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Abstract:

We propose in this work to provide an efficient amahple extruder device able to evaluate
the rheological and tribological behaviour of higleld stress fluids, such as extrudible
materials. An extruder able to measure simultarigdusth the friction force acting on the
extruder wall and the total extrusion force is deped. Based on previous studies, an
efficient and accurate method of data analysibeés fproposed and applied in order to obtain
both a flow curve and a tribological law. Experirtedriests are performed on soft modelling
clay, kaolin paste and cement-based materials. ®esuk compared to conventional
rheometry measurements. This comparison helps atu@e the accuracy of the proposed

experimental device and procedure.

Keywords. Extrusion, rheology, tribology, yield stress.
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Nomenclature

d: Die orifice diameter (m)

D: Extruder barrel diameter (m)

F: Total extrusion force recorded at the ram (N)

F+: Friction force on the extruder barrel (N)

Foi: Shaping force required to ensure the flow indleeland (N)

Fpi: Contribution of K induced by the bulk deformation in the shaping z@e
Fpi2 - Contribution of kinduced by the friction acting along the dead zemdace (N)
Fpis: Contribution of Finduced by the friction along the exit orifice saoé (N)
h. : Height of the cylinder tool (m)

h,: Height of the vane tool (m)

ki Apparent friction factor (Pa.(s:Hi"™)

ks: Shear consistency -Herschel-Bulkley behaviourdPa

Kw: Wall friction stress (Pa)

Kwo: Wall friction yield stress (Pa)

Lg: Length of remaining billet (m)

L4z Static or dead zone length (m)

Lo: Exit orifice length (m)

m: Ratio of the wall friction stress to the bulk ahetress

M: Maximum torque recorded during vane tests (N.m)

Ng: Friction index

ns Shear flow index -Herschel-Bulkley behaviour

Rc: Radius of the cylinder (m)

R:: Valley to peak value of the surface roughnesé$lpr@m)

R,: Radius of the vane tool (m)
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V: Ram velocity (m.3)

Vi: Velocity at the interface between extruder watl anaterial billet (m:3)

y: Shear rate §§

0: Conical die entry defined as half the includedlarof the dead zone
Oo: Bulk elongational yield stress (Pa)

T: Bulk shear stress (Pa)

To. Bulk shear yield stress (Pa)

1. Introduction

Extrusion is a highly efficient forming process dg$e a wide range of industries such as food
engineering, ceramics, pharmaceutics, building nads$e etc. The extrusion flow properties
are directly linked to the material rheology anibdlogy. An accurate evaluation of the
rheological and tribological behaviour of the ertied materials is crucial in order to optimize
the process.

In Handle’s book on ceramics extrusion, ram extmuss defined as a discontinuous shaping
process in which a plastic material is pushed thinoa die or matrix by a piston, whereby the
geometry of the die determines the extrudates IpsofDoll et al. 2007). The use of a ram
extruder as a rheometer has already been studieyl tin@es (Avitzur 1983; Basterfield et al.
2005; Benbow and Bridgwater 1993; Hill 1950; Hoirob999; Mimoune and Aouadja 2004;
Toplak et al. 2007; Li and Bridgwater 2000; Benbdwale1991).

In this study, we focus on the development andugeeof a ram extruder device dedicated to
the study of the rheological and tribological bebawv of high yield stress fluids. The
developed apparatus is able to provide independetiit wall shear stress at the

paste/extruder barrel interface and the pressuyairesl in the die land while common
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capillary rheometer only provides the total pressinop required to ensure the flow in the die
land. This is of great interest because data aisalys common capillary tests requires
assumptions or tests performed with different diergetry in order to separate the pressure
drop contribution due to the wall friction from tleentribution due to plastic deformation in
the shaping area.

In a first approach, Benbow and Bridgwater (Benkeowd Bridgwater 1993) and Hill (Hill
1950) have used the ram extrusion geometry aslgtoeiding a comparative parameter (for
example “extrusion pressure” or “bulk yield strgss/hich is directly linked to the die
pressure drop. These studies have contributed poowe the ideal work equation used for
plastic materials. The effect of ram velocity cdsoabe studied with such data analysis
methods (Benbow and Bridgwater 1993).

