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bstract

iming at assessing the stress distribution on the surface of a die mandrel during the extrusion of ceramic products, the flow of wet ground clay
as simulated both in a ram extrusion device and by a FEM-based model, considering the von Mises criterion for the flow stress, the associative
ow rule and the rigid–viscoplastic constitutive equation. The friction between clay and die is approached by the Tresca boundary condition, which

roves a more realistic approach than the Coulomb friction law for the contact conditions between a plastically deforming material and a rigid
urface. The Tresca friction factor and the material parameters of the constitutive model are determined through comparison of experimental and
heoretical results. The distributions of clay sliding velocity and normal and frictional stress on the mandrel surface are then assessed through the
umerical simulation model. It is found that no sticking areas appear on the mandrel surface.

2008 Elsevier Ltd. All rights reserved.
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. Introduction

The calculation of the flow of wet ground clay during the
xtrusion of ceramic products (bricks or tiles) is necessary for
he assessment of the loads occurring on the extrusion dies and
heir resulting wear. The applied types of clay can exhibit con-
iderable variation in their chemical composition and grain size
istribution and consequently in their mechanical properties.
fter the removal of foreign bodies and the downsizing of the
igger grains in a drum crusher, water in proportion of about
5% on the weight of the dry clay is added. The resulting wet
lay is a paste-like, macroscopically homogenous mixture with
he ability of retaining its shape and sustaining small tensile
tresses, behaving practically as a soft solid.
The behaviour of such paste-like materials in extrusion
rocesses, where the imposed strains are orders of magni-
ude larger than the elastic strains, is well described by the
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igid–viscoplastic constitutive model.1–5 However, there are few
omparable experimental data on the material parameters of the
onstitutive model, even less so for wet ground clay. Further-
ore, there appears often considerable disagreement between

uch data provided by different authors, not least as a result
f different boundary conditions used to describe the friction
etween clay and die, which due to the relatively high size of
he friction force in every practical application or experimental
rocedure are of crucial importance for the numerical simulation
esults.1,2,4–6

In order to determine the loadings of the die mandrels’ sur-
ace thin hard coatings during brick extrusion an experimental
nd theoretical simulation has been carried out. The flow of the
et clay around a die mandrel is simulated in a ram extruder

nd the measured force–displacement curve is compared with
he results of a finite element simulation model based on the von

ises criterion for the flow stress, the rigid–viscoplastic consti-

utive model and the Tresca boundary condition. The values of
he constitutive model parameters and the Tresca friction factor
or a certain type of clay used in a production plant are obtained
y fitting the numerical results with the experimental data. The

mailto:bouzakis@eng.auth.gr
dx.doi.org/10.1016/j.jeurceramsoc.2008.02.027
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Fig. 1. Schematic presentation of a section set of a brick extrusion die.

tress and clay velocity distributions on the surface of the man-
rel as well as the flow pattern of the clay in the vicinity of the
andrel as assessed by the FEM simulation model are presented

nd discussed.

. Experimental procedure and results

A characteristic section set of a brick extrusion die is depicted
n Fig. 1. The set consists of a frame and several supporting rods
nto which the die mandrels are screwed. The clay is being
hrust through the die mandrels by clay driving forward rotat-
ng screw, producing a continuous column of the cross-section
f the brick, which then passes through an automatic cutter. A
ie usually comprises four to six brick section sets. The frame
nd the rods are made of steel, whereas the mandrels, which
ndergo the severest tribological strain and exhibit the highest
ear, are usually made of a friction resistant material, such as
f hardened steel, cemented carbide or even ceramics. Since
ecent time PVD or CVD coatings contribute to a significant
ear behaviour improvement of the applied mandrel materials.

