, the evolution of the deformation with temperature is
non linear as shown figure 2.31 and the increase of deformation is equal to 0.6%. This
value is in good agreement with what is reported in the literature ([Quinn Jr et al., 1951],
[Kirby, 1956], [Blumm et al., 2010]). The deformations at 35˚C before the cooling and
the ones after the heating from 7˚C to 36˚C are almost equal (the difference is less than 5%
which may also be caused by the difference of temperature and the error of measurement
of the displacements).
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Figure 2.31: Averaged measured deformations at the surface of the sample (standard
deviation less than 0.03%) vs temperature. The line has a slope equal to the thermal ex-
pansion coefficient at the reference temperature Tre f = 5◦C and corresponds to the thermal

expansion that the sample would exhibit without phase change.

5.4 Mechanical tests
Figure 2.32 shows details of the loading/unloading hydrostatic test in the volumetric strain
vs. hydrostatic stress plane presented earlier. For better representation, only few load-
ing/unloading loops are represented. Neglecting the non linearity due to the viscosity of
the material, an elastic recovery would follow the dash lines. This is the case for the
first unloading step. But above 10 MPa, the gap between the linear fit is almost zero up
to a critical pressure where the difference starts to highly increased. This gap is plotted
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for each unloading step 2.33. The final value of the gap tends to a mean value equal to
6.10−3 ± 0.23 (figure 2.33). This value is consistent with the estimation of the volume
change due to phase change from phase IV to phase II. The observed non-linearity may
be reasonably and partly explained by a progressive phase change induced by an increase
of hydrostatic stress.
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Figure 2.32: Loading/Unloading steps of hydrostatic test. The black lines are for the
unloading steps up to the local minimum point (x), the green ones for the re loading step
up to the local maximal pressure (+). The fit of the linear part of the curve at the beginning
of the unloading is plotted with dash lines. The slope of these lines corresponds to the

bulk modulus K of the material at a given void ratio.
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Figure 2.33: Evolution of the volume change superimposed to the linear elastic recovery
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5.5 Modeling
Here, a constitutive modeling is proposed to describe the II-IV phase transition.

Two striking observations can be made that distinguish the above discussed phase
transitions from other simple ‘textbook’ phase transitions :

1. they are spread over a significant range of temperatures ;

2. they may display a very large hysteresis.

The second (2) obviously does not fit in the classical description of equilibrium thermo-
dynamics. An explanation based on nucleation phenomena is not satisfactory when ad-
dressing non monotonous loading, even if parameter tuning may provide good fits when
enough freedom is left for simple paths. One difficulty comes from the fact that energy
barriers between different states exceed by far the thermal energy level kT (with k the
Boltzmann’s constant) and hence one cannot consider the system as exploring its phase
space due to thermal agitation, and hence it cannot reach a proper equilibrium.

Our interpretation is that intrinsically temperature T and stress (pressure p) are cou-
pled. Residual stresses may initially be responsible for an effective apparent distribution
of transition temperatures. Indeed, residual stresses come in addition to the macroscop-
ically imposed stress, and the p− T coupling can easily convert stress into a tempera-
ture offset. This phenomenon may explain the first reported point (1) if the temperature
width of the macroscopic transition is read as the statistical distribution of local transition
temperatures. Moreover, the phase transition is locally very anisometric (the helix con-
formation of PTFE is not simply a change of volume, as lateral and longitudinal strains
are not equal). Such a local transition cannot be kinematically compatible with the neigh-
boring elements unless all crystallized domains have the very same orientation (and no
residual stress). Similarly, a heterogeneous residual stress distribution would also gen-
erate incompatibilities even for pure volumetric transformations as different element of
volumes do not change their conformation simultaneously. Incompatibility is resolved
through the development of elastic stress, itself influencing the transition point and hence
a transition locally may impede or promote the neighboring phase transformation. This
phenomenon may give rise to strong hysteretic effects. Its theoretical description is how-
ever a formidable task and we are not aware of any convincing approach to account for it,
in spite of the fact that such non-equilibrium transition is quite common in solid mechan-
ics.

The phase transition is spread over more than 10˚C at atmospheric pressure and several
MPa in isothermal conditions without a significant hysteresis when cycling. A simple
linear mapping from temperature to pressure is used. The conversion factor αpT cannot be
else than the slope of the transition line in the p−T plane (figure 3). Now, the remaining
task is to model the distribution of effective transition temperatures, dtrans(T ), (that can be
read in calorimetric measurement, in figure 2.29), or its cumulative version Dtrans(T ) =∫ T

Tstart
dtrans(T ′)dT ′ which can be accessed in dilatometric measurements (such as shown

in figure 2.31) (up to a scale factor which is the asymptotic strain after the transition) or
isothermal mechanical loading (figure 2.33).
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The distribution of effective transition as a function of the temperature is described by

dtrans =
abexp(−a(T −δT ))

(1+bexp(−a(T −δT )))2 (2.28)

The expression of the cumulative version of the distribution is

Dtrans =
1

1+bexp(−a(T −δT ))
(2.29)

with a, b and δT , constant values. Thus, the heat flow W during calorimetric measure-
ment, such as in figure 2.29, may be expressed such as

W =Cwdtrans (2.30)

with Cw a constant. Note that the maximum of heat flow is reached at the temperature
∆T = δT −1/a ln(1/b).

The expression of the deformation during the heating of the sample, εth is the sum
of the linear thermal expansion, whose thermal coefficient is αth, and the deformation
caused by the phase transformation

εth = εcristDtrans +αth(T −Tre f ) (2.31)

with εcrist the total variation of volume due to the phase transition.
The pressure and the temperature are linked by the conversion factor αpT . Thus the

expression of the cumulative distribution Dtrans as a function of the pressure in isothermal
loading is

Dtrans(p) =
1

1+bexp(− a
αpT

(p−δp))
(2.32)

with δp = δT/αpT − (1/a) ln(1/b)(1− 1/αpT ). Finally, at constant temperature, the
phase change strain εtrans(p) is equal to

εtrans = εcristDtrans(p). (2.33)

And the total strain would be equal to the sum of the elastic, plastic and transformation
strains

ε = εelas + εplas + εtrans (2.34)

The identified parameters are given in the table 2.2 and the comparison between the
experimental data and the model are shown in the figure 2.34.
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Table 2.2: Identified parameters

Conversion factor αpT (MPa.K−1) 3.7
a 0.635
b 7.0

Temperature δT (˚C) 8.34
Total phase change deformation εcrist (%) 0.6
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(b) Modeling of the deformation caused by phase
transition during isothermal hydrostatic loading.
The experimental curve corresponds to the gap
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vol as shown figure 2.33a. where a
maximal stress of 65 MPa is applied before the
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Figure 2.34: Comparison between the experimental data and the identified model of the
phase transition for tests at atmospheric pressure and tests at ambient temperature.
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The comparison of the two models, with or without adding the phase change model
to the elasto-plastic constitutive equations is presented figure 2.35. The improvement of
the model is obvious. This phase change describes the major part of the observed non
linearity that appears above 20 MPa of hydrostatic loading and cannot be neglected.

To improve the model, additional experimental tests may be done. DSC and dilatom-
etry tests at difference rate of thermal loading and with both cooling and heating stages
may allow to better characterized the irreversible aspect of the phase transformation and
its dependance on time. As shown in [Brown et al., 2007], the phase change also depends
on the amount of shear loading. Additional loading unloading tests like ‘isopressure’ or
‘isodensity’ tests, where the hydrostatic part of the loading is kept constant, should help
to characterize the influence of shear.

1.55 1.6 1.65 1.7
−20

0

20

40

60

80

100

− volumetric strain, −ε
vol

−
 h

yd
ro

st
at

ic
 s

tr
es

s,
 −

 σ
H
 (

M
P

a)

 

 

experimental data
FE simulation

(a) Simulation without the phase transition model
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(b) Simulation with the phase transition model

Figure 2.35: Comparison of the model with and without taking into account of the phase
change II-IV. Finite Element simulation of the hydrostatic test with successive load-
ing/unloading steps - The hydrostatic stress is plotted as a function of the volumetric

strain.

6 Comparison between the four compounds

The four materials studied in the frame of this PhD study are submitted to the same ex-
perimental tests and to the same identification procedure described hereinbefore. In this
section, their mechanical properties are compared.

Comparison between two virgin PTFE powders Firstly, the differences between the
virgin PTFE, which is a fine cut resin, and the free flow pelletized resin PTFE B are ex-
amined. Both materials have the same chemical properties (same nascent crystallinity
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fraction). The main difference comes from the treatment of the polymer after the poly-
merization as explained in the introduction .

In [Rae et Dattelbaum, 2004] and [Rae et Brown, 2005], the mechanical behavior of
two types of sintered PTFE samples under compression and tension respectively is also
investigated. PTFE 7A and PTFE 7C from Dupont, whose main difference in raw powder
material is the size and the shape of the particles, are compared. PTFE 7C has smaller
particles 28 µm with elongated and irregular shape (ratio 20:1). The evolution of the
behavior with strain rate and temperature is similar, except that the failure stress in tension
is ∼20% higher for PTFE 7C and the stiffness is slightly higher in compression. But no
comparison is made on the behavior of the green parts.
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Figure 2.36: Comparison of the hardening of the two virgin PTFE powders. The initial
densities are different but the hardening law are superimposed for the two virgin PTFE
powders and for a void ratio close to zero (for pressing up to 100 MPa, see figure 2.36),

the final density of the two PTFE powders is equal.

The initial density of the loose powders are notably different. The initial density of the
fine cut powder is around 0.42 g/cm3 and is highly variable depending on the condition of
preparation like the handling, the temperature or the humidity. The initial density of the
free flowing powder is much more reproductible with a value of 0.9 g/cm3. However, the
specific gravity of the the two powders is almost equal (2.26 g/cm3 for virgin PTFE and
2.25 g/cm3 for virgin PTFE B) (figure 2.36 (b)). Finally, the pelletization of the fine resin
acts as a ‘pre compaction’ of the PTFE fine particles. The initial density is higher for the
pelletized resin compared to the fine cut resin but as soon as a sufficient level of density is
reached in the fine cut resin sample, the densification is similar for both powders (figures
2.36). The evolution of the bulk modulus K as a function of the void ratio e is also similar
in both cases (figure 2.37).

However, their behavior under shear is different. Surfactants are used for the granula-
tion process to separate the particles. They are normally evaporated. However, remaining
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(b) Evolution of the shear modulus G as a function
of the void ratio e
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(c) Evolution of the Young’s modulus E as a
function of the void ratio e
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(d) Evolution of the Poisson’s ratio ν as a function
of the void ratio e

Figure 2.37: Comparison between the two virgin PTFE powders - Elastic parameters

amount of surfactant at the surface of the pellets may explain the poorer cohesion of the
pelletized compacted powder.

Thus the internal friction coefficient of the fine cut resin, equal to 3.4◦, is lower than
the one of the pelletized resin, equal to 5.1◦. The build up of strong cohesion between the
pellets is more difficult than for the fine cut resin.

Influence of the fillers The influence of the fillers added to the virgin PTFE powder
is also analyzed. The initial density of the filled materials is close to the density of the
virgin powder. However, as the specific gravity of the fillers are different from the one
of the PTFE, the final densities are different and depends of the amount of fillers (table
2.3). The densification curve for filled material is different from the one of virgin PTFE
(figures 2.39). The filled compounds require a higher amount of work to be pressed. Note
that the behaviors of both filled materials are similar.
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(a) Evolution of the cohesion as a function of the
hydrostatic stress which describes the position of

the cap, pb
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(c) Shape of the yield surface for an hydrostatic
stress of 30 MPa

Figure 2.38: Comparison between the two virgin PTFE - Drucker-Prager/cap surface

The level of the bulk modulus K is a little higher when fillers are added but its evolu-
tion as a function of the void ratio is close for the three compounds (figure a.2.40). On the
other hand, the influence of the fillers on the mechanical behavior the compounds is par-
ticularly significant under shear. The shear modulus G is higher (figure b.2.40) as well as
the cohesion (figure a.2.41). Fillers are added, among others things, to improve the shear
strength of the PTFE. The internal friction angle is higher but is increased by the fillers in
a smaller range; 5.4◦ for the compound with filler 1 and 4.6◦ for the compound with filler
2 compared to 3.4◦ for the virgin PTFE (figure c.2.41). Here again, this is consistent with
the properties found in the finished material (see 1).

The influence of both fillers on the behavior under shear is not exactly the same. In the
case of the PTFE+filler 2, the round semi crystalline polymeric fillers have approximately
the same size and the same geometry as the PTFE particles but a higher strength. This
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Table 2.3: Densities - The initial density is equal to the average density measured at the
end of the filling of the 3D compaction tool. This initial density is, like for virgin PTFE,
highly variable. The final densities are directly linked to the amount of fillers and their

own specific gravity.

Material Initial density (g/cm3) Final density (g/cm3) (pycnometry He)
virgin PTFE 0.42 2.26

PTFE + filler 1 0.44 2.23
PTFE + filler 2 0.43 2.02

is consistent with the fact that the cohesion and the shear modulus are increased (figures
2.40 and 2.41). Moreover, apart from the amplitude, the evolution of the shear modulus is
similar in PTFE+filler 2 and virgin PTFE as if the average elastic modulus were increased
without other effects caused by the interaction of the particles for instance. The same
observation is made on the shape of the yield surface (figure 2.41). This is not the case
for the material filled with particles 1. The evolution of the shear modulus with the void
ratio is faster in this case (figure b 2.40). The effect of the deviatoric part of the loading
on the consolidation surface of the yield domain is more important (figure 2.41). But in
this case, the geometry and the properties of this inorganic filler are completely different
from the ones of polymeric particles.

The detail of the identified parameters of the Drucker-Prager/cap model are given in
appendix C.
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(b) Evolution of the relative density (ratio of the
actual density over the final density for e=0) as a
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Figure 2.39: Hardening law - Influence of the fillers. To reach the same void ratio a
higher level of stress has to be applied on the filled compound.
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(c) Evolution of the Young’s modulus E as a
function of the void ratio e

0 0.1 0.2 0.3 0.4 0.5

0.35

0.4

0.45

0.5

void ratio, e

P
oi

ss
on

 r
at

io
, ν

 

 

virgin PTFE
PTFE+filler1
PTFE+filler2

(d) Evolution of the Poisson’s ratio ν as a function
of the void ratio e

Figure 2.40: Elastic properties - Comparison of the three compounds.
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Figure 2.41: Parameters of the yield surface. Comparison of the three compounds.
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7 Finite Element simulation

7.1 Implementation in Abaqus
To predict the mechanical behavior of the compounds during their pressing and the fi-
nal state of the green part at the end of the industrial pressing, the Finite Element code
Abaqusr was chosen. The Drucker-Prager/cap model proposed in Abaqus is modified to
be suited to the studied PTFE.

The dependance of the parameters of the Drucker-Prager/cap yield surface and of the
elastic parameters is defined thanks to the subroutine USDFLD. With the utility routine
GETVRM, volumetric plastic strain ε

plas
vol variable is defined for each integration point

and equal to the sum of the plastic strain components in the three principal directions. A
compaction may starts from various states as the initial void ratio of the powder is not
well defined. The value of reference ε

re f
crit , is adjusted to take into account the variation of

the initial state. If the reference state for which e=0 is not known, εcase i
crit is shifted such as

ε
case i
crit = ε

re f
crit + ln

(
ρcase i

p

ρ
re f
p

)
= ε

re f
crit +∆ε (2.35)

with ρ
re f
p and ρcase i

p the initial densities of the reference and the actual case respectively.
In secondary code (matlab, excel...), the parameters of the model are previously computed
as a function of the volumetric plastic strain ε

plas
vol and the constant ∆ε which describes the

initial state of the material.
In Abaqus, a linear interpolation between each value of the parameters corresponding

to successive densities is made and at each increment, the model parameters are updated
as a function of the computed volumetric plastic strain ε

plas
vol calculated at the previous

step.
The phase transition phenomenon is also implemented in Abaqus, using the UEXPAN

subroutine which allows to define an increment of strain depending on the variables of
the calculation. At each increment and each integration point, based on the value of the
hydrostatic stress computed at each integration point thanks to the USDFLD subroutine,
the volumetric phase strain εtrans is evaluated with the equation 2.32. This increment of
deformation is added to the total strain as it would be done for a thermal expansion strain.
The calculation is made under Abaqus/Standard. The phase change incremental strain is
computed through an explicit scheme. A sufficiently small increment of time is carefully
chosen for convergence.