Those methods only provide comparative parametdniehwdepend on the ram extruder
geometry as shown by recent studies (Basterfieldl.e2005; Toplak et al. 2007). For
example, the measured values of extensional yietdscan be far larger than the extensional
yield stress of the material computed from rotalaheometry (Srinivasan et al. 1999; Zhou
and Li 2005a). However, those methods are the mvakly used with a ram extruder and
have been used in several studies to analyse thedekilty of materials or to evaluate the
material’s flow behaviour (Alfani and Guerrini 2006heyne et al. 2005; Martin et al. 2006;
Mascia et al. 2006; Rahman et al. 2002; Srinivagaal. 1999; Zhou and Li 2005a; Zhou and
Li 2005b).

For plastic material and using plastic theory alal Isnes analysis, several studies provide
more accurate modelling of the force required toraw@me the diameter variation using the
material elongational yield stress. Those methedgiire assumptions on the velocity field,

slip line design and limit conditions. This waseatpted by Horrobin (Horrobin 1999;
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Horrobin and Nedderman 1998), Avitzur (Avitzur 1988r Kobayashi and Thomsen
(Kobayashi and Thomsen 1963).

In recent studies, theoretical frames have beemldpgd to compute intrinsic rheological
parameters such as yield stress, consistencywiirfldex from extrusion tests.

For example, Basterfield et al. (Basterfield et28l05) proposed an adaptation of the Gibson
equations (Gibson 1988) which is used to computevibcosity and flow index of a power
law fluid from orifice extrusion force data. The hots assume a radially convergent flow
from the extruder body to the exit die. The propbsedel assumed the converging flow to
be purely elongational.

Toplak et al. (Toplak et al. 2007) have recentlyadleped a new method to compute the yield
stress of a material from its gravity draining tlgh an orifice. The authors assume the flow
to be similar to the Poiseuille flow through a ogiical barrel with a diameter equal to the
exit die one. The proposed model assumes a stwaafid was successfully applied to wide
bore capillary rheometer with small die cross sedi

Extrusion is also greatly influenced by the matetidology as shown in several studies
(Estellé et al. 2006; Mankar et al. 2004; PerrcaleR006; Toutou et al. 2005). Friction may
occur in the die land area (Benbow and Bridgwate33)9but also between the extruder
barrel and the material billet as shown in (Man&iaal. 2004; Perrot et al. 2006). Moreover,
for high solid volume content materials such ase&®nrbased material, friction forces are the
the most important resistant force to overcomergteoto ensure the extrusion flow. As a
consequence, it is crucial to study what happenedrém the die land. This means that the
tribological behaviour of the material has to beedained.

This leads to the conclusion that the total extmgorce can be split into two contributions:
the force required to overcome the diameter deeraad the force required to overcome the

friction force acting on the extruder barrel.
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In this study, we propose to design a novel ramueber which makes it possible to study both
rheological and tribological behaviour of high yiedtress fluids (shear yield stress larger than
1 kPa). The developed apparatus is able to measurdtaneously the friction force between
the extruder and the material billet and the tetdtusion force. This extruder is then tested
on three different materials: a cement-based naterikaolin clay paste and commercial soft
modelling clay. An adaptation of the model devetbpey Basterfield et al. is done
(Basterfield et al. 2005) to obtain an accuratenmegion of the rheological modelling
parameters taking into account the friction actiigng the dead zone (which acts as a tapered
die).

2. Materials and protocols

2.1. Tested materials

Three pasty materials are tested. They exhibiel wtress ranging from 15 to 50 kPa. The
first one is a commercial soft modelling clay whigh known to exhibit a viscoplastic
behaviour with negligible elastic properties afbort compression (Estellé et al. 2006). The
second material is a mix of kaolin clay powder avater (water/kaolin mass ratio equal to
38%). The kaolin clay used is a Powdered PolwhiBefl®m Imerys (Kaolins de Bretagne,
Ploemeur, France). The largest clay grain sizéosecto 40um. The mass mean kaolin grain
size is close to §m. The third material is a cement-based materiataining a large amount
of fly ash. The dry powder consists in a mix of 70¥%fly ash and 30% of cement. The fly
ash has an optimized grain size distribution (mikMeen micronised and natural) and the
cement is an Italcementi type 1 52.5 R. The ligoidhse is composed by tape water (96 % in
mass) and methylcellulose 4% in mass). Such adnmeixua polymeric suspension acting as a

viscosity enhancer agent in order to reduce drandgsts on cement-based paste are
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performed without delay after mixing in order tooal/rheological changes due to chemical
effects.