Wet clay, as used in an extrusion press for brick produc-

ion, was applied in the trials. Its main physical, chemical and
echanical properties are shown in Table 1.

able 1
hysical, chemical and mechanical properties of the applied clay

ry clay
Chemical composition (% by weight)
SiO2 66.00
Al2O3 15.10
Fe2O3 5.00
CaO 2.25
MgO 1.67
K2O 2.30
Na2O 1.22

.O.I. 6.42

Total 99.96

rain size distribution (% by weight)
<0.05 mm 60
0.05/0.15 mm 20
>0.15 mm 20

et clay: water content, 13.5% by weight; specific density, 1.950 kg/m3.
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The yield stress of paste-like materials can be determined
ither through the rheological calculation of an orifice or a
queeze film flow,3,7 or through a compression test.8,9 Both
ethods involve considerable inaccuracy due to simplification

ssumptions necessary for the calculation of the rheological
ow, or to the difficulty to determine clearly the beginning of the
lastic flow in the case of a compression test. As the applied wet
lay exhibited a sufficiently clear beginning of plastic flow in
ompression tests, its yield stress could be determined through
n unconfined compression test as 0.102 MPa, in the range of
alues presented in Refs. [7–9].

As shown in Fig. 2, the experimental device consists of a
ectangular compression chamber with a cemented carbide die
andrel coated with a 10-�m thick diamond coating, fixed at its

utlet. The chamber is filled with a prescribed quantity of wet
lay, which is then extruded by a piston through the gap between
andrel and chamber. The geometry of the coated die mandrel

s also shown in the figure. The short cylindrical shaft on the top
f the mandrel simulates its holding rod and contributes to the
evelopment of similar clay flow conditions as in the brick extru-
ion die. The internal cross-section of the compression chamber
s 32 mm × 34 mm, so as to reproduce the dimensions of the gap
etween the mandrels of the actual die.

The experimental set up to monitor various parameters dur-
ng the clay extrusion is shown in Fig. 3. The piston is operated
y a pneumatic cylinder. A control unit monitors and records
he progress of piston force and piston displacement. The force
pplied by the piston is adjusted through a pressure regula-
or, while its speed is controlled by a strangulation valve on
he upper part of the pneumatic cylinder. The wet clay is first
ressed by the piston against a pad at the outlet of the compres-
ion chamber to ensure a continuous mass and release it from
ossible air enclosures. The piston then moves back to its start-
ng position at the top of the chamber, the pad is removed and
he clay is extruded by the piston, producing a single hollow
olumn.

Two trials with different mean piston speeds of 46.5 mm/s and
35 mm/s were conducted, using the same quantity of wet clay.
he measured curves of piston speed and piston force against
iston displacement are shown in Fig. 4a and b, respectively.
tarting at the top end of the chamber the piston accelerates
ntil it contacts the mass of clay, where it decelerates sharply,
hile the piston force rises correspondingly as the extrusion
egins. During the extrusion, in the range from 118 mm to
83 mm of the piston stroke, the piston force declines due to
he decreasing friction between clay and chamber, causing a
light and steady increase of the piston speed. The compar-
son of the measured force curves with those obtained from
he following numerical simulation was accomplished for the
ection of the piston stroke between 132 mm and 166 mm, as
hown in Fig. 4a and b, where their slope is practically sta-
ilized and not affected by the inertial factors acting in the
eginning and the end of the extrusion range. As in this region

he deviation of the actual piston speed from its mean value
s less than 3% in both trials, a constant speed equal to the

easured mean speed was assumed in the numerical simula-
ion.
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Fig. 2. Concept of experimental device and geometry of coated die mandrel.
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Fig. 3. Schematic representation

. The developed FEM-supported simulation model
A numerical simulation model was developed to predict
he force–displacement curves obtained from the trials. As the
tresses applied on the clay are orders of magnitude higher than
ts yield stress of 0.102 MPa – at the end of the considered stroke

2
t
U
a

hoto of the experimental device.

ection during the low speed (46.5 mm/s) trial, where the piston
orce is lowest, the pressure exerted by the piston on the clay is

000 N/1088 mm2 = 1.84 MPa –, it can be safely assumed that
he entire mass of the clay is in a state of plastic deformation.
nder such circumstances the elastic components of the strains

re negligible and the strain rates are considered as plastic.
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ement for mean piston speeds of 46.5 mm/s and 235 mm/s.
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Fig. 4. Piston force and piston speed vs. piston displac

The wet clay, a highly concentrated dispersion of interactive
articles in a continuous liquid phase (water), is assumed to be
n isotropic material which follows the associative flow rule and
he von Mises yield criterion,4,5,10 so that under plastic flow, in
Cartesian coordinate systems x, y and z:

˙ ij = λsij and (1)

= λ(σfl) (2)

here ϕ̇ij are the strain rates and sij is the respective deviatoric
tresses:

ij = σij = 1
3 (σx + σy + σz) if i = j, sij = σij if i �= j

(3)

nd the flow stress σfl is the von Mises equivalent stress:

fl =
√

3

2
(s2

xx + s2
yy + s2

zz) (4)

he flow rate ϕ̇fl under uniaxial stress σfl is obtained by applying
q. (1) for the uniaxial stress condition and substituting σfl with
q. (4):

˙fl = λ
2

3
σfl =

√
2

3
(ϕ̇2

xx + ϕ̇2
yy + ϕ̇2

zz) (5)
he shear flow stress τfl is obtained from the von Mises criterion
s

fl = σfl√
3

(6) Fig. 5. Geometry of the numerical simulation model and initial finite element
discretization of the clay.
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he shear flow rate γ̇fl, i.e. the shear rate under pure shear stress
fl, results by applying Eq. (1) for pure shear:

˙fl = 2λτfl = 2λ
σfl√

3
=

√
3ϕ̇fl (7)

he hardening behaviour of the clay is assumed to follow the
erschel–Bulkley relationship,1,3–5 with the shear flow stress τfl
function of the shear flow rate γ̇fl:

fl = τ0 + Kγ̇n
fl (8)

here τ0 is the shear yield stress, K the shear plastic flow con-
istency and n is the flow exponent of the clay.

Substituting τfl and γ̇fl from Eqs. (6) and (7) and σ0/
√

3 for
0 in Eq. (8), where σ0 is the yield stress of the material, results
n the Herschel–Bulkley relationship in uniaxial form:

fl = σ0 + kφ̇n
fl (9)

here

= 3(n+1)/2K (10)
s the plastic flow consistency of the wet clay.
Since the temperature of the wet clay during the extrusion

rocess remains approximately stable at about 40–50 ◦C, the

ig. 6. Comparison between experimental and FEM—calculation results.

n
t
t
o
t

F
i

Ceramic Society 28 (2008) 2117–2127 2121

haracteristic material parameters k and n can be regarded as
onstant.

In the theoretical model the piston, the chamber and the man-
rel are considered as rigid surfaces. The piston moves with a
onstant speed equal to the mean speed measured at the respec-
ive trial. For a material under plastic deformation in contact with
rigid surface, the Coulomb friction law,1,2,7 according to which

he maximum friction stress τf,max is proportional to the normal
ressure p between the contacting bodies (τf,max = μp), does not
eem appropriate, as it assumes an actual contact surface pro-
ortional to the normal pressure p, which is not realistic for a
lastically deforming material. Furthermore, as the decrease of
he piston force with the descent of the piston is almost exclu-
ively due to the reduction of the friction force between clay and
hamber – the force on the mandrel remaining approximately
onstant because of the practically unchanging flow conditions
round it –, the almost linear decrease of the measured piston
orce in the considered stroke section implies that the distribu-
ion of friction stress there does not vary significantly along the
iston stroke. The Coulomb law instead, due to the decreasing
ormal pressure along the chamber wall, would result in a fric-

ion stress decreasing in proportion to the normal pressure and
hus in a concave piston force curve. The nearly linear decrease
f the piston force is thus an indication of the applicability of
he Tresca friction law,1,4–6,11 which assumes that the maximum

ig. 7. Piston, chamber and mandrel forces against piston displacement at var-
ous piston speeds.
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riction stress is a function of the shear flow stress τfl of the mate-
ial at the considered point, independent of the normal pressure
n the contact surface:

f,max = mτfl (11)

here m is a constant friction factor.
Indeed, since the flow of the clay along the considered region,

here it is not influenced by the presence of the mandrel, does
ot change significantly, the strain rate distribution remains also
ractically unchanged. According to the Tresca friction law Eq.
11) and the constitutive Eq. (8), this results in a constant friction
tress distribution along the piston stroke and thus to a linearly
ecreasing piston force.

As a result of the Tresca friction law the material should
tick or slide on any point on the wall depending on whether the
riction stress there is lower than or equal to the maximum value
f the friction stress Eq. (11), respectively.