7.2 Simulation vs. experimental results – 1st validation
7.2.1 Simplified Finite Element simulation

First FE simulations are made to check the implementation of the model and to roughly
validate the identification of the model. These simulations are also performed to refine the
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identification as for the ratio that defines the shape of the cap surface. The FE simulations
are performed on a cubical shaped sample assuming perfect boundary conditions (no fric-
tion) between the powder and the 3D device. The measured displacements obtained with
the laser sensors are directly applied on the three directions of the cube in the case of tests
with imposed displacements. The initial sample is a cube of 45.35cm side with the same
initial density measured experimentally. Computed stresses in the principal directions are
then compared to the experimental data (figure 2.42, 2.43, 2.44).

Note that once the shear failure surface is reached, like in ‘isodensity’ tests, the ma-
terial follows the DP surface as it is implemented in Abaqus. This is not realistic but is
out of the scope of the modeling of the mechanical behavior of the material in the studied
application.
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(b) virgin PTFE + filler 1
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(c) virgin PTFE + filler 2

Figure 2.42: FE simulation of a loading/unloading hydrostatic test - simplified simulation
- thanks the modeling of the phase change, the non linearity during the unloading steps is

well described for the three materials.
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(a) Deviatoric strain stress plane - virgin PTFE
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(b) Stresses plane - virgin PTFE
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(c) Deviatoric strain stress plane -
PTFE+filler1
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(d) Stresses plane - PTFE+filler1
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(e) Deviatoric strain stress plane -
PTFE+filler2
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(f) Stresses plane - PTFE+filler2

Figure 2.43: FE simulation of isodensity tests - simplified simulation - The evolution of
the elastic part as a function the density is well described (beginning of the slope in the
deviatoric stress strain plane). The evolution of the cohesion with the density is good
as the DP surface is reached to the good level of deviatoric stress. The increase of the
deviatoric stress in the (−σH ,q) plane is well described for the filled materials and is a

little bit poorer for the virgin PTFE powder.
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(a) Stresses plane - virgin PTFE
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(b) Stresses plane - PTFE+filler1

0 10 20 30 40 50 60
0

1

2

3

4

5

6

7

−hydrostatic stress, − σ
H
 (MPa)

de
vi

at
or

ic
 s

tr
es

s,
 q

 (
M

P
a)

 

 

experimental data
FE simulation

(c) Stresses plane - PTFE+filler2

Figure 2.44: FE simulation of ‘three rate’ test - simplified simulation - The evolution of
the deviatoric and hydrostatic stresses in the case of ‘three rate’ loading is faithful for the

three compounds.
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7.3 Finite Element simulation of the 3D compaction device
The hypothesis of homogeneous state assumed for the identification of the parameters is
convenient but not exact. In [Yi et Puri, 2013], the local stresses are measured inside a
sample submitted to a hydrostatic loading thanks to a cubical triaxial tester. They are
found to be not homogeneous inside the material. The 3D compaction tool used here
is different but present also some defects. Indeed, interactions between the sample and
the 3D compaction device induce heterogeneities of loading and ‘parasite’ loadings in
the sample. The transverse motions of the metallic cubes of the 3D compaction device
coupled with the non negligible friction interactions between the compacted material and
the tool, create an additional shear loading in the sample, even if hydrostatic loading is
applied. A rotation is induced inside the specimen. This additional shear component of
the loading and its inhomogeneity have been also observed on cubical plastered samples
compacted in the same 3D compaction tool ([Bouterf, 2014]) and is clearly identifiable as
shown with the external and tomographic observations of a ‘striped’ PTFE based sample
figure 2.45.

(a) External view of the sample (b) Cut view of the sample through one of the
middle vertical plans

Figure 2.45: Tomographic observation of sample compacted through hydrostatic loading
in the 3D compaction tool. The sample has been prepared by filling the initial cavity of
the tool by successive horizontal layers of virgin PTFE and PTFE+filler1. A contrast is
thus created on tomographic observations and the iso-displacement line may be observed
inside the sample. The rotation created by friction along the cube faces is clearly visible.

Moreover, the deformation of the sample is deduced from the measurement of the
distance between two metallic blocks positioned face to face. The deformation of the
metallic blocks as well as the interaction between each other is neglected.

To understand and estimate the influence of the imperfections of the compaction de-
vice on the experimental data and the identification of the parameters of the model, a
complete simulation of the system 3D compaction device coupled with a sample is pro-
posed (figure 2.46). The displacements or the forces are applied on the external surfaces
of the metallic blocks. The blocks are free to slide in the transverse directions, which is
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conditioned by the displacement of the neighbors blocks. The six metallic blocks have
an isotropic elastic behavior with a Young’s modulus of 200 GPa and a Poisson’s ratio of
0.3. The interaction between the material and the tool is based on the interaction model
described in the next chapter 2. The augmented Lagrange normal contact and Coulomb
friction with a coefficient of 0.1 is chosen to model the interaction between the metallic
blocks of the compaction device.

Figure 2.46: FE simulation of the whole 3D compaction device. The metallic blocks of
the 3D compaction device are translucent to allow to see the PTFE sample in red in the

middle of the device, in its initial state.

7.3.1 Analysis of the FE simulation

As observed on the ‘striped’ sample, the same transverse displacement inside the mate-
rial, caused by the rotation motion of the compaction device, is simulated (figure 2.47).
An heterogeneous stress and strain state inside the sample results from this defect, com-
bined with the stress alteration created by the friction (figure b.2.47). During this test, the
deviatoric component of the load is not null, mainly because of the non symmetry of the
actuators of the triaxial machine ASTREE. An additional heterogeneous deviatoric strain,
created by the interactions with the 3D compaction device, is added thereto.

However, the desired loading is approximately reached and the heterogeneities of
loading inside the part are acceptable as shown figure 2.48.

In the case of tests which involve high shearing loading like ‘isodensity’ test, a more
heterogeneous state loading results from the imperfection of the test. Figure 2.49, the
strain-stress state of some elements on one of the diagonals of the sample, from one corner
to the centre part, is presented. The isodensity parts of the loading are overlay in colored
lines. The isodensity loading, viz. the constant volume, is nowhere really followed during
the isodensity tests. Even if the hydrostatic stress is relatively constant in the material, the
deviatoric strain is very heterogeneous. Nevertheless, identification of the shear modulus
from the average quantities remains close to the identified value from the experimental
data (in this case a shear modulus of 65 MPa is found compared to 68.3 MPa for the
identification from the experimental data and considering a homogeneous state).
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(a) Displacement field in the Y direction after a variation of volume of
-167% and an increase of hydrostatic stress of around 90 MPa

(b) Hydrostatic stress field in one half of the sample

Figure 2.47: Displacement and stress field inside the sample submitted to hydrostatic
loading.
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Figure 2.48: Volumetric and deviatoric strains in the sample under the maximal measured
hydrostatic stress of 90 MPa - A gradient of loading in noticed but remains low as the
distribution of the volumetric strain is narrow. A deviatoric component of the strain exists

but its average value remains low compared to the volumetric strain.

To conclude, even if the 3D compaction set up presents some weakness and deviation
from an ideal test, which induce an heterogeneous loading of the sample, the identification
of the parameters based on the average measurements of the displacement and pressure
quantities appears reliable. Presumably, the low coefficient of friction of PTFE is very
instrumental to reach this positive conclusion.
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Figure 2.49: Stress-strain state of elements on one of the diagonals of the sample from
outer to inner part of the sample
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8 Conclusion
The 3D compaction tool allows to applied complex loadings to PTFE samples. Besides
the above cited imperfections of the device, identification of the powder constitutive pa-
rameters during its pressing is possible. The parameters of the Drucker-Prager/cap model
as a function of the void ratio are identified for four different compounds. The influence
of the size and shape of the particles are evidenced as well as the role of two types of
fillers.

The viscous behavior of the PTFE sample has been characterized thanks to relaxation
stage after œdometric loading. Several tests at different loading rates and different level
of maximal applied stress are made. The influence of the void ratio on the response of
the material is evidence. An hyperbolic sine creep law is identified whose parameters
are a function of the void ratio (figure D.3). All the results are presented in appendix D.
Unfortunately, the implementation of the model in Abaqus does not allow us to implement
such a behavior (limitation of the creep component to too small values).

A first comparison between the model and the experimental data has been reported
and seems satisfactory. But this validation is based on the tests used for the identification,
and hence further work would strengthen this identification. A further consolidation of
this identification is the purpose of the next chapter.
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Figure 2.50: Identification of the viscous part of the elasto-viscoplastic model from œdo-
metric tests followed by relaxation steps.
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Chapter 3

Uniaxial compaction tools

The purpose of this chapter is the model validation at the scale of laboratory
tests. Two compaction tools are used :

• The first one is an œdometric tool where applied and transmitted axial
and radial stresses are measured during compaction. A modeling of the
interaction between the mold and the powder is proposed.

• The second one, hereafter called ‘V-tool’, developed from an original idea
of R.B. Canto from UFSCar, has a complex geometry that allows differ-
ent loading paths. It is possible to measure the displacement field inside
the mold by DIC and to perform a direct comparison with the simulated
displacement fields.
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1 Instrumented œdometric tool

1.1 Presentation of the tool

Saint-Gobain CREE (Centre de Recherches et d’Etudes Europeen) generously allowed us
to use the œdometric tool presented in this section. The tool is composed of a cylindrical
die whose dimensions are given figure 3.1. Two adjusted pistons enable the compaction
of the sample from top and bottom. The top piston is linked to the actuator of the uniaxial
compaction machine.

(a) Scheme of the œdometric tool and its instrumentation. The
tool also enables double side compaction (although it was not

used here because of the insufficient wall shear stress).

(b) Scheme of the section of the die
(dimensions in mm)

Figure 3.1: Instrumented œdometric tool. As the tool was initially designed for ceramic
material, the external part of the mold is made of stainless steel while the inner part is

made of zirconium oxide.

During the test, both transmitted and applied stresses are measured by the bottom
loading cell with a capacity of 100 kN and the top one with a capacity of 50 kN. The
tool is equipped with eight strain gauges which are glued on the external surface of the
tool. They are placed at eight different heights on the bottom part of the tool, centered
on the position of the sample at the end of the compaction. The thickness of the wall of
the tool was designed to remain in the elastic domain while deformation are large enough
to be measurable. As the tool is composed of two different materials, a simulation of
the matrix under loading was made to estimate its stiffness as a function of the height
of the sample (data from J. Brulin, CREE). The radial stress may then be deduced from
the measured deformation of the matrix. Sensors are not accurate enough to distinguish
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Figure 3.2: Scheme of the measured stresses

the small variation of radial stress along the height of the sample. The radial stress is
thus assumed to be constant and is equal to the average of all the measured radial stresses
with an error of less than 10%. Figure 3.2, a schematic drawing of the measurable data is
reported.

The height of the sample is deduced from the displacement of the top piston. An
LVDT is installed between the movable crossbar and the bottom plateau of the machine
as described figure 3.1. Part of the deformation of the system, mainly the deformations
of the loading cells, the pistons and the junctions between them, are not excluded from
the measurement of the LVDT. To have an accurate measurement of the displacement,
the stiffness of the whole system as a function of the loading was estimated. The two
pistons were put into contact and the displacement given by the LVDT of the machine was
recorded while the applied force is increased (data from J. Brulin, CREE). The correction
of the displacement is given by a third order polynomial, as a function of the applied
stress. Figure 3.3 shows the contribution of this correction on the measurement of the
sample height. At zero load, at the end of the test, a gap of 0.2 mm between the raw
displacement and the corrected displacement is observed. The zero of the LVDT of the
machine is made bringing the two pistons in contact. The effect of the stiffness appears
also here and the same correction of the displacement has to be applied. This type of
correction allows to have a better estimate of the displacement but is not as accurate as a
direct measurement, particularly for high level of stress.

1.2 Compaction step
1.2.1 Description of the test and of the measured data

Œdometric compaction test with successive loading and unloading steps are performed.
Displacements are imposed with a velocity of 0.05 mm.s−1. The evolution of the average
density of the sample is directly deduced from the mass of the sample and its volume. Fig-
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Figure 3.3: Correction of the measured displacement taking into account the stiffness of
the system

ure 3.4 illustrates the results obtained during the compaction of two samples of 10.4 g of
virgin PTFE pressed with the same loading. The error of repeatability of the measurement
is less than 2% for stresses higher than 1.5 MPa.
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Figure 3.4: Loading-unloading œdometric tests on virgin PTFE - measurement of the
top, bottom and radial stresses as a function of the density.

As the difference between the applied stress and the transmitted stress is small, the
assumption of an homogeneous stress state inside the sample does not involve large errors
in the description of the sample during the test. Based on this assumption and knowing
both axial and radial stresses, the hydrostatic and deviatoric stresses may be calculated

−σH =
Σz +2Σr

3
(3.1)

q = |Σz−Σr| (3.2)

The experimental results shown in the previous figure 3.4 are shown in the (−σH ,q)
plane figure 3.7. For the virgin PTFE, loading and unloading are almost superimposed.
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Figure 3.5: Œdometric test in the (−σH ,q) plane. Loading, unloading and reloading up
to the stress reached before the beginning of the previous unloading, are plotted.

1.2.2 Influence of the fillers

First observations of the data are in good agreement with the experimental results obtained
with the 3D compaction device, as described in the previous chapter 2.

Figure 3.6, the evolution of the density as a function of the average applied stress
Σ

applied
z is presented for the three studied materials. Similarly to hydrostatic pressing, the

applied stress required to reach a given relative density is higher when fillers are added.
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Figure 3.6: Œdometric test - Influence of the fillers on the densification

The hydrostatic and deviatoric stresses are plotted in the (−σH ,q) plane (figure 3.7)
in the case of the œdometric test and are compared to the results of the ‘three rate’ tests
performed in the 3D compaction device (chapter 2) figure 3.8. Here again, levels of the
deviatoric stress for a given applied hydrostatic stress is lower for the compound with
fillers than for the virgin powder.

Figures 3.9, the ratio of transmitted over applied stress is plotted as a function of the
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Figure 3.7: Results of the œdometric test presented in the (−σH ,q) plane - influence of
the fillers
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represented)
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density or the applied top stress. Note that the measurement is highly repeatable as the
three curves corresponding to the pressing of the PTFE filled with filler 1 and obtained
during three different tests are almost superimposed. The ratio is low at the first stage of
the compaction and increases up to a constant value as the applied stress increases. This
ratio increases with the formation of a transfer film between the PTFE and the side of
the wall. When fillers are added, the ratio decreases consistently with the higher internal
friction coefficient and the measured higher level of radial stress.
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Figure 3.9: Evolution of the ratio of transmitted versus applied stress — comparison
between the three compounds
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2 Simulation of the œdometric compaction - Focus on the
modeling of the interactions between the tool and the
material

Friction between the tool and the powder is not negligible and has to be added to the
behavior of the bulk material. As explained in chapter 1, interaction of PTFE with a
hard surface is characterized by the adhesion of the polymer at contact followed by the
transfer of a coherent film. Modeling approaches usually developed for metallic, ceramic
or pharmaceutical powders are not adapted here as this specific phenomenon is involved.

A simple proposition of the modeling may be :

• the adhesion of the PTFE on the wall is established right from the beginning. This
adhesion impedes any tangential motion of the PTFE with respect to the tool sur-
face. The non-smooth character of this condition makes it inconvenient for a nu-
merical implementation. To mimic this behavior, a very high friction coefficient is
implemented µadh

τcontact = µadh pcontact (3.3)

• As soon as cohesion is reached τcontact = d, wall slip is possible and it is assumed
that incrementally a Coulomb law is encountered and

τcontact = µPT FE(pcontact +σadh) (3.4)

• Then, this interaction may be seen as a PTFE-PTFE contact, between the PTFE
transfer film and the bulk material. Thus the incremental friction coefficient should
be nothing but the internal friction coefficient µPT FE = tanβ of the material.