In the present study, the paste compressibility bhasn neglected. This assumption is
supported by two main reasons. Firstly, the studkgsdnot concern highly viscous polymer
melts which are very sensitive to pressure (ParkleR008; Dealy 1995). Secondly, the
compressibility effects in the die land remain ted because the recorded pressures are
relatively low (under 500 kPa). Such hypothesisree® be relevant in the present study but
it cannot be held in high pressure capillary flowfirm polymer pastes (Mitsoulis and
Hatzikiriakos 2009; Mitsoulis et al. 2007).

The rheological behaviour of the three tested gasteisco-plastic. It is important to note that
the extruder is efficient only if the tested makremains homogeneous. Thus, it is crucial to
check that no drainage occurs during the test. Aiplesdrainage may prohibit the use of the
tested device at low ram velocity (Martin et al0@p)Mascia et al. 2006; Perrot et al. 2007;
Perrot et al. 2009; Yu et al. 1999). This can beedby measuring the densities of both the
extrudates and the remaining material in the extrude

Reference shear flow measurements have been indamén performed under isothermal
conditions (20°C) using a Brookfield Soft/Solid texsequipped with a vane geometry in an
infinite cup (200x200 mm?2). This type of cup is dige circumvent the wall slip artefact. The
radius of the four-bladed vane geometry is 4 mm igdheight is 8 mm. The shear yield
stress is estimated at low shear rate using tesssgrowth test (Liddel and Boger 1996).
Tests are conducted under a rotation rate controfiede. The tool rotation rate is set at 0.01
rad.s'. This rotation rate is in agreement with the Lideld Boger protocol and allows for an
accurate determination of the yield stress (visaftects neglected). As proposed by Estelle
et al., the end effet is neglected (Estellé e2@D8). The shear yield stregsis deduced using

equation (1).
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=M
° 2mR2h,

(1)
where M is the maximum recorded torque apdfd k the vane radius and height.

Vane measurements provide shear yield stress af 1&Pa, 25 + 2 kPa and 50 *+ 4 kPa for
the cement based material, the kaolin paste andatienodelling clay, respectively. Because
such materials can exhibit viscous behaviour, aseterl-Buckley model is used in the

following, making it possible to describe possild@ear-thinning or shear-thickening

behaviour:

Ng

=T +ksy (2)

Wherey, ks and i are respectively the shear rate, the consistendythe flow index.

For the tribological behaviour, it has been sholat high yield stress fluids exhibit a friction
yield stress value (Roussel and Lanos 2003). Tha mgothesis is based on purely plastic
flow theory where the friction stress against alsggnooth surface (roughness heightup
to3 um) is considered to be a fraction of the shearsstighich strongly depends on the
surface roughness (Avitzur 1983; Horrobin 1999)isTassumption has been successfully
applied to model the squeeze flow of viscoplastatenals (Sherwood and Durban 1996,
1998). The friction yield stress, denoted,Kis measured using the stress growth test
procedure used for the shear yield stress measuatdgtow rotating velocity to avoid velocity
influence) replacing the vane tool by a smoothlstginder (R- = 4 mm and § = 4 mm).
The friction yield stress is also determined by nseaf the back extrusion technique. The
surface roughness of the back extrusion devicetlamextruder barrel are equivalent (Perrot
et al. 2011). The soft modelling clay exhibits &tfon yield stress value of 30 £ 2 kPa with
both techniques. For kaolin, the measured fricyi@hd stress value is 9.5 + 0.5 kPa with the

rotating smooth cylinder and 9 + 1 kPa with thekoagtrusion technique. This shows that
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both techniques provide equivalent results. Thatiém yield stress has not been measured for
the cement-based mix.

Then the velocity effect is highlighted using anlagg with the rheological behaviour. A
Herschel-Buckley-like equation has already beeml liseBenbow and Bridgwater to analyse
the friction stress inside a die capillary geomefBenbow and Bridgwater 1993). The
proposed equation can be written as follows:

Ky =Ko +kg. V™ (3)
Where V is the velocity at the interfacey, ks the apparent friction factor ang the friction

index.

2.2. High yield stress materials flowing through ram extruder
In order to develop an efficient extruder to stulg material flow behaviour, it is crucial to
understand the flow properties of a high yield sgréuids in an axisymetrical ram extruder.
The properties of extrusion flow of high yield ssdluids have already been studied through
various techniques: MRI (Go6tz et al. 2003; Rabidetaal. 2010; Barnes et al. 2006), positron
emission particle tracking (Wildman et al. 1999%ual observations (Hill 1950; Perrot et al.
2007) or numerical simulations (Horrobin 1999; Hdwin and Nedderman 1998; Jay et al.
2002; Zienkiewicz et al. 1977). From those studsducted at low shear rate, axisymetrical
extrusion flow can be divided into three parts (Hig
- A plug flow located in the extruder barrel whéine paste seems to slip along the wall. This
slippage induces friction force that should be oware to ensure the extrusion flow.
- A tapered static zone where the material rembliosked around the die entry. This area is
called the “dead zone”. It is assumed that the deae@ acts as a conical or tapered entry die

as proposed in previous studies (Basterfield €2Q05; Horrobin 1999).
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- A forming zone, located inside the conical deadez where the material billet diameter
decreases. This zone is called the “shaping zone”.

Thus, it appears obvious to introduce represemdtivce for each part of the flow where
material advance and forming occurs (as showrgurdi 1):

- The shaping force required to give its final shap the material in the shaping zone,
denoted f has been the subject of numerous studies (Avit883; Basterfield et al. 2005;
Benbow and Bridgwater 1993; Gibson 1988; Hill 19%@prrobin 1999; Horrobin and
Nedderman 1998; Kobayashi and Thomsen 1963; Beebaiv 1991) .

- The wall friction force F, developed along the extruder body iE linked to the friction
stress value K

The reference pressure is the external pressie0OP As described in figure 1,4ldenotes
the dead zone length and Is the friction length. The length of the dead z@&nown to
depend on both die and extruder body diameters.dbmmonly considered that the conical
dead zone is characterised bwa angle. In his study, Basterfield et al. have stmthat the
variation of this angle betweean3 and/6 has only little effect on the extrusion presséte

a result, the dead zone length can be modelledllasvE (Basterfield et al. 2005; Mascia et

al. 2006):
L= @

This assumption is in agreement with the modelliagults reported in previous studies
(Avitzur 1983; Basterfield et al. 2005; Benbow aBddgwater 1993; Gibson 1988; Hill
1950; Horrobin 1999; Horrobin and Nedderman 199&b#&yashi and Thomsen 1963).
However, lg; is also largely influenced by the roughness of éxé&uder barrel and die
surface. As shown by Horrobin (Horrobin 1999), tbeghness of the extruder walls largely
influences the dead zone length and form. As dtrasis required to measure the dead zone

length after extrusion to check if eq. (4) is vdbd a given extruder/material couple.

10
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As shown in figure 2, the dead zone length can laésmeasured from the visualisation of the
soft modelling clay remaining in the extruder aféxtrusion. The dead zone presents little
curvature however we assumed that both dead zagéhland form are close to the modelled

conical one.

2.3. Extrusion device and tests
The developed ram extruder shown on figure 3 masilide to measure simultaneously both
force contributions: the shaping force acting ie $inaping zone and the friction forces acting
on the extruder barrel.
The extruder barrel consists of a vertical steetdbaof 300 mm in length and 43.3 mm in
diameter (denoted D) placed under a controlledorgidoad frame. The surface roughness of
the barrel is R= 3 um and represents the maximum peak to valley haifjkite roughness
profile. A nylon ram is used to push the matemaide the barrel, ensures a uniform pressure
on the material and avoids liquid drainage upwhedram. This ram is equipped with a 20 kN
load cell (with a 1 N accuracy) in order to meastie total extrusion force F required to
overcome both frictions on the extruder barrel sinaping force in the die land.
The extruder barrel is placed on a novel die systdnch is fixed on the load frame. This
system allows measuring the friction force actihgng the barrel wall. The bottom of the
extruder barrel and the top of the die system atk bquipped with similar circular shoulders
of diameter 100 mm. The shoulders are perforatedhlse holes (diameter 6 mm — 120°
oriented) and connected using three small perfdragdindrical 2 kN load cells which are
centred on the holes (diameter 20 mm, hole diame@temm, thickness 3 mm, and 1 N
accuracy). Those load cells are pre-stressed byeavsbolt system.
During extrusion, the material billet induces alviattion stress on the extruder barrel which

tends to move the barrel downward toward the dob @msequently squeezes the three load