In the Finite Element code, a smooth interpolation between the stick regime (described
with a large coefficient of friction), (3.3) and the slip regime (3.5) is implemented. A
convenient form is an equivalent friction coefficient µ

µ =
µadh−µPT FE

2

(
1− tanh

(
a

(
phardening−

d(εplas
vol )

µadh

)))
+µPT FE (3.5)

with d the cohesion of the bulk material, which is a function of the density of the material.
a is a constant which tunes the decrease of the friction coefficient, its value is high and
constant for all the materials. phardening is computed from the contact pressure for each
interface element. It is equal to the maximal contact pressure reached by each element
during the test. This way, once the transfer film is created, it does not disappear, as
the direction of loading does not change during the pressing. The evolution of the law
for different levels of density is illustrated in the figure 3.10. Let us emphasize that the
interface friction is treated here exactly as the bulk constitutive law, but in a situation
where the activated plastic strain is along a particular direction (that of slip) and all along
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Figure 3.10: Illustration of the modeling of the interaction between PTFE and hard sur-
face.

a prescribed interface. This gives rise to a non trivial friction law yet without the difficulty
to identify another constitutive law and with a sound physical basis.

With this approach, all the parameters of the interaction may be described as a function
of the parameters of the bulk material, identified in chapter 2. The main advantages are
that no additional parameters need to be identified and that the model take into account
the properties of each compounds and their evolution with respect to their density.

3 Simulation of the compaction step

3.1 Parameters of the simulation

In order to validate the model of the bulk material and of the interaction of the PTFE
with the mold, simulations of the different œdometric tests are made and compared to the
experimental results.

The parameters and hypothesis made for the simulation are listed below:

• the initial state of the material is defined as an initial homogeneous density;

• the die and the piston are assumed to be rigid bodies ;

• the system is assumed to be and remain axisymmetric.

The initial configuration of the FE simulation of the die compaction is shown in figure
3.11.
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Figure 3.11: Initial configuration of the simulation of the œdometric test. The curved
line at the bottom of the rigid die enables a smooth loss of contact between the tool and

the material during the ejection step.

3.2 Results of the simulation

3.2.1 Compaction step

FE results are analyzed the same way as the experimental measurements, i.e. the average
axial stresses applied by the pistons and the average radial stress of the mold are plotted.
Mean deviatoric and hydrostatic stresses are calculated with the equations 3.2 so that the
same quantities are compared. Figure 3.12, the three measurable stresses are plotted as a
function of the density of the sample. A good agreement between the experimental and
the simulation results is observed. An error of only 4% is made on the estimation of the
final height of the sample. The loops that may be due to viscous effect and mechanical
plays of the compaction tool, are obviously not described in this simulation. The ratio
between the applied stress and the radial one is well described as shown in figure 3.13. In
figure 3.14, the data are plotted in the (−σH ,q) plane. The simulated stress of the loading
steps is in good agreement with the experimental data all over the test, except for the
highest level of pressure where the simulated deviatoric stress is a little underestimated as
compared to the experimental measurement.

For PTFE+filler 1, the loading steps are well described by the simulation as shown in
figure 3.15. However, the simulation of the unloading steps appears to be unrealistic. The
slope of the experimental unloading curves is non linear and much lower in the experiment
than in the simulation at the beginning of the unloading steps. The experimental slopes
of the second parts of the unloading steps are comparable to the constant slope of the
simulated curve. However, the unloading is not well described here by the simulation.
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Figure 3.12: Comparison between the experimental results and the simulation - virgin
PTFE
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Figure 3.13: Ratio of the radial stress over the applied stress during the compaction -
virgin PTFE.
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Figure 3.14: Evolution of the stresses in the (−σH ,q) plane - virgin PTFE.
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Figure 3.15: Evolution of the stresses in the (−σH ,q) plane - virgin PTFE + filler 1.
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3.2.2 Interaction

Figure 3.16, the ratio of the transmitted over the applied stress obtained from the simu-
lation is compared with the experimental data for the three compounds. The transmitted
stress is higher in the simulation than in the experiment for the three materials. Hypothe-
ses made for the simulation like no friction between the mold and the pistons and rigidity
of the mold may explain this difference. Let us note however that the trends and the
ranking between the three materials are well described by the simulations.
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Figure 3.16: Comparison between the simulation and the experimental result - ratio of
the transmitted stress versus the applied stress for the three compounds.

4 Ejection step
During the unloading step, the elastic component is partially relaxed. The radial stress
induced by the plastic part of the mechanical behavior is still present and a residual radial
stress may persist. An axial load is required to eject the part from the mold.

In [Briscoe et Rough, 1998], measurement of the ejection force is done in the case
of samples of ceramic alumina powder. In the case of a lubricated compaction, once
the piston is in contact with the sample, the ejection force reaches a plateau or slightly
decreases when the entire sample is moving along the tool axis. As the sample starts
exiting, this stress decreases. The level of the first plateau depends on the aspect ratio
and on the level of compaction stress. A linear relationship between the aspect ratio and
the maximal ejection stress is observed. This is consistent with the fact that this stress
is proportional to the area of contact. Concerning the influence of the compaction stress,
the higher the compaction stress, the higher the maximal ejection stress and a power law
relationship is found to account for their dependence. However, the higher the compaction
stress, the faster the decrease of the ejection step in the second stage of the ejection.
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4.0.3 Description of the experimental test

As schematically depicted in figure 3.17, to measure the ejection force, dedicated tests
are run.

During the ejection, the displacement is applied with a rate of 0.05 mm/s and the force
applied by the actuator is recorded. A loading cell with a capacity of 50 kN is used. Then,
the final diameter of the part is measured. Depending on the material or the level of the
maximal applied stress, in some cases, the elastic recovery is large enough so that the
part is no longer in contact with the tool at the end of the unloading step. The table 3.1
summarizes the final diameter for the different tests. The results are presented in figure
3.18.

Table 3.1: Final diameter of the parts after the compaction and the ejection from the tool

Material Test Σ
top
max (MPa) Final diameter (mm) simulation

virgin PTFE

loading/unloading 1 100 24.85 24.74
loading/unloading 2 100 24.85
loading/unloading 3 100 24.84

simple loading 34 24.93 24.64

PTFE + filler 1

loading/unloading 1 100 25.00
loading/unloading 2 100 24.99
loading/unloading 3 100 25.00

simple loading 1 34 25.04 25.02
simple loading 2 34 25.04
simple loading 3 51 25.01 25.13
simple loading 4 51 25.01
simple loading 5 81 24.99 25.22

PTFE + filler 2

loading/unloading 1 100 24.98
loading/unloading 2 100 24.97
loading/unloading 3 100 24.98
loading/unloading 4 100 24.97

simple loading 1 34 25.03

Thus, it is found that for this geometry, for the three compounds, the higher the max-
imal applied stress during the compaction step, the higher the recovery. The equilibrium
between the radial stress and the elastic recovery appears to be different depending on the
material. For virgin PTFE, whatever the applied stress is, the recovery is so high that the
diameter of the part becomes smaller than the inner diameter of the tool. When fillers
are added the ejection force becomes strictly positive but also decreases with the com-
paction pressure (figure 3.17.b). The ejection force is smaller for PTFE+filler 2 than for
PTFE+filler 1 (figure 3.17.c). Whatever the maximal applied stress during the compaction
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(a) Steps of the ejection test : the sample is compacted
and unloaded. the matrix is raised on a metallic cylinder
so that the lower punch is no longer in contact with the
sample. Then a displacement is applied on the upper
punch. When the contact between the sample and the
punch is set, the axial force increases up to a global

slippage of the sample in the chamber. The sample slides
inside the tool. The measured stress is almost constant

until the sample exits out of the die. The stress decreases
with an almost constant slope until the sample is fully

ejected from the die.
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Figure 3.17: Ejection tests - Ejection force as a function of the applied displacement - In
the case of the virgin PTFE, at the end of the unloading, the diameter of the part is smaller

than that of the tool and no ejection is required.
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Figure 3.18: Influence of the maximal applied load during the compaction and of the
type of material on the final diameter of the part and the ejection step

is, the final diameter is always higher for PTFE+filler 2 than for PTFE+filler 1 than for
virgin PTFE.

The opposite trend for the evolution of the elastic recovery and the ejection force with
respect to the maximal applied stress is observed compared to the results obtained for
ceramic powder in [Briscoe et Rough, 1998]. It is also the case for the prediction of the
simulations as shown in table 3.1 and figure 3.19. Note that the higher level of force in
the simulation may be also explained by the rigidity of the mold, but that does not explain
the different ranking.
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Figure 3.19: Simulation of the ejection step - Influence of the maximal applied stress
used for the compaction step - PTFE + filler 1

In Rolland et al. 2012, a Lode dependence is implemented in a model based on a
Cam Clay type model to see if its omission in the description of the mechanical behavior
could explain discrepancies observed by co-authors between the experimental measure-
ments and the simulation results (which over-predict the ejection forces and the residual
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stresses). This study concludes that no influence of the third invariant is observed during
the compaction. Indeed, apart from the friction effect, most of the loading and the de-
formation are axial. Differences are observed during the ejection step. But no difference
more than 10% decrease in the radial stress during the ejection step are observed.

Using the model implemented in Abaqus where the third invariant may be taken into
account, setting its influence to the extreme value compatible with a convex yield surface,
did not produce any significant influence on the PTFE compaction results. Hence, the
omission of Lode parameter is not the cause of the observed discrepancy.

It can be speculated that anisotropy of the material developed during the compaction
is a possible cause of these differences of behavior.

5 Anisotropy - bibliographic review

The majority of models developed to describe the behavior of powder materials are based
on a single state variable equal or equivalent to the porosity. It is commonly admitted
that for monotonic loadings, isotropic model are sufficient to describe the behavior of the
material. Anisotropic aspects have to be taken into account only for complex non propor-
tional cyclic loading. However, even for simpler loadings, this is not always sufficient to
describe the behavior of the material which may depend on other state variables.

As explained in the introduction, anisotropy of the sintered PTFE, induced by the
compaction step has been proven. But no tests on the green part are made.

Experimental evidence of anisotropy of the green parts after die compaction may
be found for different types of material in the literature like in [Li et Puri, 1996] (glass
beads and fibers, wheat flour and potato starch), [Frachon, 2002] (metallic powders),
[Galen et Zavaliangos, 2005] (metallic and pharmaceutical powders). Fibers or non-
equiaxed particles exhibit high level of anisotropy whereas this effect is less visible for
irregular shaped particles (like wheat flour). For irregular shaped particles, no preferential
direction of contact is created. For ductile particles like metallic powders, the deforma-
tion of the particles is higher in the direction of compaction than in the radial one and
may explain the different levels of tensile strength and elastic parameters with respect to
the direction of compaction ([Frachon, 2002]).

As described in [Fleck, 1995], the state of the material and more precisely the
shape of the yield surface may depend on the history of the loading path. In
[Frachon, 2002] for metallic grain or in [Radjai et Roux, 1995], [Radjai et al., 1999] and
[Roux et Radjaı̈, 2002] for perfectly rigid particles, a second order ‘fabric’ tensor is intro-
duced to describe the preferred direction of the normal contact and the anisotropy of the
material.

In spite of the possible relevance of anisotropy for the description of the compacted
PTFE, we did not investigate the point further, although this seems a very interesting
direction to investigate.
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6 ‘V’ tool

The experimental set up has been designed and made in collaboration with the team of
Rodrigo B. Canto from the DEMA laboratory in UFSCAR, Brazil. The set up of the
tool and the different measurement and acquisition tools were made in the frame of the
internship of third year of license of Caiuã C. Melo at the LMT Cachan, partly under my
supervision ().

6.1 Presentation of the tool

Design of the tool This compaction tool has been designed for two main purposes:

• it has been designed with a ‘complex’ and variable shape in order to test the material
along different and various loading paths. The rectangular section of the tool may
be more or less reduced. This way, a gradient of hydrostatic and shear strain is
obtained through the sample;

• besides the measurement of the displacement of the piston and of the applied and
transmitted axial stresses, the complete displacement field of one of the surface of
the sample inside the tool is measured thanks to DIC. Images are taken through a
glass plate which replaces one of the original metallic plates of the mold.

Geometry of the tool The geometry of the tool is illustrated in figure 3.20. The cavity
is 54 mm wide and 20 mm thick so that the gradient of displacement in the thickness of
the tool induced by the friction between the wall and the powder is negligible. Hypothesis
of plane strain may be done. The upper part of the compaction tool is rectangular while
the section of the bottom part is more or less reduced. Different wedges can be mounted
on the device, allowing for exploring different geometries. Three different values of the
angle between the horizontal plane and the tilted part of the mold have been fabricated 65˚,
75˚ and 85˚, where the 85˚ position is closer to a classical 90˚ angle rectangular œdometric
mold.

The front plate of the tool is movable and may be replaced by a glass plate. A thermal
tempered glass plate of 10 mm thick is chosen here. An applied axial stress of approxi-
mately 15 MPa may be reached before breaking the glass.

Applied loading Tests are performed in the electromechanical testing machine Instron-
5882. A displacement with a rate of 0.05 mm/s is imposed to the top piston. Successive
loading and unloading steps at different levels of axial stress are programmed.
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Figure 3.20: Scheme of the ‘V’ tool - Front view on the left side and A-A cross section
on the right side

6.2 Instrumentation of the tool

6.2.1 Stress measurement

In order to follow the evolution of the stress of the sample, two pressure sensors are in-
stalled inside the piston and in the bottom part of the mold, so that they are directly in
contact with the upper and bottom surfaces of the sample. They are similar to the ones
presented in chapter 2 and used in the 3D compaction tool. Strain gauges are included in
a Wheatstone bridge Vishay model 2120B. Acquisition of the signal is made through Na-
tional Instruments acquisition device thanks to the interface developed under the software
LabVIEW. The pressure sensors are calibrated following the same technique as depicted
in appendix B.

6.2.2 DIC and displacement field measurement

DIC technique Digital Image Correlation (DIC) is a widely used measurement tech-
nique, initially developed by [Chu et al., 1985], that allows to obtain the displacement
field of one face of a loaded sample from pictures taken during a test. The displacement
field is determined on a region of interest (ROI).

Two images are compared: an image of reference f , usually taken when the sample is
free of any loading, and a deformed image g, taken when the sample is subjected to a given
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loading. Each picture is described by the texture of its gray level. If the conservation of the
gray levels is assumed, it may be written that, in each point of the ROI with coordinates x
at the reference state

f (x) = g(x+u(x)) (3.6)

where u(x) is the unknown displacement field to be measured. To determine u(x), the
squared differences over the ROI is minimized

Φ2
c =

∫
ROI

(g(x+u(x))− f (x))2dx (3.7)

Two approaches may be adopted. The first one, developed by [Chu et al., 1985], is the
local DIC. The image is decomposed in independent zones of interest (ZOI) of typical size
from 16×16 pixels to 64×64 pixels. Each ZOI of reference is compared to its neighbors
in the deformed image in order to minimize the above equation. The interpolation of the
estimated displacements at the center of each ZOI leads to the displacement field of the
ROI.

In the second approach, the so-called global DIC ([Hild et Roux, 2012] ), the dis-
placement field is projected on a suited basis, like finite element shape functions. The
displacement u is then expressed as

u(x) = Σ
2
α=iΣ

n
i=1aαiNi(x)eα (3.8)

with aαi the unknowns, Ni the shape functions and eα the unit vector in direction α.
The problem is solved iteratively, where each correction is obtained from a lineariza-

tion of the objective function Φ2, leading to the system

[M]{δan+1}= {bn} (3.9)

with [M] the correlation matrix, {δan+1} the unknown correction vector of the amplitudes
a, {bn} the second member of the equation.

In the regularized global DIC method ([Tomičević et al., 2013]), the uncertainty of the
measurement is decreased. A mechanical regularization is added to enforce the mechani-
cal admissibility of the displacement field. Equilibrium equation based on linear elasticity
is introduced

[K]{u}= {F} (3.10)

with [K] the stiffness matrix and {F} the vector of nodal forces. Now, the expression to
minimize is

(1+ωm +ωe)Φ
2
t =Φ2

c+ωmΦ
2
m+ωeΦ

2
e (3.11)

with Φ2
m the mechanical function to be vanished in the inner part of the ROI

Φ2
m = {u}t [K]t [K]{u} (3.12)

and Φ2
e the equivalent expression for nodes at the edge of the ROI. ωm and ωe are param-

eters to weight the contribution of each part of the equation thereby defining the fourth
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power of the ‘regularization’ length. Regularization with an elastic kernel does not mean
that one assumes a linear elastic behavior to hold, but rather it is a penalty term that al-
lows to have smooth variation of the displacement field yet without prejudice to rigid body
motion possibly affecting the displacement. This allows to deal with arbitrarily fine mesh
and introduces a lower length scale that is more physical than a given shape function.

Here the regularized global DIC based on unstructured three-noded triangles, Correli
T3 is used. An average element size of around 100 pixels is defined to construct the mesh
over the Region of Interest (ROI). The initial size of the element takes into account the
final size of the elements, highly reduced due to the large displacements experienced by
the sample, and the resolution of the images. A slightly larger regularization length is
chosen. For each pictures i, a first calculation is performed where the reference image
is the previous picture i− 1. This first results allows to initialize the computation of the
second step, where the image of reference is the first image of the series for i = 0.

Experimental set up A Canon 60D camera with a lens of 100 mm focal length is placed
in front of the glass plate as shown in figure 3.22. To avoid any damage on the camera
in case of breaking of the glass, a tempered glass is used as a protection. Pictures are
acquired every 5 s.

Figure 3.21: V tool inside the testing machine and with the picture acquisition set up

Preparation of the sample Samples are prepared in two steps. First, the back part of
the tool is removed and the tool is laid down such that the glass surface is face down. A

Modeling of the mechanical behavior of PTFE compounds during their cold pressing



‘V’ tool 119

first thin layer of mix of filled ‘black’ PTFE powder and virgin PTFE powder is uniformly
poured on the glass surface of the mold. The two powders were previously gently mixed
so that a grey level texture with a random speckle pattern and a characteristic length of
few pixels is created. Then, the tested powder is poured to fill in the mold.

The final distance of compaction is limited here by the reduction of section of the
mold. In order to reach a sufficient level of compaction, a more important volume of
powder as compared to the volume of the die needs to be compacted. To overcome this
problem, a metallic extension of the mold, with the same section as the die, is aligned and
fastened on top of it. The powder is pre-compacted up to the top surface of the mold and
the extension is removed.

For the virgin PTFE, 81.2 g of powder is poured in the case of the tool in the ‘65˚’
configuration, 85.5 g in the ‘85˚’ configuration.

Overview of the tests In figure 3.22, pictures taken at the beginning of the tests of the
samples corresponding to the different geometries of the tool, are presented. In figures
3.22, the initial state of the sample and the compacted ones respectively are presented.

(a) 85˚

(b) 65˚ - Initial state (c) 65˚ - Final state

Figure 3.22: Pictures of the sample before the compaction for two different geometries
and sample at the end of the loading in the case of the ‘65˚’ configuration
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7 Presentation of the results

7.1 Stress vs displacement curves
Two tests are presented and analyzed here. The tests are performed on virgin PTFE and
the two configurations ‘65˚’ and ‘85˚’ are considered, which are respectively denoted 65˚
test and 85˚ test. In figure 3.23, the applied displacement on the piston is plotted as a
function of time. The stresses measured by the internal pressure sensors from the top and
bottom sides as a function of the displacement imposed by the actuator are also shown in
the same figure.

From these curves, it may be seen that the transmitted stress, σbot is smaller than the
applied stress, σtop. This is caused by the friction between the tool and the mold and the
geometry of the tool. Indeed in the case of 85˚ test, close to an œdometric compaction,
stresses are almost equal in agreement with the results presented in the first part of this
chapter. In the case of 65˚ test, part of the axial force is supported by the tilted lower
part of the mold. Thus the bottom stress inside the material is smaller. The differences
between both tests are a first illustration of the variety of applied loading paths.

In both cases, the unloading steps are not linear, which is reminiscent of the observa-
tions made in previous tests and interpreted as reflecting a phase transformation.

7.2 DIC analyses
In the four next figures, 3.24, 3.25, 3.26 and 3.27, displacement fields in the vertical and
horizontal directions for selected steps are presented. Note that the displacement fields are
plotted on the reference geometry (Lagrangian displacement field). They are expressed in
mm. As could be seen figure 3.22, because of the filling technique, it is not possible to
create a texture through the whole length of the sample. The displacement field of only
half of the sample may be analyzed. This is consistent with the fact that the maximal
displacement measured by DIC is half the displacement imposed by the actuator. From
these pictures, it may be seen that the applied loading is almost symmetrical. Comparing
both tests, the 65˚ tool creates an additional gradient of displacement due to the shape of
the cavity (as seen from the curvature of the iso displacement lines in the Ux field).

From the displacement fields, strain components may be deduced and particularly
the volumetric and deviatoric part of the strain tensor. Figure 3.28, results are presented
for the steps at the maximal applied load for both considered tests. This illustrates the
heterogeneity of the applied loading path inside the tool, which is more important in the
case of the 65˚ test, as expected.
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(a) Applied loading - 85˚ test
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(b) Displacement - stress response - 85˚ test
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(c) Applied loading - 65˚ test
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(d) Displacement - stress response - 65˚ test

Figure 3.23: Figures a and c show the applied displacement by the actuator as a function
of time is presented for 85˚ test and 65˚ respectively. In figures b and d, the associated
stress vs displacement repsonses are plotted. Both applied and transmitted axial stresses
are presented. Black crosses indicate when the pictures presented in the next parts were

acquired.
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Figure 3.24: Displacement field along the direction x - 85˚ test
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Figure 3.25: Displacement field along the direction y - 85˚ test
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Figure 3.26: Displacement field along the direction x - 65˚ test
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Figure 3.27: Displacement field along the direction y - 65˚ test

Modeling of the mechanical behavior of PTFE compounds during their cold pressing



126 Uniaxial compaction tools

tr(ε)

y

x

 

 

500 1000 1500

500

1000

1500 −0.75

−0.7

−0.65

(a) Volumetric strain - 85˚ test

εdev

y

x
 

 

500 1000 1500

500

1000

1500 0.28

0.3

0.32

0.34

(b) Deviatoric strain - 85˚ test

tr(ε)

y

x

 

 

1000 1500 2000

500

1000

1500
−0.8

−0.7

−0.6

(c) Volumetric strain - 65˚ test

εdev

y

x

 

 

1000 1500 2000

500

1000

1500 0.1

0.15

0.2

0.25

0.3

(d) Deviatoric strain - 65˚ test

Figure 3.28: Volumetric and deviatoric strain fields at the maximal applied loading for
tests 85˚ and 65˚.
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8 Simulation vs. experimental results - 3rd validation

8.1 Comparison with the DIC measurements

As compared to the ‘classical’ comparison between measured and computed stresses, a
richer analysis may be done. Indeed, here the computed displacement field is directly
compared to the displacement field obtained from the DIC analyses. To do so, the same
mesh as the one used for the DIC, is built in the FE code Abaqus. To this mesh, the
constitutive equations of the material is associated. For each step (i.e. for each pictures),
the displacements, measured by DIC, Uedge

corr at the edges of the region of interest are
imposed to the edges of the mesh in the FE simulation in both directions x and y. Once
the computation is completed, node displacements Usimu are recorded at each node and
directly compared to the displacements Ucorr.

Note that, in the case of our material which is almost incompressible in its asymptotic
state and which is subjected to high deformations, using T3 elements leads to locking
effect and errors of computation as explained in [Hibbit et al., 2011]. Quadratic elements
CPE6MH are used to avoid this problem.

The error Er made in the simulation as compared to the DIC measurement is defined
as

Er =

√
(Ux

simu−Ux
corr)

2 +(Uy
simu−Uy

corr)2√
Ux

corr
2 +Uy

corr
2

(3.13)

It is plotted for the different steps presented in figures 3.29 and 3.30.
In figure 3.31, the average error over the region of interest of the simulation calcula-

tion is plotted for each step as compared to the experimental displacement field. At the
beginning, error is higher and decreases to a value below 3% and 5% for tests 65˚ and 85˚
respectively.

Error is generally higher in the bottom half part of the sample as it may be seen figures
3.30 and 3.29. This may come from a two sources of error :

• the model is not accurate enough to describe the behavior of the material for low
density. Some improvements have to be done as explained in chapter 2. The char-
acterization of the behavior of the fluffy powder is difficult considering the large
displacements associated to the low level of resulting stresses.

• the initial density of the material, after the powder has been poured inside the mold
may be not homogeneous. This difference of state may explain why the error de-
creases as the density increases and the initial variation of density tends to be erased.
This expression of the error tends to increase the estimation for displacements close
to zero.
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Figure 3.29: Error in % - 85˚ test
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Figure 3.30: Error in % - 65˚ test
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Figure 3.31: Average error over the analyzed field for each step of the test

8.2 Comparison with the stress measurements

In figure 3.32, stresses computed on the elements in the middle of the bottom and top
edges of the sample (which corresponds to the position of the pressure sensor in the bot-
tom case and which is in the central axis of the top pressure sensor for the second case)
are compared to the experimental measurements. Results are here again in good agree-
ment even if the uncertainty on the initial density may highly influence the results. The
difference between bottom and top stresses are higher in the case of 65˚ test than in the
case of 85˚ test. Thus the difference of behavior with respect to the type of geometry of
the tool is well described. As for the displacements, the error is higher at the beginning of
the test. One may speculate that the same reasons may be put forward to account for the
discrepancy.

Note that because the top piston is not in contact with the top of the analyzed area,
the simulated top stress is lower than the measured applied top stress, but higher than the
bottom stress. Particularly in the case of 65˚ test, this is consistent with the fact that the
top edge of the analyzed meshed area is approximately at the half length of the whole
sample.

9 Conclusion and perspectives

This original tool allows the measurement of the applied and transmitted stresses and of
the whole displacement field of the sample during its compaction. The variable geometry
of the tool enables the application of different loading paths to obtain a different amount
of shear strain depending on location.

Simulations of the tests are directly compared to the stresses and displacements mea-
surements. The comparison on a complex loading is globally good. An average error of
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Figure 3.32: Comparison of simulated and experimental axial stresses for 85˚ and 65˚
tests.

less than 5% on the displacement fields is measured for both tested geometries.
This 3rd validation is satisfactory even if some points need to be improved : the de-

scription of the behavior of the material for low density inherits from the preparation state
which is difficult to be made homogeneous and impacts the density inside the tool, at the
end of the filling.

With the help of Florent Mathieu, an inverse identification procedure has been adapted
to this test and this complex material model. This procedure is based on the FEMU (Fi-
nite Element Model Updating) technique described in [Gras, 2012] and [Mathieu, 2013].
This iterative procedure consists of minimizing the gap between the simulation and the
experimental data (measured force and displacement) by modifying the parameters of the
model which have to be identified. Tests have been done to develop a procedure of iden-
tification of the Drucker-Prager/cap model of the PTFE based materials from these tests.
However, mainly because of the uncertainty of the initial state of the material which is
completely dependent on the mechanical behavior of the powder material, no satisfactory
results have been obtained. More robust experimental and identification procedures need
to be developed.

In situ X-ray radiography observations coupled to DIC on the radiographies could
solve this problem. In situ visualization are done thanks to X-ray radiographic and to-
mographic apparatus, in studies such as those of [Colliat-Dangus et al., 1988] on com-
pacted sands or more recently of [Lachambre et al., 2013] where microsphere porosities
and their deformations of syntactic foams are observed during hydrostatic loading. Here,
post-loading observations are performed as shown in figure 3.33. The tool has also been
modified to allow this measurement replacing the metal back plate by a plastic plate. De-
sign of a new tool, dedicated to the behavior of these tested PTFE powders will also help
the identification procedure.
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(a) Compacted sample (b) Zoom on one of the corners

Figure 3.33: Radiograhic observations of compacted PTFE samples in V tool - As the
thickness of the sample is constant, the grey level is linked to the density of the material.

Non uniform density is clearly observed here.
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Chapter 4

Simulation of the industrial process

In the first part of this chapter, simulations of the PTFE billet compaction at the
industrial plant scale are compared to available process data. The model may
be considered as validated, and hence reliable for this range of conditions. Then
different characteristics of the process such as the loading path, the geometry
of the tool and the type of material are studied as well as their influence on the
obtained green parts.
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1 Validation of the model at the industrial scale

1.1 Presentation of the test

Data obtained from a medium scale press were provided by the industrial partner. A
hollow cylindrical billet with a wall thickness of several tens centimeters and a final height
between 6 to 8 times higher is pressed. This part is obtained thanks to a cylindrical
œdometric tool, the mantel, inside which a cylindrical mandrel is centered, as illustrated
in figure 4.1. It is compacted with a hydraulic double effect press. Displacement or force
may be imposed from both top and bottom sides of the part through two pistons. Record
of the axial displacements and forces is possible. However, note that the measurement of
the displacement is not as accurate as in the previous experimental results. No external
displacement sensors are available, no measurement of the stiffness of the system was
possible in order to get over the error caused by the stiffness of the tool and the actuators.
Moreover the initial state of the material is not well known as the powder is pre-compacted
‘by hand’ before the beginning of the test to completely fill the mold. Considering these
two aspects, data have to be considered with caution.

However, data of several trials performed on PTFE+filler 1 with different loading con-
ditions are accessible and comparison with FE simulation results is an essential validation
of the proposed model required for its use.

For confidentiality reasons, force, displacement and dimensions of the part are nor-
malized. Displacements and stresses are normalized by the maximal displacement and
the maximal level of stress respectively. In figure 4.2, the typical histories and responses
of the material in the uniaxial direction from top and bottom sides are shown. After the
filling of the mold, the material is first compacted from one side. While the top piston is
being locked in displacement, an imposed displacement is applied from the bottom until a
sufficient level of stress is reached to allow the control in force (until point A). When the
desired level of first pre-compaction force is reached (point B), the part is unloaded (point
C). In a second stage, namely the main compaction, the part is loaded from both sides by
controlling the force (point E to F) . Finally applied stress is set back to zero (point G to
H) and the billet is ejected from the tool.

Compaction from both sides enhances the homogeneity of the density of the material
through the height. Due to the low density of the powder. And hence its very low stiffness,
and the limitation of the equipment (range of measurement and control) double effect
compaction is not possible right from the beginning, and a pre-compression step is first
applied.

1.2 Comparison between the experimental data and the simulation -
medium scale

To validate the proposed model on a larger scale, available experimental data are com-
pared with the FE simulation results. The same assumptions as for the simulation of the
œdometric tool in chapter 3 are made. In figure 4.3, the evolution of the density with the
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Figure 4.1: Schematic representation of the geometry of the tool, filled with a compound
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Figure 4.2: Stress and displacement loading path.
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average axial stress is compared. Up to 60% of the maximal applied stress, the simulation
result is superimposed on the experimental curve. Then, a gap appears which may be
attributed to a measurement error of the displacement during the experimental test (the
stiffness of the tool is not taken into account as explainedabove). A 3.35% error is made
on the prediction of the final height of the part.
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Figure 4.3: Comparison between the experimental data and the results of the simulation
- evolution of the density with the average applied stress

Here again, except at the beginning of the loading where the measurement uncer-
tainty is higher, the trend and the transmitted over the applied stress ratio during the
pre-compaction or displacement during the main compaction are well described (figure
4.4). The evolution of the piston displacements from both sides as a function of the
applied forces is also in good agreement with the experimental data even if the same
gap as described in figure 4.3 is observed. Thus, it may be concluded that the elasto-
plasticity model combined with the friction model, which affects the transmission of the
load through the tool, is consistent with the observed phenomena on large scale.
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(b) Ratio between the top and the bottom
displacements during the main compaction
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(c) Evolution of the displacements from the top and the
bottom sides as a function of the applied stress

Figure 4.4: Comparison between the experimental data and the results of the simulation
for medium scale tool - Focus on the differences of evolution of the displacements and

the stresses from top and bottom sides.
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1.3 Validation of the simulation at the industrial scale

1.3.1 The industrial parts

Figure 4.5, the geometry of the four industrial tools studied here are depicted. The above
presented medium scale press is a reduced model of the industrial tool 2 preserving the
ratio of internal to external diameters. As for the medium scale tool, a pre-compaction
step, where the part is compacted from one side, is followed by a main compaction with
a double effect pressing.