11
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cells. The sum of the three recorded forces isidensd to be equal to the friction force F
acting on the extruder barrel surface.
Then, the shaping force can be deduced from thesumee values of both the total extrusion
force measured at the ram and the friction forcasueed by the load cells supporting the
barrel.
The friction force measurement requires some gedratadjustments:
- The length of the barrel should be greater thamlisisneter in order to give sufficient
surface for the measurement of the friction actinghe barrel surface.
- The die diameter should be at least 10 times thearmuan particle diameter in case of
suspensions extrusion.
- According to eq. (4), low extrusion ratio d/D (labsn 0.1) leads to high value of,L
Then the dead zone may enter the friction measurerome. In this case, use of wide
bore capillary rheometer analysis should be pretefioplak et al. 2007).
This third geometrical limitation is crucial. If tiiiead zone is long enough to enter the barrel,
the force measured by the three small load cellsnet exactly correspond to the friction
linked to the moving material and then will not pd®/an accurate value of the wall friction
stress. In order to avoid this measurement artetaone of 20 mm in length is placed
between the exit orifice (square angle die) and ekguder barrel. With the used die
diameters (denoted d) of 8, 15 and 20 mm and wsind4) the computed dead zone length
ranges from 11.5 to 17.65 mm (which is less tham®@). This ensures that the dead zone
does not obstruct the movement due to the frictimmce at the flowing material/barrel
interface.
The die land is 8 mm long. Wall Friction on the tiad surface has to be subtracted from the
measured shaping force in order to study the worledn the conical zone where the material

diameter is shaped. The procedure will be presanttdte shaping force analysis section.

12
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A 55.3 mm diameter extrusion barrel with common sguangle dies is also used in addition
to the 43.3 mm diameter developed extruder. Ibisedto verify if the proposed data analysis
depends on the extruder geometry.

Extrusion tests are carried out under a load fremsuring a constant ram velocity ranging
from 0.1 mm.gto 8.33 mm.3.

The material billet length is controlled and ranffesn 120 to 200 mm depending on the test.
Both extruder barrels can be used with three diffesquare angle exit dies that allow for
performing tests at the same extrusion ratiosdile.equals to 0.18, 0.34 and 0.45). The final
volume and mass are measured and the computedeappensity is compared to the

theorical density.

3. Experimental resultsanalysis

3.1. Extruder devicevalidation and force data analysis
An illustration of the total extrusion force versile remaining billet length is presented in
figure 4. The curve can be split into three didtiparts. The first part consists in the flow
initiation. At the beginning of extrusion, the billlength is at its maximum. When the ram
starts to move, the billet is compacted. As a tesig recorded extrusion force dramatically
increases. We consider that this step ends wheexthasion force reaches its maximal value.
Then the second part begins. The extrusion foragssto linearly decrease as the ram
advances (i.e. as the remaining billet length desms). Such particular force versus billet
length evolution can be observed because the flaidmainly plastic and remains
homogeneous during the extrusion time. In additibis linear evolution is linked to the
linear decrease of the billet length due to thestamt ram velocity. As the billet length

linearly reduces, the surface of friction betweles éxtruder barrel wall and the material billet

13
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linearly decreases. This allows us to write thdofeing relationship which provides us the
friction stress denoted drom a simple force balance equation:

1 dF

Y mDdL,

(5)

Where F is the extrusion force ang ik the remaining billet length as defined in figur.

The third part of the curve begins when the evotutdf the force versus the billet length
variation becomes non linear. This happens whenrdhe is near the die land area and
squeezes the static zone. The recorded force eah g constant value or can increase with
the billet length decreasing. Then, the extrusest is stopped when the billet length is equal
to 5 mm.