Figure 4.5: Geometry of the four industrial tools, compared to the medium scale tool (on
the left)

1.3.2 Validation - comparison with the dimensions at the end of the two compaction
steps

In the case of the industrial process, less experimental data are available due to the dif-
ficulty of instrumentation of the production line. However, the height of the billet at the
end of the tool filling, at the end of the pre-compression step and of the main compaction
step was measured for some billets. In table 4.1, comparison with the simulation results
is reported for two tools and two materials. Displacements are normalized as a function
of the initial height of the part. Standard deviations, as compared to the mean value, are
given. At the end of the pre-compression the error is higher than the uncertainty of the
measurement but acceptable. The prediction of the final height is considered satisfactory.
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Table 4.1: Comparison of the height of the billet from the process and from the simu-
lation. Measurement at the end of the pre-compaction step and of the main compaction.

Results are normalized by the final height of the part.

TOOL Material Initial-height-

standard-
deviation-
(%)

Height-after-the-pre-
compression-

standard-
deviation-
(%)

Height-at-the-end-of-
the-main-step

standard-
deviation-
(%)

number-
of-tests

Process 2 PTFE 3,11 0,87 1,29 3,70 1 0,24 3
Simulation 3,13 1,41 1
Difference=(%) A0,68 A9,07 0

Process 1 PTFE 3,84 NA 1,24 NA 1 NA= 1
Simulation 3,68 1,23 1
Difference=(%) 4,20 0,76 0

Process 2 PTFE+filler=A 3,15 NA 1,34 NA 1 NA 1
Simulation 3,17 1,41 1
Difference=(%) A0,47 A5,28 0

Process 1 PTFE+filler=A 3,59 4,01 1,20 1,05 1 0,41 40
Simulation 3,58 1,35 1
Difference=(%) 0,17 A12,24 0

2 Influence of the process parameters

2.1 Influence of the double effect loading
The advantages of the double effect compaction is highlighted when looking at the density
profile in the PTFE sample. In figure 4.6, the profile of density through the height of the
billet, at mid-thickness, is followed from the end of the pre-compaction step to the end
of the main compaction. At the end of the pre-compaction, a high gradient of density
exists in the part due to the simple compaction. Part of the pressure exerted by the piston
head is screened by wall friction. The bottom side is more compacted than the upper side.
This inhomogeneity is corrected by the double effect compaction. As soon as the stress
is applied from the top, the density of the loose part increases while the average density
of the material goes up as shown in figure 4.6. Note that the gradient in the transverse
direction and its variation through the height of the billet is negligible as compared to the
gradient in the axial direction. Map of the deviatoric and volumetric part of the strain and
stress tensors may be also observed both at the end of the pre-compression (figure 4.7)
and of the main compression (figure 4.8). The benefit of the double effect compaction
is highlighted by the better homogeneity of the loading inside the part after the main
compression as compared to the state reached at the end of the pre-compression step. The
applied pressure and thus the volumetric strain are smaller in the middle section of the
part at the end of the main compaction step, due to the reduction in the compression stress
caused by friction effect. The inhomogeneity of the deviatoric loading is decreased during
the second stage of the loading but still non negligible. These data will be useful to link
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the sintering and compaction processes and to predict the final state of the part.
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Figure 4.6: Evolution of the density field through the height of the billet as a function of
the loading path. The density profiles are plotted for percentages of the maximal applied

stress.
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(a) Plastic volumetric strain (b) Plastic deviatoric strain

(c) Hydrostatic stress (d) Deviatoric stress

Figure 4.7: Map of the components of the stress and strain fields - End of the pre-
compaction step
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(a) Plastic volumetric strain (b) Plastic deviatoric strain

(c) Hydrostatic stress (d) Deviatoric stress

Figure 4.8: Map of the components of the stress and strain fields - End of the main
compaction step

Modeling of the mechanical behavior of PTFE compounds during their cold pressing



Influence of the process parameters 143

2.2 Influence of the loading path
The level of the maximal stress applied during the first pre-compaction has to be high
enough to allow for higher stresses without servo-control problems but not too high so
that the gradient of density at the end of the pre-compression may be ‘erased’ by the
double effect main compaction.

Figure 4.9 presents the three different applied loading paths where the maximal level
of applied stresses during the pre-compression and the main compaction are changed.
The corresponding evolution of the density as a function of the average axial stress is
shown. As expected, the higher the final stress, the higher the average final density (test
C). It may also be concluded that if the level of the pre-compaction is too high, the final
gradient of density may be drastically increased as shown by the results obtained for test
B as compared to the profile obtained with test A. The profile of the loading path A seems
to be the best choice to obtain the most homogeneous part.

Applying simultaneously the same stress from top and bottom sides does not compact
the same way as applying a load from one side at a time. In figure 4.10, the loading is
first applied from the top at a percentage of the maximal final stress. Then the maximal
loading is applied from the opposite side. Here, the gradient of the final density profile is
minimum if the same stress is applied for both steps of the compaction.
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(b) Evolution of the stress versus the density
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Figure 4.9: Influence of the level of the pre-compression stress with respect to the max-
imal applied stress of the main compaction. If the level of the pre-compression stress is
too high as compared to the one of the main compaction, the homogeneity of density of

the part is degraded.
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Figure 4.10: Here, the load is applied on one side at a time while the displacement is
locked on the opposite side on tool 4. The density profile after the first loading step and at
the end of the process are plotted. The influence of the percentage of applied compression
during the first loading step is observed. It appears that the smaller gradient of density
is achieved when the same stress is applied from the top and the bottom sides. But pre-
compressions at 40 or 60% of maximal loading are almost equivalent to a simple effect

compaction for PTFE+filler 1.
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2.3 Influence of the geometry
Is the scale up deemed satisfactory ? When a replica of a process is made at a smaller
size, the question of the representativity of the reduced model is raised. Figure 4.11,
the final density profiles for tools 1 and 2 and the corresponding results obtained with
medium size tool where the same loading paths (level of applied stresses) are applied on
the same material (PTFE+filler1), are compared. Even if the same trends are observed
when comparing tests A and C and tools 2 and 1 respectively (increase of the density and
higher level of heterogeneity of density), the scale up is less representative in the case of
the tool 1 where the mold dimensions are not an exact rescaling of the medium scale tool.
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Figure 4.11: Comparison of the final density profile for process tools 1 and 2 and for
medium scale parts obtained with profile A and C (A correspond to the loading paths of

tool 2 and C to the loading path of tool 1)

Comparison between tools 2 and 3 Figure 4.12, the density profiles obtained with the
three tools are compared. The billet thickness in tool 3 is more than two times smaller to
allow a better homogeneity of the temperature during the sintering step. This reduction
of the section of the billet leads to a similar gradient of density as compared to tool 2
(figure 4.12). But stress and strain fields seen by the material during the compaction 4.13
are different. The average level of the deviatoric parts is higher. This may also have an
incidence on the behavior of the specimen during the sintering step and on the properties
of the final product.
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Figure 4.12: Comparison of the final density profile for tools 2 and 3. A similar gradient
of density is obtained even if the geometry are different - virgin PTFE

Modeling of the mechanical behavior of PTFE compounds during their cold pressing



148 Simulation of the industrial process

0.5 0.6 0.7 0.8 0.9 1
0

50

100

150

hydrostatic stress, − σ
H
 (MPa)

el
em

en
ts

 

 

tool 3
tool 2

(a) Distribution of the hydrostatic stress
through the section

0.8 0.85 0.9 0.95 1
0

50

100

150

200

deviatoric stress, q (MPa)

el
em

en
ts

 

 

tool 3
tool 2

(b) Distribution of the deviatoric stress
through the section

0.98 0.985 0.99 0.995 1
0

20

40

60

80

100

120

volumetric strain, ε
vol

el
em

en
ts

 

 

tool 3
tool 2

(c) Distribution of the volumetric strain
through the section

0.5 0.6 0.7 0.8 0.9 1
0

50

100

150

deviatoric strain, ε
dev

el
em

en
ts

 

 

tool 3
tool 2

(d) Distribution of the deviatoric strain
through the section

Figure 4.13: Distribution of the stress and strain components through the section for tools
2 and 3 at the maximal loading stress.
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2.4 Influence of the type of material
The loading path and the geometry have to be adapted to each material. Indeed, the benefit
of the double side compaction highly depends on the type of material. To illustrate this
point, we consider PTFE with different fillers in tool 4, and compaction on one side
at a time. In figure 4.14, the final profiles of density through the height of the billet
for both studied materials are compared. In the case of PTFE+filler 2, the gradient of
density is almost twice smaller for the double side compaction as compared to single side
compaction. The difference is not so important in the case of the PTFE+filler 1 material
with the same compaction parameters.
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Figure 4.14: Final density profile, influence of the loading and the type of filler.

To conclude, the industrial process can be reproduced. Results are consistent. They
are shown to be very dependent on the material, the billet geometry and the loading path
(in particular homogeneity which is essential). Thus, a faithful and trustworthy modeling
approach is the way to optimize the compaction process and tool geometry avoiding the
very expensive ‘trials and errors’ route to progress.
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Chapter 5

First links to the final properties of the
billets

In order to better understand the link between the compaction step and the prop-
erties obtained at the end of the sintering, XRD measurements are made on sam-
ples compacted through different loadings, before and after thermal treatment.
Only qualitative observation may be done but a crystalline texture is visible and
may be linked to the compaction load. This preferential crystalline orientation
is also present in sintered samples.
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In order to better understand the influence of the compaction step on the sintering
stage in the process and on the final properties of the billet, as described in the intro-
duction , XRD measurements are performed on both green and sintered parts, previously
subjected to different compaction loadings. Indeed, mechanical loading may induce de-
formation and reorganization of the crystalline structure as observed in sintered PTFE
samples in studies such as those of [Speerschneider et Li, 1963], [Wecker et al., 1972] or
[Young, 1975].

The experimental results of the following section were obtained during the Master
2 internship of Anna Trauth, student of the Master MAGIS within of a franco-german
double degree with ENSAM Paristech and Karlsruher Institut für Technologie.

1 Variation of volume during the sintering step

Samples have been compacted through different loading paths as listed in table 5.1. For
each case, two samples are made with the same loading path. One of the two samples is
sintered and all the sintered samples have received the same thermal treatment, which is
undisclosed here for confidentiality.

The influence of the green body void ratio on the density variation during sintering
is shown in figure 5.1. After sintering, the crystalline volume fraction is lower than in
the green part (or in the powder as the crystalline ratio is assumed not to be modified
in this loading range) and thus the specific gravity of the material is lower. The initial
crystalline ratio of the PTFE powder may never be reached again. All samples have
received the same thermal treatment, and thus their final crystalline ratio is the same and,
as voids close, the density is almost equal in each sample. Note that this means very
different levels of deformation from one sample to the other. In the case of samples with
heterogeneous density, this may lead to incompatible deformations and thereby high level
of residual stresses.

In figure 5.2, measured length variations in all directions of the same samples are
presented. The length variation is directly linked to the applied loading during the pre-
compression step. Anisotropic deformations are measured on PTFE samples previously
compacted under œdometric loading, whereas for samples compacted under hydrostatic
loading, deformations are isotropic. The same trend as in [Canto et al., 2011] is observed
in the case of œdometric test. There is a small discrepancy between the two types of
powder, which may be caused by the difference of geometry of the sample (a smaller
die with a higher ratio between the height and the transverse dimensions is used in the
case of PTFE B) and of thermal treatment. The larger the difference of applied loading
in each direction, the higher the deformation anisotropy during sintering, as illustrated by
the comparison between ‘œdometric’ samples and ‘three rate’ sample.

Anisotropy in compacted sample may be caused by geometrical effects, like for elon-
gated particles which align in a preferential direction during compaction as shown in
[Galen et Zavaliangos, 2005] or [Li et Puri, 1996] or in the case of ductile spherical parti-
cles which deform more in the direction of compaction ([Frachon, 2002]). In these stud-
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ies, anisotropic behavior is evidenced and directly linked to the compaction loading.
Here, the geometry and the size of the particles of the fine cut resin and the pelletized

one are very different while the influence of the compaction step on the anisotropy of
the deformation during the sintering are similar. Geometry alone cannot be the principal
reason for the anisotropy of the material.

Table 5.1: Compacted samples with various levels of final density and subjected to differ-
ent loading cases. Two samples are tested for each compaction experiment out of which

one is sintered.

legend type of loading
level of applied
stress (MPa)

16.3 œdometric - 35 mm side square base die 16.3
24.5 œdometric - 35 mm side square base die 24.5
32.7 œdometric - 35 mm side square base die 32.7
40.8 œdometric - 35 mm side square base die 40.8
49.0 œdometric - 35 mm side square base die 49.0

three rate ‘three rate’ loading applied in 3D compaction device 31
hydro hydrostatic loading applied in 3D compaction device 100
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Figure 5.1: Comparison of the densities before and after sintering. The influence of the
density of the green part is highlighted by comparing œdometric samples compacted with

various level of applied stress (the legend is detailed in the table 5.1).
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Figure 5.2: Length variations in the three directions after sintering. In the case of a
sample compacted with a hydrostatic loading, the strains in each directions after sintering
are equal. The sample may be considered as isotropic green part and remains isotropic
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Figure 5.3: Strains at the end of the sintering step of samples compacted through œdo-
metric loading at different level of maximal stress - Comparison between PTFE and PTFE

B samples (from [Canto et al., 2011])
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2 XRD measurements

2.1 General overview
In contact with a material, X-rays induce an elastic displacement of the cloud of elec-
trons with respect to the nucleus of the atom. Because of these induced oscillations,
electro magnetic beams (with the same frequency) are scattered, which is referred to as
the Rayleigh scattering. In the case of a crystalline lattice, at some specific angular orien-
tations of the incident beam, scattered beams add up constructively to form a diffraction
peak. Diffraction is obtained if the Bragg’s law is followed :

2dhkl sin(θ) = nλ (5.1)

with dhkl lattice spacing between two scattering planes defined by Miller indices hkl, θ

the Bragg’s angle defined between the incident beam and the diffracting crystalline plane,
n an integer number and λ the wavelength of the incident beam, as illustrated figure 5.4.

θ θ 

θ θ 
θ 

dhkl 

Figure 5.4: Bragg’s law - Constructive interference occurs when beams approach a crys-
talline solid.

When a monochromatic X-ray beam hits a sample, a scattered signal may be mea-
sured and a diffraction pattern where the intensity of the signal is plotted as function of
the angular position 2θ is obtained. Semi-crystalline polymers consist of periodic ar-
ranged micro structure, the crystallite, and disordered or amorphous area. In this case, the
diffraction pattern appears as a sum of (1) sharp peaks, which corresponds to the coherent
diffraction of the crystalline structure, of (2) an amorphous halo, caused by the scattering
of entangled macromolecular chains, and of (3) a non coherent scattering background.
From this diffraction pattern, different informations may be deduced.

Crystalline structure The angular position of the sharp peaks is directly linked to the
structure of the crystalline phase through the Bragg’s law (equation 5.1). In the case
of an hexagonal lattice, which is that of PTFE at ambient temperature and free of any
mechanical loading (phase IV), the distance between the different diffracting planes is
deduced from

dhkl =
a√

4
3(h

2 + k2 +hk)+ l2 a2

c2

(5.2)
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where a is the length of one edge of the hexagonal basis, a=0.566 nm and c, the length
to complete one twist to the helical structure, c=1.95 nm ([Brown et al., 2007]) and h, k
and l the Miller indices, which reference the planes of the structure. The main diffracting
planes of PTFE in phase IV are depicted on figure 5.5 (from [Brown et al., 2008]). The
theoretical positions of the peaks for Kα and Kβ radiations, which correspond to the
different lattice planes, are listed table 5.2 (from [Cullity et Stock, 2001]).

relaxation and reload is shown explicitly, for clarity only
the bound of the loading profile during deformation are
shown. The convention in the current work is that tensile
stresses and strains are positive (+) and compressive
stresses and strains are negative (−). With the exception of
Fig. 6 where tension is in the first quadrant and compres-
sion is the third quadrant, all other plots have the increasing
applied stress magnitude is positive along the y-axis. The
corresponding strain direction is plotted along the positive
x-axis. According to this convention a classic axial material
response appears the first quadrant, a classic Poisson

response appears in the second quadrant. Figure 6 high-
lights the asymmetric behavior of PTFE with lower flow
stress and strain hardening in tension. The compressive
flow stress decreases significantly with an increase in
temperature from room temperature to 60°C.

Several diffraction peaks are observed to undergo
significant changes in their shape in addition to the shift in
peak location. Tables 2 and 3 report the ratio in intensity—
the area between the Gaussian and Lorentzian peak shape
and the local linearly fit background—between the meas-
urements at 10% applied true strain I and the unloaded
conditions I0. Under the three test conditions the most
common response is a decrease in intensity, which can
ultimately lead to peak extinction at higher strains. Notably,
the maximum basal normal tensile strains-axial (00.15) and
(10.15) under tension at room temperature, transverse
(00.15) and (10.15) under compression at room tempera-
ture, and transverse (001) and (101) under compression at
60°C-lead to increased intensity dominated by increased
peak amplitude. Conversely, several of the axial responses
under compressive loading exhibit increases in intensity
due to peak broadening despite significantly reduced peak
amplitude. Due to noise in the background these very short
wide peaks can exhibit high error in intensity measurement
and even greater error in the determining the center point d-
spacing and subsequently calculating strain.

Figures 7, 8, and 9 show the diffraction lattice strains for
the very strong through medium intensity peaks and the

Fig. 6 Far-field stress-strain response for the four loading conditions
measured. For clarity only the bound of the loading profile during
deformation are presented

Fig. 5 Diffraction planes in
phase IV PTFE

124 Exp Mech (2008) 48:119–131

Figure 5.5: Principal diffracting planes of PTFE in phase IV, from [Brown et al., 2008]

Amorphous halo In PTFE, a first amorphous halo is superimposed to the first (100)
peak. A second amorphous halo appears around 2θ=40◦ ([Lebedev et al., 2010]). The
crystalline ratio of a semi-crystalline material may be related to the ratio between the
integrated part of the diffraction signal due to the crystalline phase and the integrated
intensity of the whole signal ( [Hermans et Weidinger, 1961]). The relationship between
intensity and ratio is identified from measurements of samples with different crystalline
ratio. Several samples with various levels of crystallinity are required to scale the rule and
thus precisely determined the shape of the amorphous halos.

Orientation of the crystalline phase In the case of an isotropic sample, the orien-
tation of the crystalline structure is randomly distributed. Consequently, whatever the
orientation of the incident angle, the diffracting pattern is the same. Now, if the mate-
rial is textured, crystal lattice has preferred orientation and more or less planes diffract
according to the orientation of the incident angle with respect to the orientation of the
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Table 5.2: Theoretical position of the main diffracting peaks for PTFE in conformation
IV - for cobalt target material used for the X-ray source (wavelength of 1.79Å)

h k l n dhkl (Å) 2θ - Kα (◦) 2θ - Kβ (◦)
1 0 0 1 4,90 21,03 19,03
1 0 0 2 4,90 42,81 36,62
1 0 0 3 4,90 66,38 59,47
1 1 0 1 2,83 36,85 33,28
1 1 0 2 2,83 78,42 69,88
1 0 7 1 2,42 43,35 39,10
1 1 7 1 1,99 53,56 48,18
1 0 8 1 2,18 48,39 43,59
1 1 8 1 1,85 57,94 52,05
2 1 0 1 1,85 57,74 51,88
3 1 0 1 1,36 82,29 73,18
0 0 15 1 1,30 86,95 77,13
1 0 15 1 1,26 90,77 80,32

sample. The orientation function of Hermans [Hermans et al., 1948], initially developed
for cellulose fibers, allows to quantify the degree of orientation of a sample.

This work is a first approach to the characterization of the crystalline texture of the
green body and its evolution after the sintering step. A qualitative point of view is adopted,
the main goal is to prove the presence of a crystalline texture induced by the compaction
loading. The development of a specific experimental set up is presented in the next sec-
tion.

2.2 Experimental set up
Description of the diffractometer and experimental parameters The X-ray diffrac-
tometer, available at the LMT-Cachan, was used. In the X-ray tube, the target material of
the source is Cobalt material (the wavelength of the Kα ray is of 1.789Å). The angle of
incidence of the source may be set through the upper goniometer and is equal here to the
minimum value of 40◦. Diffracted rays are measured thanks to the curved detector, INEL
CPS 180, which has a radius of curvature of 180 mm and is divided into 4096 detector
elements. Thus a large range of angular detection is covered (2θ range=120◦).

The sample preparation from green PTFE compacts for transmission measurement is
not possible here considering the available tools (circular saw, diamond saw, jet water
cutting). It was not possible to machine thin enough sample with constant depth without
damaging the material. So even if observation in reflection limits the range of observation,
this second option is chosen. Transmission measurements are possible for sample of
no more than 1 mm. The thickness of investigation in reflexion is thus estimated to be
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3.3 Testing equipment and measurement technique

Figure 3.4: Di�ractometer at LMT-Cachan

3.3.2 Positioning of sample

Theoretic peak positions depend on material’s crystal structure and wavelength of radiation. Taking
into account the Bragg’s law

n⁄ = 2dhklsin�hkl (3.2)

the spacing between two parallel di�racting planes for crystalline parts of PTFE at room temperature
and ambient pressure, considering a hexagonal structure, equals,

d = aÒ
4
3(·h2 + k2 + h · k) + l2 · a2

c2

(3.3)

with a= 5, 56 · 10≠10m and c= 1, 95 · 10≠9m the characteristic dimensions for the PTFE hexagonal
crystal cell and the Miller indices hkl for the considered plane [CUL01]. For the in chapter 3.1.2
considered crystallographic planes the theoretic values for the accompanying di�raction angles for K–

and K— radiation using cobalt as target material, representatively, are listed in table 3.1.

8

Figure 5.6: Picture of the diffractometer at the LMT-Cachan

between 0.2 - 0.25 mm.
To be able to measure the diffracted signal at small angles (the diffracted beam cor-

responding to the (100) plane remains inside the specimen as illustrated figure 5.7), the
sample is tilted with an angle of 25◦ from the horizontal planes along the Y axis and placed
close to the collimator so that the incident beam has a grazing incidence with respect to
the surface of the material.

Considering that the purpose of the study is to characterize the texture of the material,
it is commonly recommended to choose a large collimator so that the beam reaches several
crystallites. On the other hand, at low angle of incidence, small diameter is preferred to
avoid divergence of the beam. Finally a medium collimator is chosen with a diameter of
1 mm.

The parameters of the X-ray source are set to 30 kV and 30 mA with an acquisition
time of 3 min to avoid any saturation effect.

Calibration procedure A specific procedure of calibration has been developed which
is adapted to the non standard position of the sample. In a first trial, iron powder is
placed on tilted plane, at the defined distance from the collimator and the detector as
set for the PTFE samples (figure 5.7). Four diffracted peaks may be identified for the
calibration after the scattered background being removed. However, no information is
available for small angles with iron powder (the same problem is also encountered with
titanium powder). To overcome the problem and to validate the procedure set in the
laboratory, XRD tests on an ‘œdometric’ virgin PTFE green part are made on another
device, a 4-axis X’Pert goniometer available at the laboratory PIMM, ENSAM Paritech
(we are grateful to Olivier Zanellato for his kind and efficient assistance). Here, the
sample can be positioned in the rotational center of the apparatus and thus the set up is
completely calibrated. The velocity of the punctual sensor is set to 0,1◦/20 sec and the
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(d) Current configuration - the
sample is placed close to the

collimator

(e) Picture of the collimator
and the positioned sample

Figure 5.7: Experimental configuration for XDR measurement.
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diffractogram is scanned in the range of 2θ = 10◦ - 80◦. With copper as target material
(with a wavelength λ = 1,54Å), the theoretical diffraction angles for PTFE (table 5.2) are
favorably compared to the experimental values. This curve is now exploited, in addition
to the identified peaks of the iron powder, to calibrate the experimental diffractogram
obtained from the apparatus in LMT-Cachan. The obtained curves are shown in figure
5.8. 3.6 Evaluation of measurement data

Figure 3.12: Miller indices for PTFE di�raction peaks, K— di�raction peaks and regions of amorphous
halos

3.6 Evaluation of measurement data

To carry out a texture analysis, integrated intensity for di�erent peaks obtained due to X-ray di�raction
for di�erent angular positions of the sample have to be calculated. Free available software exists to
support researchers in fitting experimentally obtained di�ractograms. They are based on detailed
material databases but in general they do not include parameters for polymeric samples. For this
reason, this software can not easily be implemented for analysis of such specimen. Even if there is a
possibility to define cell parameters manually, a huge drawback for polymeric materials results from
the fact, that their atomic microstructure is not easy to describe and as PTFE consists of twisted
chains description gets even more di�cult. Besides that, free available XRD analysis programs can not
deal with amorphous halos.

For that reason, a suitable evaluation process has to be found, o�ering an appropriate fitting function
for several peaks. Before starting the fitting procedure, it has to be considered that, as already
described in chapter 3.1.2, the obtained di�ractograms show not only peaks resulting from crystalline
structures but also regions of di�use scattering, due to amorphous parts of the material. A way to
deconvolute the superimposed peaks has to be found. MURTHY et al. described di�erent ways to
calculate the amorphous scattering in semi-crystalline polymers [MUR90]. To find appropriate fitting
parameters they use samples of di�erent crystallinity or fully amorphous samples to deduce the form
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Figure 5.8: Indexing of the peaks with the Miller indices of the diffracting planes and
comparison of the diffractograms obtained on both apparatus. The amorphous halos are
marked in green. The Kβ radiations (highlighted in red) on the data from the diffractome-
ter at the LMT-Cachan are visible as no monochromator is used. They are consistent with

the theoretical values (table 5.2).
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Set up to measure the texture of the material In order to characterize the crystalline
texture, various rotations of the sample with respect to the incident beam are selected.
As the sample is not placed in standard configuration, the automatic goniometer of the
diffractometer cannot be used here. A dedicated rotation device has been set in order to
apply a rotation keeping a constant distance from the sample to the collimator (figure 5.7).
The coordinate system (X,Y,Z) is attached to the sample as presented figure 5.9. Because
of the limited range of observation of small angles, rotation about the X axis is limited and
does not enable texture analysis. Finally, rotations about the Y axis, with an amplitude
of -40◦ to 40◦ to avoid distortion of the signal, and about the Z axis with no limitation in
amplitude are possible.

Figure 5.9: Rotations for the texture analysis

2.3 Approach
Because of the limitations induced by the properties of the PTFE and the diffractometer,
partial pole figures may be constructed and allow for a qualitative characterization of the
texture and its evolution respect to the compaction loading and the sintering treatment.

Choice of the observed experimental data Three rotations about the Z axis equal to
ωz=0◦, 45◦ and 90◦ coupled to 5 rotations about the Y axis equal to ωy=0◦, 10◦, 20◦, 30◦

and 40◦ are performed. The symmetry of the results for negative values, particularly for
the rotation about the Y axis, is verified.

To characterize the crystalline orientation of the lamellar crystallite, two planes are
required. Not enough information is available concerning the amorphous halo around 40◦

(figure 5.8). So, as the amplitude and the shape of the halo is not known, it is not possible
to extract with a sufficient level of accuracy the peaks in the range of 30 to 60◦. Finally,
peaks outside the area are chosen for this analysis. The principal peak around 21◦ (with
Cobalt radiation) associated to the (100) plane and the peak around 87◦, associated to the
(00 15) plane which is almost basal, are considered here.
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Integrated intensity of the diffraction peaks Integrated intensity of both peaks is cal-
culated from their fitted curve. As proposed by Heuvel et al. [Heuvel et al., 1976] and
used by other authors such as [Marcellan, 2003] for PA66, a modified Lorentzian func-
tion, usually named Pearson VII, is chosen to fit the peaks

I(x) =
I0(

1+
(x−x0

∆2θ

)2 (21/m−1
))m (5.3)

with I0 the intensity of the peak, x0 the center position, ∆2θ the width at half maximum of
the peak and m a shape parameter, such as the curve tends to a Gaussian function when m
tends to the infinity and is equal to a Lorentz function if m = 1.

The non coherent background has to be uncorrelated from the peak signal. In the case
of the (100) peak, the baseline is fitted with a third order polynomial function. For the
part of the diffractogram behind the amorphous halo, the curve is initially fitted with a
second order polynomial and subtracted to the fitted baseline to remove parts of the peaks
whose variations are too large to be described by a second order polynomial. Parameters
of the second order polynomial are adjusted until the baseline is fitted and uncorrelated
from the contribution of the crystalline peaks.

Once the background is removed, (100) peaks are directly fitted with the function 5.3
with a parameter m equal to 2. (00 15) peak is partially superimposed with the (10 15)
peak. Both peaks are fitted simultaneously with the sum of two Pearson IV functions
respectively centered on the position of each peak and with a parameter m equal to 100.

Choice of the presentation of the results Experimental results are presented on
Wulff’s diagram after stereographic projection as illustrated in the figure 5.10 (raw data
are also given in appendix E).

To map the Wulff’s diagram, data are fitted with spherical harmonics. They are written
in polar coordinates, as function of the angles θ and φ and are based on series of spherical
harmonics.

f (θ,φ) = Σ
∞
l=0Σ

l
m=−lC

m
l .Y

m
l (θ,φ) (5.4)

where the spherical harmonic functions are written

Y m
l (θ,φ) =

√
2(l−m)!
(l +m)!

Pm
l (cosθ)eimφ (5.5)

and the Pm
l are Legendre’s polynomials

Pm
l (x) =

(−1)m

2ll!
(1− x)m/2 δl+m

δxl+m

(
(x2−1)l

)
(5.6)

with Cm
l coefficient, l the degree and m the azimuth order. An order of l=3 is considered

to fit the available data. This treatment is made thanks to the MATLAB functions getsh.m
and leastsquaressht.m developed by Archontis Politis.
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(a) Stereographic projection - the red arrow
corresponds to the rotation through Z axis

imposed to the sample and the green arrow to the
rotation through Y axis

Y
X

Z

direction of 
compaction 

(b) Orientation of the axis as function of
the direction of compaction

Z 90

90

(c) First quarter of Wulff’s diagram -
Position of the measured points - blue

circles are for face with normal parallel to
the direction of compaction - magenta
crosses are for face transverse to the

direction of compaction

Figure 5.10: Representation of the experimental results - Stereographic projection
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Choice of the reference state The as received PTFE powder is chosen as the reference
pattern to evaluate the texture of the samples. The powder is placed in a PMMA blind
hole of 20 mm and subjected to the previously described experimental tests. Obtained
curves are presented figure 5.11. Integrated intensity of the (100) and (00 15) peaks are
shown in figure 5.12. The powder may be considered as isotropic as the variation of the
intensity is of the order of magnitude of the acquisition uncertainty (commonly considered
equal to the square root of the measured intensity, Poisson’s law). The average values of
the integrated intensity of the (100) and (00 15) peaks are fixed and used to normalize
the measured intensity as presented in figure 5.13. Results are also presented on Wulff’s
diagram in figure 5.13.

The density of the powder is 3 to 5 times smaller than the density of the compacted
samples. This difference of density implies that fewer crystallites diffract in the case of
the powder than in the case of green parts. The level of intensity for the same conditions
of acquisition is smaller than for the material in its powder state. Comparison between
the average intensity of each peak of the powder and the average intensity of each peak
of the a sample compacted with an hydrostatic loading up to 100 MPa, assumed to be
isotropic, gives a constant ratio rI = Ipowder/Igreen = 0.55. This ratio is further considered
fixed and multiplied with the average integrated intensity of the powder to normalize the
subsequent measured intensities.
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Figure 5.11: Diffractogram for each tested position of the virgin powder.
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Figure 5.12: Integrated intensity - Powder - The variations of the intensities measured at
different angular position may be considered as negligible with respect to the measure-

ment uncertainty.
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Figure 5.13: Wulff’s Diagram - Relative intensity associated to the (100) and (00 15)
peaks - Powder - The relative intensities are approximately equal to unity whatever the
angular position, which reflects the isotropy of the powder. Note that for the ease of

presentation, zoom on the area of interest is shown.
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3 Analysis of the crystalline texture

3.1 Influence of shear on the crystalline texture of green parts
Samples, which have encountered different levels of deviatoric stress, are tested. Here
the rotation along Z axis, ωz, is fixed and a rotation along Y axis, ωy, from 0 to 40◦ is
performed. In figure 5.14, three samples are compared:

• a green part compacted through hydrostatic loading thanks to the 3D compaction
tool in the ASTREE triaxial machine;

• a green part subjected to an ‘isodensity’ test in the same tool;

• a green part obtained by ‘biaxial extrusion’ of the powder.