The analysis of the extrusion force curve allowdaugestrain the data analysis to the second
part of the curve (linear decrease of the forceictiprovides us a friction stress value. The
use of the developed extruder provides the evalutib both the friction force along the
extruder barrel wall and the total extrusion foese shown in figure 5. The slopes of the
friction force curve and total force curve are velyse (deviation of 3%). This indicates that
the two measurements provide the same informasdwoéh curves allow for the computation
of the friction stress using eq. (5). Testing visco-plastic non comprdegsiaterial helps us
to show the efficiency of the two data analysiscprures. The effects of both shaping and
friction force along the extruder barrel on thata@xtrusion force is highlighted. Finally, with
the illustration given in figure 5, the computatiohthe friction stress K with eq. 5 can be
performed with the data obtained from both thel tex&rusion force and the measured friction
force data.

The difference between the total extrusion foran# the friction stressiFprovides a quasi-
constant value which is not influenced by the ralmaace as shown in figure 5. This force is
considered to be equal to the shaping forgedguired to reduce the billet diameter from D to

d. The resulting force value, denotegl ¢&an be used to compute an elongational or a shear

14
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yield stress and a velocity factor which can b&dohto the consistency and the flow index of
the tested material (Avitzur 1983; Basterfield et 2005; Benbow and Bridgwater 1993;
Horrobin 1999; Kobayashi and Thomsen 1963; Mimoand Aouadja 2004; Toplak et al.
2007; Hill 1950). In addition, §rcan be computed from the total extrusion forces&wrhen
the remaining billet length is equal to the deadezlength l, estimated with eq. (4). Eq. (4)
provides lg;value equal to 13.65 mm. At this value of billatdéh, the total extrusion force is
equal to 716 N. This force is close to the diffeeehetween the measured total extrusion
force and the measured friction force 693 N — standard deviation of 3.3%).

This measured value ofyHs later used to study the rheological behaviduthe studied

viscoplastic paste.

3.2. Friction force data analysis
The aim of the data analysis is to obtain the i@iahip between the ram velocity and the
friction stress acting along the extruder barrel as proposed by eq. (3).
The friction stress value is obtained from thedinpart of the evolution of the total force (or
the friction force) versus the remaining billet d¢im Ls as proposed in the previous section
and as shown in figure 6 for soft modelling clag @&pected, the slope of the curve does not
depend on the extrusion ratio d/D but is influenbgdhe ram velocity. From figure 6, it is
observed that the computed slope values for diffteddD and same ram velocity are very
close.
In figure 7, computed friction stress, ks plotted versus the ram velocity for the threstad
materials. The best fit of the friction law is givéor each of them. We note that the friction
law given by eq. (3) is able to describe the foiotbehaviour of all tested materials as the R2
coefficient is always higher than 0.99. In ordeetsure the accuracy of the proposed method

(geometry non-dependency) two extruder barrel diareewere tested. Both diameters
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provide the same Kvalues. This confirms the consistency of the predasethod as it does
not depend on the extruder geometry, but seemeotode only material friction parameters.

It should be noted that the extruder wall roughnggbke same in both cases (same steel and
same machining to obtain an average roughnessuaf)3Such parameters could have large
effects on the measured friction stress, but thisut of scope of the present work (Hoang et
al. 2010).

For soft modelling clay, the obtained friction yledtress value is 31 = 2 kPa. This value is
close to those obtained with rotating smooth cylimaled back extrusion technique given in
section 2.1 (deviation of respectively 3 and 1580). kaolin, extrusion tests provide a friction
yield stress of 8.7 £ 1 kPa. This is close the @slabtained with the back extrusion technique

and smooth cylinder given in section 2.1 (maximumwiaten of 9%).

3.3. Shaping force analysis
The required pressure drop to ensure the flowa$eo-plastic fluid through an extruder die
is commonly modelled by two contributions: The tina forces acting on the material/die
interface and the force required for the internalkldeformation (Benbow and Bridgwater
1993; Benbow et al. 1991).
In our case, the recorded shaping forgedfuired to ensure the flow in the tapered die land
(as we considered that the dead zone acts as eatceonvergent die) is precisely the sum of

three contributions:

The force required for bulk deformatiop, £ It corresponds to the plastic work needed
to reduce the billet diameter.

- The force required to overcome the friction ondlead zone which is considered here
as a tapered digyb.