For the last sample, the loading is not very well defined but the powder has been
subjected to a high level of shear, extruded through a small gap of around 1 mm thick.
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(b) Crystalline (00 15) plane

Figure 5.14: Influence of shear loading on the crystalline texture. The external surfaces
of the samples are tested in the three loading cases. Here, the time of acquisition is 7 min.
The reference curve is obtained from the virgin powder subjected to the same conditions.

Sample compacted with hydrostatic loading may be considered as isotropic, consid-
ering the low fluctuation around unity of the data associated to the (100) and (00 15)
planes. However, the variation of relative intensity is increased with the level of shear.
If an isotropic orientation through the direction perpendicular to the ‘plane’ of extrusion
is assumed and data obtained in the range of 0-40◦ are extrapolated to the area from 40
to 90 ◦ in order to have a consistent repartition of the crystallite (the integration through
the domain of the relative integrated density has to be always equal to unity), it may be
concluded that the majority of the (100) crystalline planes are parallel to the sample plane
and that majority of the (00 15) crystalline planes are perpendicular to the same plane.
That means that the hexagonal structure, and thus the crystallites, is oriented through a
preferred direction as shown in figure 5.15.
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For the ‘isodensity’ loading, the same trend is observed for the evolution of the inte-
grated intensity with respect to the rotation but at a lower level.

(a) Preferred orientation

(b) Scheme of the PTFE structure from [Ebnesajjad, 2002] to remind the
crystalline structure of PTFE

Figure 5.15: Preferred orientation of the crystallite in ‘biaxial shear’ sample.

3.2 Green parts compacted with an œdometric loading
Focus is now made on an œdometric sample compacted in a die with square section of 35
mm side. 45 g of powder are pressed with a maximal stress of 32.7 MPa at a displacement
rate of 0.1 mm/s. Here, three surfaces are observed (figure 5.16):

• the upper surface, perpendicular to the direction of compaction, in contact with the
piston;

• one of the exterior surfaces, whose normal is transversal to the direction of com-
paction, in contact with the die;

• a cut through the bulk. In the following we will denote this face of observation as
‘transversal bulk’. It is parallel to the previous one and obtained by cutting in half
the sample by jet water (with the grateful help of Bruno Rondy and his team from
2R Industries). This technic allows to obtain a flat and perpendicular surface while
the impact on the crystalline structure is minimized.

Experimental results, interpolated thanks to spherical harmonic functions as described
in the previous section, are shown in the figure 5.17. Note that the accuracy of the mea-
surements only allowes qualitative interpretation of the crystalline orientation.
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Figure 5.16: Observed surfaces of the sample compacted via œdometric loading

• Upper surface (figures 5.17.a and .b): the relative integrated intensities for (100)
and (00 15) planes seem to be independent from the rotation through the direction of
compaction. The average level of intensity for (00 15) plane is relatively low. The
intensity for (100) plane substantially decreases with the angle of rotation about the
Y axis, ωy. These three points may lead to the conclusion that majority of the axes
of the hexagonal structures are parallel to the surface. Thus, texture is not as high as
for the ‘sheared’ sample, but the majority of the lamellar crystallite may be oriented
perpendicularly to the surface of the upper face.

• Transversal exterior surface (figures 5.17.c and .d): the average level of the in-
tensity of the (100) plane is larger than 1. This means that the majority of the (100)
planes are parallel to the surface of the mold. The intensity for ωz = 90˚ decreases
with ωy whereas it is the opposite trend for the directions ωz = 0˚ and 45˚. Less
(100) axes are perpendicular to the direction of compaction. More crystallite tends
to align through the direction of compaction.

• Transversal bulk (figures 5.17.e and .f): The intensities related to (100) and (00
15) planes are both closer to 1 compared to the other phases. A majority of (00 15)
planes are parallel to the surface or perpendicular to the direction of compaction. It
may be concluded that the majority of the crystallites is oriented perpendicularly to
the direction of compaction here.
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Figure 5.17: Wulff’s diagram - relative integrated intensities corresponding to (100) and
(00 15) planes on the three different surfaces - œdometric sample compacted with a max-

imal applied stress of 32.7 MPa at a displacement rate of 0.1 mm/s
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Figure 5.18 summarizes the deduced conclusions from the analysis of the pole figures.
The preferred crystalline orientation are schematically represented. Let us stress that the
experimental information on the crystalline texture is not complete. Moreover the sample
is not fully textured, only the most probable orientations are represented.

Figure 5.18: Schematic representation of the proposed preferred crystalline orientation
on the upper surface (blue crystallites), the exterior surface (pink crystallites) and the

transversal bulk (red crystallites)

3.3 Influence of the sintering step - comparison of the samples before
and after sintering

An œdometric sample, compacted in the same conditions than the specimen studied in the
previous section and sintered is tested and analyzed with the same procedure.

In figure 5.19, diffractograms representative of the diffraction of the material before
the sintering step and after are compared. First of all, the crystalline structure seems to
be unchanged. The peaks may be indexed the same way and one recovers the amorphous
halos. Distinct patterns between the external surfaces and the inside of the sample are
observed. The ratio between the intensity of the principal peak and the amorphous part
of the pattern is higher for the exterior surface than for the inner one and is equivalent to
the ratio found for the green sample. This is consistent with data found in the literature
([Rae et Dattelbaum, 2004]). A skin effect appears as chains on the external surface are
free to align along the external surface. Crystallinity is less hindered than in the bulk. Note
that measuring the crystalline ratio from the exterior surface of a sample overestimates the
crystalline fraction because of this particular texture. For the inner surface of the sample,
the ratio between the principal peaks and area around the amorphous halo (around 40◦)
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is smaller after the sintering than before. This is consistent with a smaller crystalline rate
after the thermal treatment.
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Figure 5.19: Comparison between diffractogram patterns obtained before and after the
sintering step on œdometric samples. After the sintering step, measurements made on the

surface and in the bulk of the material reveal different.

The integrated intensity of each peak is also compared to the intensity measured for the
powder. To take into account the decrease of crystallinity after the thermal treatment, the
ratio of the crystalline fraction of the sintered sample to the non sintered one is multiplied
by the density ratio between the powder and the green part. Relative integrated intensities
measured on the three faces of the sintered œdometric sample are presented on Wulff’s
diagram figure 5.20. Note that here again, trends are reproducible from a sample to the
other but levels of intensity are not accurate enough to allow for quantitative analysis.
However preliminary conclusions may be proposed :

• Upper surface (figures 5.20.a and .b: first, the high intensity observed at ωz = 45˚
is not necessarily meaningful as it is not observed for other sintered samples. This
point aside, the sintered sample shares with the green sample most of the above
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reported observations. Crystallites seem to be oriented the same way before and
after the thermal treatment.

• Transversal exterior surface (figures 5.20.c and .d: a very high intensity related
to (100) plane and a much lower one for (00 15) is measured. Then the inten-
sity of (100) plane decreases as a function of ωz while it increases for (00 15)
plane. The crystallites seem to be aligned in the same preferred orientation as for
the pre-compacted sample and the texture seems to be enhanced when the material
is sintered.

• Transversal bulk (figures 5.20.e and .f: The decrease of the intensity diffracted by
the (00 15) planes when the sample is tilted about the Y axis and the high intensity
for ωz = 0˚ indicate that a majority of the basal planes is parallel to the surface of
the material. This observation is strengthened by the opposite trend observed on the
intensities diffracted by the (100) plane. The axis of the crystallites, defined as the
axis through the larger dimension, is preferably oriented parallel to the surface of
the inner surface, but it is not possible to conclude on a preferential direction with
respect to the direction of compaction. Note that here the surface has been cut with
a circular saw that may change the crystalline orientation of the part more than with
the water jet technic.

To conclude, even if more measurements are required to better characterize the crys-
talline texture of PTFE samples, it seems that the initial texture induced by the œdometric
loading is not erased by the sintering step as the same trends are observed before and after
the sintering step.

Two other samples, compacted with a maximal applied stress of 40 MPa or a dis-
placement rate of 1 mm/s, are partially characterized (presented in appendix E). Only
measurements on the upper surface have been performed. No significant differences are
observed with respect to the above presented sample.

These first data have to be confirmed by subsequent measurements but they give first
clues to describe the mechanisms involved in the compaction of PTFE powder at the level
of crystalline structure and their influence on the sintering step.
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Figure 5.20: Wulff’s diagram - relative integrated intensities corresponding to (100) and
(00 15) planes on the three different surfaces - Sintered œdometric sample compacted

with a maximal applied stress of 32.7 MPa at a displacement rate of 0.1 mm/s
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Conclusion

The aim of this work was to propose a modeling of the mechanical behavior of PTFE
powders during their industrial pressing in big billets in order to be able to predict the
properties of the obtained green parts and to have a reliable tool to optimize the parame-
ters of the process. PTFE is an original polymer with many unique properties and dedi-
cated manufacturing processes which have not been well documented in the literature as
compared to other polymers. In this work, we tackled different aspects of the problem to
fulfill the objectives of this study.

In a first part, the characterization of the mechanical behavior of the PTFE powder is
proposed. In the industrial context, complex loadings are applied to the material, from
mostly hydrostatic pressing to simple shear near the wall of the mold. To predict such be-
havior and the associated properties of the material thanks to FE simulation, the Drucker-
Prager/cap model has been chosen. It offers the possibility to describe the behavior of the
material and the evolution of its properties from the low density powder, whose definition
is tricky due to its high sensitivity to preparation and low loading, to the fully compacted
material, the reference state, for which the void ratio is null. Large deformations and
relatively high stresses may be reached in the part. All the parameters of the model and
their evolution with the void ratio are identified. The influence of the size of the particles
and the compounding with fillers is investigated by the characterization of four different
powders. In addition to the elastoplastic model, a phase transformation in the crystalline
structure at ambient temperature under pressure is experimentally characterized, modeled
and implemented in the FE code.

To identify the parameters of the model, an original 3D compaction tool, installed
in the triaxial machine ASTREE, allows for the application of complex loading paths
from which the properties of the material and their evolution with the void ratio may be
identified. Instrumentation is added to accurately measure the large dimension variation of
the sample while it is adapted to the narrow available space. The triaxial device has some
weaknesses : because of the interaction between the mold and the sample, a rotational
movement inside the tested sample is induced. FE simulations of the whole device during
test on PTFE sample shows that parameters identification can nevertheless be extracted
reliably.

After the description of the behavior of the bulk material, the interaction of the PTFE
with a metallic counterpart is modeled. The PTFE is known for being the polymer that
forms the best transfer film in the shortest sliding distance. Thus the interaction between
the PTFE and the contacting material is seen as a friction between the PTFE transfer
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film and the bulk PTFE, characterized by the internal friction coefficient of the Drucker-
Prager line once the cohesion of the material is reached. No additional parameter needs
to be identified.

A particular attention is paid on the validation of the identified model. The proposed
model is validated through different tests and at different scales. An original compaction
device, namely ‘V tool’, has been developed to apply complex loading paths thanks to a
section reduction of the die, to measure the applied and transmitted stresses and to fol-
low the internal displacement field of the powder during its compaction thanks to DIC. A
good agreement is found between the experimental results and the FE simulation, where
complete displacement field may be compared. Compactions in a classical instrumented
circular œdometric compaction tool are also performed. The comparison of the exper-
imental data with the simulation is satisfactory for the loading part of the tests but the
limitations of the model are highlighted with the results obtained during the unloading
and the ejection of the parts. These differences of behavior are suggested to result from
the anisotropy of the material that appears during the uniaxial compaction and that is not
accounted for. The compaction is well described but if a loading is applied in another
direction than the direction of compaction, anisotropy should be taken into account. Fur-
ther the model is also validated at the scale of the industrial part where good agreements
are found between the available data and the simulation during the compression step. The
up scaling is good. Note that additional measurement on the industrial part could provide
useful data to complete the validation (measurement of the gradient of density, detection
of the cracks, measurement of the residual stresses, of the elastic properties of the mate-
rial. . . ) even if non destructive experimental technics such as ultrasound are difficult to
set and that the difficulty to machine green part render characterization tests uneasy.

Finally the first links between the compaction and the next steps of the industrial pro-
cess are observed. Variation of the dimensions after sintering of samples which were
compacted through different loading paths, confirms the influence of the anisotropy cre-
ated during the compaction step on the sintering and the final properties. To explain this
phenomenon, XRD measurements are made on green parts and sintered samples. The cre-
ation of a crystalline texture in œdometric samples and its preservation after the sintering
step is evidenced.

The present work provides a reliable description of the behavior of the material during
its pressing. Prediction of the properties of the green part as a function of the geometry
of the tool and the loading path and depending on the type of material is now possible,
which allows the optimization of the process respect to these parameters.

Some points are discussed but not deeply investigated although they would deserve it:

• more accurate loadings (for ‘isopressure’ and ‘isodensity’ tests for instance) and
more complex paths would be possible by setting the control loop of the triaxial
machine based on the pressure sensors and the laser displacement probes. This will
require some experimental development to prevent any security and damage risks.

• the dependence on time of the behavior of the PTFE powder has been highlighted
and a visco plastic law has been identified. More complex tests could be done

Modeling of the mechanical behavior of PTFE compounds during their cold pressing



Conclusion 179

to make the distinction between the viscosity of the PTFE itself and the effect of
the escape of the air (compaction in airtight tool; several relaxation steps (after
outgazing, the material is loaded again and relaxed, assuming that less or no air
is present during the second relaxation step); evidence of the outflow of air if size
effects are visible). This is required to optimize the relaxation step and the rate of
loading of the industrial process.

• the dependence on the rate of loading of the crystalline phase change should also be
characterized. Thermal (DSC, dilatometry) and mechanical tests at different speeds
should be performed. Additional cyclic loadings will give more information on the
irreversibility. XRD measurements under loading could also help to better charac-
terize this phenomenon. The influence of the crystalline content and the anisotropy
would be an interesting point to focus on.

• the importance of the anisotropy of the behavior of the material (particularly for the
description of the ejection step) has been evidenced. But it will require an addi-
tional considerable amount of effort to be taken into account in the modeling of the
compaction stage. Firstly, the anisotropy should be accurately characterized: œdo-
metric followed by hydrostatic loading/unloading or ‘isodensity’ loading/unloading
tests with a modification of the direction of the increase of the displacement for in-
stance could be done in the 3D compaction tool. To do so, a modification of the
geometry of the triaxial device or the design of an external œdometric tool would be
required in order to test big enough anisotropic samples. Depending on the level of
the anisotropy and its evolution as a function of the void ratio, new 3D constitutive
laws could be implemented.

The ‘V tool’ offers interesting perspectives. An inverse identification procedure has
been adapted to this test and the complex material model but it still needs some develop-
ment. The main barrier is the non-homogeneous initial state of the material after filling of
the mold. More robust experimental and identification procedures need to be developed.
In situ X-ray radiography observations coupled to DIC could help to solve this problem.

The next obvious step of this study will be the study of the sintering of the PTFE green
part, for which the same strategy could be followed: experimental characterization of the
thermo-physico-mechanical coupling which takes place during the thermal expansion,
the melt and the re crystallization of the material; modeling of these different phenomena;
validation at the industrial scale after implementation in FE code. This will be the subject
of a next PhD study.
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Appendix A

Calibration of the pressure sensors

Each block is calibrated independently under an uniaxial compression machine (figure
A.1). The link between the applied stress σ and the strain gauge signal U may be easily
calculated : U = k.σ.S2

S1
. 1

E with k the factor of amplification signal of the Wheastone
bridge equal to ∼1600, S1 the section of the reduced part of the sample, S2 the section
of the upper part of the sensor, E the Young’s modulus of the steel equal 180MPa for soft
steel. The factor of amplification and the reduction of section of the pressure sensor are
chosen to optimize the range of the strain gauge signal in volts compared to the range of
measured stresses. At 100 MPa, a signal of 2 V in recored.

Figure A.2 provides an example of the chosen results for the calibration of the block
CD3. The measured gain of each blocks is given in figure A.2.b.