- The force required to overcome the friction onélé orifice surface fs.
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The analysis of the force required for the plastark to reduce the diameter of the material
billet (Fp,1) has been the subject of numerous studies. Theused data analysis is given by
Benbow and Bridgwater (Benbow and Bridgwater 19938) have been used successfully to
describe the flow of many materials (Alfani and Gune 2005; Basterfield et al. 2005; Li and
Bridgwater 2000; Mascia et al. 2006; Rabideau e2@10; Zhou and Li 2005a; Zhou and Li

2005b). This equation writes:

D2 n D
Fo.= > .(00+0(V BB )In(aj (6)

Whereagy is considered as the elongational yield stresmd g are fitting parameters which
depend on the material rheological behaviour. Asppsed by Adams et al. (Adams et al.
1997), for a material respecting the Von Miseseciin, the plastic elongational yield stress is
equal to 3%,. The main limitation of this model is thatand g are not material intrinsic
parameters.

Basterfield et al. attempt to improve the modellofghe velocity influence on the extrusion
force. This model is adapted from the Gibson equatdo be able to describe viscoplastic
fluids (Basterfield et al. 2005). Assuming a spbaty convergent flow (with a dead zone
angle of 45°) and neglecting the contribution dushear, the author proposed an alternative
modelling. They considered the modelling of thenlim a conical duct with an angle around
45° where the shear contribution can be negledtatdhlly, the author derived the equation
(the transitions between conical and cylindricawi at both the dead zone and the exit

orifice entrance are neglected):

D2 D) 23" (2vD2\™
F,.=—— | 2431, In| = [+=—2 sinB(L+ cosB)™ (1- (d/ D) 7
i 4{@)@ B e comya-@oy) | ()

With ns and k represent respectively the flow index and the flowsistency. We note that
when the ram velocity tends to 0, eq. (7) reduoexgt (6). Equation (7) is finally used in the

present study to evaluate the force contributiokdd with internal deformation.
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Then, the force required to overcome the friction toe tapered dead zone surface is
computed using the modelling given by Benbow anéahors (Benbow and Bridgwater

1993; Benbow et al. 1991). It is important to ntitat the friction stress acting on the dead
zone surface differ from the friction stress actimgthe steel barrel (the interface roughness is
different). Moreover, in this particular case, thabological behaviour implies a

material/material interface. As a consequencesahss rational to consider the friction at such
interface as a thin localized shear band. Thusisadg for squeeze geometry (Sherwood and
Durban 1996, 1998; Engmann et al. 2005), it is m&sbithat the friction stress at the extruder
barrel is a fraction of the friction stress at thead zone interface. We define a coefficient m
as the ratio of the friction stress at the extruokerel to the friction stress at the dead zone
interface. Moreover this coefficient m tends tgoKo, when the interfacial velocity tends to O.

The coefficient m can be expressed as follow:

m= K, (steel surfacg _K,, (8)

K, (dead zonesurfag) '

This coefficient allows us to write the frictionré@ acting on the tapered dead zone surface.
The final expression is given by the Benbow andagthrors modelling combined with eqgs.

(3) and (8) (Benbow and Bridgwater 1993; Benboale1991):

1 nD? d . D2 d\™
FPI,Z = ET K WO cotBIn B + kfrV fr (1_ [—j j} (9)

d 2ng, D

It can be noted that this assumes that the sligr laghaviour is the same against the extruder
barrel and against the static zone. However, it lmarconsidered that the power law index
taken for the material/material interface can beaédo n as it concerns a material/material
interface. At least, the power law index rangesvbeh i and . This could have some

noticeable impact that would be discussed at theoétite section.
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The third contribution which corresponds to thetfan along the die orifice steel surface (R

= 3um) is commonly written using a simple force balaaqgeation:

D 2ng
Foiz =T[d|—o{K wo + KV 42 } (10)

Finally, the shaping force,fts provided by the summation of the three contrdns:

For = Fon +Fopp t Ry (11)

For the three tested materials, it is then possibleighlight the rheological parameters (i.e.
To, ks and ) which provide the best fit between experimentd amdelling. Results are
shown on figures 8 to 10. Those curves show thaptbposed modelling is able to provide
an estimation of the rheological parameters withextruder geometry dependency. This
conclusion is clearly presented on figure 11 whbeemodelled values of the shaping force
Fp are plotted versus the measured ones. The diorelzetween modelling and experiments
is very good (R?=0.99). The Basterfield et al. gsial applied to the used die geometry and
local roughness is suitable for the shaping foreayesis. Rheological parameters are listed in
the table 1. Shear thinning behaviour charactettseshree tested materials. The comparison
of the shear yield stress obtained by vane geongséstion 2.1) and Extrusion tests shows
that extrusion provides close higher values for tivee tested materials. The variation is
more significant for of kaolin paste (35%) and campaste (21%) and is lower for soft
modelling clay (11%).