Figure A.1: Pressure sensor calibration set up. A uniaxial compression loading, with
successive loading/unloading, is applied while the signal of the strain gauge is recorded.
To apply a uniform force on the sensor, a cylindrical copper part slightly smaller than the
pressure sensor is placed in front of it. Copper was chosen not to damage the block during

the loading.

Note that the reponse of the pressure sensors presents a slight hysteresis which may
be mainly attributed to frictional contacts inside the system, caused for instance by accu-
mulation of dust inside the gap between the pin and the block. To quantify the influence
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block gain (MPa/V) standard deviation
AB1 52.152 1.26
CD1 50.899 1.39
AB2 52.091 0.74
CD2 53.246 1.12
AB3 51.959 1.20
CD3 50.600 1.01
(b) Gain of the pressure sensors after calibration

Figure A.2: Results of the calibration of the pressure sensors

of this hysteric behavior of the pressure sensors on the experimental results of the 3D
compaction tests, the hysteresis behavior of each pressure sensor is simulated as shown
figure A.3.a, by adding a Coulomb friction component. Then, the reponse of the material
where the hysteric behavior of the pressure sensors is taken into account is compared to
an ideal behavior (where a constant gain of the pressure sensors) is assumed. One exam-
ple is given figure A.3.b where the two results are compared in the case of an hydrostatic
test with successive loading/unloading in the (−εvol,−σH) plane. The difference on the
measured stresses with the two simulations of the pressure sensors behavior is less than
0.7%. This bias of the pressure sensor is finally assumed to be negligible.
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Figure A.3: Simulation of the hysteresis and influence of the phenomenon on the hydro-
static stress measured during an hydrostatic test

Modeling of the mechanical behavior of PTFE compounds during their cold pressing



184 Calibration of the pressure sensors

Modeling of the mechanical behavior of PTFE compounds during their cold pressing



Appendix B

Choice of the laser probes and
validation of the specification

To accurately measure the displacements along the three perpendicular directions, taking
into account the bulk of the device and the risk of collision, an accuracy of few microns is
required on a measured range of 50mm and a mean distance of the order of magnitude of
1m. Two types of lasers, supplied by Keyence, seem to fulfill the required specifications,
namely :

• LK-G 402

• LK-G 407

The specifications given by the manufacturer are :

Light source Red semiconducteur laser / wave length 655nm
Reference distance 400mm
Measurement range ±100mm

Repeatability of the measure 0,2µm (at the reference distance)

Table B.1: Specifications given by the supplier

The size and the shape of the laser beam are the only difference in the specifications,
from the supplier’s point of view. At the focal distance, the diameter of the spot for the
first laser, LK-G 402, is small : 290 µm. It allows to make accurate measurement in
narrow spaces or on very small targets. The spot of the second model, LK-G 407, is
rectangular and bigger: 290 µm × 8300 µm at the reference distance.

The accuracy given by the manufacturer is measured in a very specific case. A ceramic
target, said to be ”perfect” (in terms of planarity, roughness, absence of particular reflex-
ion) is placed at the reference distance. The measurement of the distance is done several
time and thus the accuracy of the measurement of 0.2 µm corresponds to the repeatability
of the measurement.

The specifications of the laser probes were also tested in our laboratory. In our case,
the roughness of the targets, metal plats, was measured and was found to be smaller than
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10 µm, which is recommended to limit bright reflexions and so to allow a good scattering
of the light. The planarity default was negligible. The parallelism between the target
and the laser probe was carefully checked. The relative displacement between the laser
probe and the target was monitored thanks to a linear micrometric stage. Displacements
of several cm were applied around the reference distance.

Initial distance from the target 400 mm
Measure range ±10 V from +40 mm to −20 mm

Averaging 4
Sampling rate 200 µs

Table B.2: Parameters used

An uncertainty less than 5 µm was obtained, which is much higher than the 0.2 µm
accuracy claimed by the manufacturer but which is acceptable, regarding the conditions
of testing.

However, during a compaction test, it is not always possible to preserve these ‘ideal’
conditions as translation and rotation motion can occur. It was observed that measurement
uncertainty was far above the needed one (figure B.1 ).
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Figure B.1: The distance between the target and the probe laser is fixed. The target is
translated along its plane, normal to the direction of the beam laser.

This problem is also described by [Muralikrishnan et al., 2012]. Indeed, if the rough-
ness of the target surface is small, a speckle phenomenon appears which strongly degrades
the accuracy of the measurement.

This problem is pronounced for the first model LK-G 402 (small spot) but is strongly
reduced using the second probe laser with a larger and rectangular spot, LK-G 407. A
larger spot may average the ‘parasitic’ diffractions and the accuracy of the measurement
is increased. To check this assumption, the two laser sensors were tested simultaneously
while they reached the same point of a target. They were set on the same stage and
slightly tilted so that the two spots were superimposed on the target. (Figure B.2 ). A
specific setting was used to avoid problem of interference between both signals.
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Figure B.2: Setting to compare the specifications of the two sensors

Figure B.3: Translation of the target along the length of the spot, the Y axis, or along its
width, the Z axis.

Modeling of the mechanical behavior of PTFE compounds during their cold pressing



188 Choice of the laser probes and validation of the specification

0 10 20 30 40 50

−0.02

0

0.02

0.04

0.06

time (s) 

m
ea

su
re

m
en

t (
m

m
) 

 

 

      LK−G407
      LK−G402

(a) Direction Y

0 50 100 150

−0.02

0

0.02

0.04

0.06

0.08

0.1

time (s) 

m
ea

su
re

m
en

t (
m

m
) 

 

 

      LK−G407
      LK−G402

(b) Direction Z

Figure B.4: Measurement of the displacement for the two types of laser sensors - In plane
translation of the target in the Y direction and the Z direction

The distance between the laser probes and the target was fixed and translations were
imposed in the plan of the target ( Figure B.3 ). It appears that the noise of the measure
with the LK-G-407 probes are smaller than with the LK-G-402 model. So it reveals less
sensitive to the translation and rotation of the target induced by the movement of the actors
in ASTREE. This second model is selected.

Note that, since our study, the supplier has changed the specifications of the LK-G-
402. To date, the repeatability of the measurement is now given for 2µm.
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Parameters of the Drucker-Prager/cap
model

Table C.1: parameters of the virgin PTFE

hardening a 0.2736 MPa
b 1.564

εcrit -1.681
n 2.991

bulk modulus Kp 100 MPa
Kcrit 2700 MPa
aK 19.5

shear modulus Gp 19.19 MPa
Gcrit 88.01 MPa
aG 21.79

angle of internal friction coefficient β 3.4 ◦

cohesion ad 9.16 MPa
bd 4.212

ratio pa/pb = ra(1+ e)−rb + rc ra 0.2563
rb 4.134
rc 0.6947
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Table C.2: parameters of the virgin PTFE + filler 1

hardening a 0.6176 MPa
b 1.0

εcrit -1.589
n 3.057

bulk modulus Kp 238.7 MPa
Kcrit 3114 MPa
aK 22.62

shear modulus Gp 37 MPa
Gcrit 390.1 MPa
aG 36.18

angle of internal friction coefficient β 5.4 ◦

cohesion ad 14.58 MPa
bd 7.275

ratio pa/pb defined by piece, see figure 2.41

Table C.3: parameters of the virgin PTFE + filler 2

hardening a 0.7614 MPa
b 1.0

εcrit -1.549
n 2.84

bulk modulus Kp 201.6 MPa
Kcrit 3068 MPa
aK 22.2

shear modulus Gp 45.56 MPa
Gcrit 204.4 MPa
aG 17

angle of internal friction coefficient β 4.5 ◦

cohesion ad 13.93 MPa
bd 7.0

ratio pa/pb defined by piece, see figure 2.41
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Table C.4: parameters of the virgin PTFE B

hardening a 1.451 MPa
b 1.0

εcrit -0.919
n 2.224

bulk modulus Kp 149.1 MPa
Kcrit 2951 MPa
aK 22.25

shear modulus Gp 12.01 MPa
Gcrit 126.3 MPa
aG 23.26

angle of internal friction coefficient β 5.1 ◦

cohesion ad 6.811 MPa
bd 5.56

ratio pa/pb defined by piece, see figure 2.38

Modeling of the mechanical behavior of PTFE compounds during their cold pressing



192 Parameters of the Drucker-Prager/cap model

Modeling of the mechanical behavior of PTFE compounds during their cold pressing



Appendix D

Experimental characterization and
modeling of the viscous behavior

Considering the limitation of the triaxial machine ASTREE (thermal drift) and the ma-
terial limitation (time available and cost-in-use), characterization of the time dependent
behavior of the material was not done with the 3D compaction tool.

In [Canto et al., b], the viscous part of the elasto-viscoplastic model for PTFE green
part is identified from the simple compression at different strain rates of green isostatic
samples. Rectangular based PTFE samples are made of pelletized virgin PTFE B and
shaped by isostatic pressing with different void ratio. The deformation of the material is
measured by Digital image Correlation (DIC) (see 6.2.2).

For fine cut powders (virgin PTFE and filled compounds), it is not possible to obtain
isostatic samples by hydrostatic pressing suitable for simple compression. Indeed the
obtained samples have an irregular shape and a high surface roughness which cannot be
rectified without damaging the material and with enough accuracy.

It is proposed here to identify the viscous behavior thanks to œdometric tests at dif-
ferent levels of maximal density and different imposed displacement rates, followed by
relaxation step (figures D.1 and D.2). Contrary to the tests performed in [Canto et al., b],
the viscous part of the consolidation part of the yield surface is investigated and the effect
of the escape of the air is included in the measurement.

With regard to the experimental results, it may be concluded that the behavior of the
material during the compaction step is not sensitive to the displacement rate in the studied
range (one decade) (figure D.1).

The relaxation appears to be dependent on the level of void ratio of the material and
on the imposed displacement rate of the previous loading step. A viscous model of the
consolidation plastic part of the model is proposed here and identified from the relaxation
step. The viscous part of the stress σv during the relaxation is defined as σv = σ(t)−σ∞,
with σ∞ the asymptotic (long time) stress.

The total strain is defined as a partition of the elastic strain, εelas and of the viscoplastic
strain εvp, ε = εelas + εvp. During relaxation, the total strain rate is nul and hence

ε̇vp =−ε̇elas =−
σ̇

E
(D.1)

Modeling of the mechanical behavior of PTFE compounds during their cold pressing



194 Experimental characterization and modeling of the viscous behavior

0.5 1 1.5 2
0

10

20

30

40

50

density (g/mm3)

st
re

ss
 (

M
P

a)

 

 

0.01 mm/s
0.1 mm/s
0.1 mm/s 20MPa
0.1 mm/s 50MPa
0.1 mm/s 50MPa b
0.5 mm/s
0.5 mm/s bis

(a) Evolution of the stress as a function of the
density

0.5 1 1.5 2
10

−2

10
−1

10
0

10
1

density (g/mm3)

st
re

ss
, l

og
 s

ca
le

 (
M

P
a)

(b) Plot in semi logarithmic scale

Figure D.1: Comparison of the evolution of the axial stress respect to the density during
œdometric loading as a function of the displacement rate. Samples of 45g of virgin PTFE
powder are compacted in a die with a rectangular base of 35×35 mm2 section, at differ-
ent level of maximal applied stresses and different displacement rates. No effect of the

displacement rate is noticed during the loading in the studied range.
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Figure D.2: Relaxation step, which follows the œdometric loading - Influence of the
maximal applied stress and of the displacement rate.

Then the viscous part of the stress and the viscous strain rate may be related thanks to a
hyperbolic sine creep law such as

σv = av sinh−1

((
ε̇v

ε̇0

)1/m
)

(D.2)

with av, ε̇0 and m, parameters of the model. m is found to be constant while av and ε̇0
depend on the void ratio.
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Figure D.3: Identification of the viscous part of the elasto-viscoplastic model from œdo-
metric tests followed by relaxation steps.

Implementation of the viscous part of the behavior - Issue To model the viscous
part behavior of the material, a multiplicative law, available in Drucker-Prager/cap model
in Abaqus with a dependency of the parameters to the level of density, could be imple-
mented. However the region of activity of the creep mechanism is limited : the part of
the stress due to the viscosity, pcreep, cannot be higher than pb− pa on the consolidation
surface. In our case, because of the shape of the identified cap, the decrease of the stress
during the relaxation step is limited to 3 MPa for the virgin PTFE, which is incompatible
with the experimental observations (D.2). The implementation of the elasto viscoplastic
model in a UMAT would be required to correctly describe the viscosity of the material
which was not in the scope of the study. As, the material may be assumed not to be depen-
dent to the rate of loading in the studied range during the consolidation step, the viscous
part of the behavior to simulate the compaction step of the material may be neglected
here.
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XRD measurements

In this appendix, the different experimental data obtained to construct the Wulff’s diagram
or measured on other samples are presented. For each case, three curves corresponding to
measurements at the three values of the ωz rotation about the z axis, ωz = 0◦, 40◦ and 90◦

are shown. They represent the evolution of the relative integrated intensity as a function
of ωy the rotation angle about the y axis.
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Figure E.1: Relative integrated intensities corresponding to planes (100) and (00.15) on
the three different surfaces - oedometric sample compacted with a maximal applied stress

of 32.7 MPa at a displacement rate of 0.1mm/s before sintering.
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1mm/s before sintering.
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Figure E.3: Relative integrated intensities corresponding to planes (100) and (00.15)
on the three different surfaces - sintered oedometric sample compacted with a maximal

applied stress of 32.7 MPa at a displacement rate of 0.1mm/s.
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compaction et frittage du polytetrafluoréthylène (PTFE). Thèse de doctorat, École
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[Sawyer et al., 2014] SAWYER, W. G., ARGIBAY, N., BURRIS, D. L. et KRICK, B. A.
(2014). Mechanistic studies in friction and wear of bulk materials. Annual Review of
Materials Research, 44(1):395–427.

[Schofield et Wroth, 1968] SCHOFIELD, A. et WROTH, P. (1968). Critical state soil me-
chanics. McGraw-Hill (New York).

[Seguela, 2005] SEGUELA, R. (2005). On the strain-induced crystalline phase changes in
semi-crystalline polymers: Mechanisms and incidence on the mechanical properties.
Journal of Macromolecular Science, Part C: Polymer Reviews, 45(3):263–287.

[Shang et al., 2011] SHANG, C., SINKA, I. et PAN, J. (2011). Constitutive model calibra-
tion for powder compaction using instrumented die testing. Experimental mechanics,
52(7):903–916.

[Shima et Mimura, 1986] SHIMA, S. et MIMURA, K. (1986). Densification behaviour of
ceramic powder. International journal of mechanical sciences, 28(1):53–59.

[Sinka et Cocks, 2007] SINKA, I. et COCKS, A. (2007). Constitutive modelling of pow-
der compaction - ii. evaluation of material data. Mechanics of Materials, 39(4):404 –
416.

[Sinka et al., 2001] SINKA, I., COCKS, A. et TWEED, J. (2001). Constitutive data for
powder compaction modeling. Journal of engineering materials and technology,
123(2):176–183. eng.

[Speerschneider et Li, 1963] SPEERSCHNEIDER, C. J. et LI, C. H. (1963). A Correla-
tion of Mechanical Properties and Microstructure of Polytetrafluoroethylene at Various
Temperatures. Journal of Applied Physics, 34:3004–3007.

[Sperati et Starkweather Jr, 1961] SPERATI, C. A. et STARKWEATHER JR, H. (1961).
Fluorine-containing polymers. II. Polytetrafluoroethylene. Springer.

[Subhash V. Gangal, 2002] SUBHASH V. GANGAL, P. D. B. (2002). Perfluorinated Poly-
mers, Polytetrafluoroethylene. John Wiley and Sons, Inc.

[Tanaka et Kawakami, 1982] TANAKA, K. et KAWAKAMI, S. (1982). Effect of various
fillers on the friction and wear of polytetrafluoroethylene-based composites. Wear,
79(2):221 – 234.

[Tervoort et al., 2002] TERVOORT, T. A., VISJAGER, J. F. et SMITH, P. (2002). Melt-
processable poly(tetrafluoroethylene)—compounding, fillers and dyes. Journal of Flu-
orine Chemistry, 114(2):133 – 137. 13th European Symposium on Fluorine Chemistry
(ESFC-13).

Modeling of the mechanical behavior of PTFE compounds during their cold pressing



214 Bibliography
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