In order to study the effect of the power law indesed to compute the friction against the
dead zone, the computation is also made usingstead of p in eq. (9). In this case, the
obtained consistencies and flow index changes. ddwesistency k becomes 17.5 kPa.s
instead of 11.5 kPa.s for the cement paste, 1%0rdRead of 12.8 kPa for the kaolin and 5.1
instead of 16.8 kPa for the soft modelling clayeTiow index gremains at 0.1 for the

cement paste but becomes 0.2 instead of 0.11 édtablin and 0.9 instead of 0.46 for the soft
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modelling clay. Those values provide also a goadetation R2=0.96. This shows that the
assumption of the friction law against the staboe is important as it largely influences the
determination of the consistency and flow indexcdh be advised to use conical steel die

with the same roughness as the barrel one to talitla use ofin eq. (9).

4 Conclusions

In this study, we design a new extruder to studyhhbihe rheological and tribological
properties of high yield stress materials. Accordimdjterature data, the extrusion force can
be split into two contributions: the friction foraecting along the extruder barrel and the
shaping force in the die land. The new device iebtigped that makes it possible to measure
both contributions. The measured friction forgei$-used to study the material tribology. A
simple force balance equation allows us computirgy ftiction stress acting on the barrel
wall. For the shaping force,Fthe Basterfield et al. equation is adapted todiergeometry
(conical dead zone which acts as a rough tapesd The use of our experimental data bank
allows us to valid our protocol of data analysisffom materials. The method is finally used
to compute the Herschel-Buckley modelling paransetdr the three tested materials (soft
modelling clay, kaolin clay and cement-based pas&jear yield stress results are in

agreement with those computed from vane test sheldrstress.
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Table Caption

Table 1: Rheological and tribological modelling gaeters obtained with vane tests and

extrusion for the three tested materials.

Figure Captions

Figure 1: Force distribution in the extrusion flofhigh yield stress fluid

Figure 2: Dead zone length observation with soft eflody clay test extrusion (Ram velocity
1 mm.$', d=16 mm and D=43.3 mm). Comparison with modellenical dead zones.

Figure 3: Friction force measurement system indigggned die.

Figure 4: Typical evolution of the total extrusiforce versus the remaining billet length.
Test performed on soft modelling clay, D=55.3 mii)=D.36; V = 1 mm.s.

Figure 5: Evolution of the friction and total extiaus force versus the remaining billet length
measured with the developed extruder. Test perfdrameSoft modelling clay: D=43.3 mm,
d/D=0.36, V=1 mm .

Figure 6: Total extrusion force versus remainingebiength of soft modelling clay. Tests
performed for D = 43.3 mm. Slopes of linear fitthG/ALg are: 4.12 (R2=0.99) for d = 8 mm
and V = 0.1 mm 5.21 (R2=0.96) for d = 8 mm and V = 1 mf.8.85 (R2=0.99) for d = 20
mm and V = 0.1 mm% 5.06 (R2=0.97) for d = 20 mm and V = 1 mth;s

Figure 7: Friction law obtained for the three testeaterials.
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Figure 8: Modelled and experimental values of stgorce F for soft modelling clay
versus the ram advance.= 56.8 kPa ; k= 16.7 kPa'§; ns = 0.46 are the values providing
the best fit for the modelling. Tests performedwit = 44.3 mm and D=55.3 mm.

Figure 9: Modelled and experimental values of siguforce F; for kaolin paste versus the
ram advancerg = 39.1 kPa ; k= 12.8 kPa’¥; ns=0.11 are the values providing the best fit
for the modelling. Tests performed with D = 44.3 rand D=55.3 mm.

Figure 10: Modelled and experimental values of stforce k5 for cement paste versus the
ram advancetp = 19.0 kPa ; &= 11.5 kPa'¥; ns= 0.1 are the values providing the best fit for
the modelling. Tests performed with D = 44.3 mm B+%5.3 mm.

Figure 11: Correlation between the modelled shajinge value | and the experimental

value for the three tested materials.
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Figure 11
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