. Assessment of the clay deformation parameters
hrough comparison of experimental and numerical
esults

The numerical analysis was implemented with the use of
he DEFORM finite element program for forming processes.12

he geometry of the model, built with the SOLIDWORKS solid
odeler,13 and the finite element discretization of the wet clay

illet with four-node tetrahedral solid elements at the begin-
ing of the simulation are shown in Fig. 5. The element mesh
s generated automatically by the AMG feature of DEFORM,
roviding for higher density in regions of high curvature or steep
train rate gradient. The mesh is maintained through successive
teps of the clay deformation until serious distortions due to the
arge plastic deformations render it inefficient and a new mesh is
utomatically generated. The volume compensation feature of
EFORM was activated to maintain a constant material volume

t remeshing, while the constant shear friction option was used
o apply a common Tresca friction factor between the plasti-
ally deforming clay and the rigid surfaces of piston, chamber
nd mandrel.

There are few comparable estimates available for the
nknown values of the three parameters of the numerical sim-
lation model, namely the plastic flow consistency k, the flow
xponent n and the Tresca friction factor m, referring mostly to
aterials such as plasticine or alumina paste,1,2,5,7 but not to
et clay as used in the production of ceramic products. Since

hese data are not applicable to the wet clay, the values of the
aterial parameters k, n and m were determined as the set of

alues for which the numerical simulation yielded the best fit
ith the experimentally obtained piston force curves. This was

chieved by each time assuming a value for the Tresca fric-
ion factor m and then systematically varying the values of the
arameters k and n until the numerical simulation for the higher

iston velocity of 235 mm/s yielded the best agreement with
he measured piston force curve. As both the experimental and
alculated piston force curves are almost linear, the sum of the
bsolute differences between the measured and the calculated

s
i
o
a
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iston force values at the beginning and the end of the consid-
red region (Fig. 4a and b) was used as fitting criterion. It was
ound that for each assumed values of m between 0.3 and 0.85
t was possible to find a unique set of k and n values for which
he sum of the absolute differences between the measured and
he calculated piston force values at the limits of the section of
omparison was less than 2% of the sum of the measured piston
orce values there (3585 N and 3010 N, respectively). Values of

outside this range led to no satisfactory solution. Each set of
, k and n values obtained this way was then applied to the cal-

ulation of the piston force curve for the lower piston velocity of
6.5 mm/s, under the same fitting criterion—that the sum of the
bsolute differences between the measured (2505 N and 2005 N)
nd calculated piston force values at the limits of the considered
egion should be less than 2% of the sum of the measured pis-
on force values there. In this way the combination of values of

= 0.46, k = 0.37 MPa s−n and n = 0.25 was determined to yield
he best agreement with the experimental results for both pis-
on speeds. Thus the constitutive Eq. (9) for the wet clay under
omplete plastic deformation, as in the case of the extrusion of
eramic products, takes the form:

fl = 0.102 MPa + 0.37 MPa s0.25ϕ̇0.25
fl (12)

nd the Tresca friction factor between wet clay and die mandrel
s determined as m = 0.46.

The comparison between the experimentally and the numer-
cally obtained piston force curves is shown in Fig. 6. The
uctuation appearing in the calculated curves is due to the itera-

ion procedures of the FEM solver and does not affect their actual
ourse. The curve for the lower piston speed is predicted with
early complete accuracy, whereas for the higher piston speed
he numerical model yields a slightly steeper curve. Nevertheless
he accuracy of the numerical model is deemed satisfactory, as
he deviation between experimental and theoretical values does
ot exceed 2% for both piston speeds.

. Determination of the mandrel surface loadings

The variation of the piston, chamber and mandrel forces along
he piston stroke for the lower and higher tested mean piston
peeds of 46.5 mm/s and 235 mm/s, respectively is shown in
ig. 7. The piston force is equal to the sum of the friction force
n the chamber and the force on the mandrel. The force on
he mandrel remains practically constant, attesting that the flow
round it remains stable during the descent of the piston. It is
lear that the value of the Tresca friction factor m is crucial for
he theoretical simulation results, as the friction between clay
nd chamber makes up about half the piston force (the friction
n the mandrel surface being also a substantial part of the force
n the mandrel, as discussed later).

In a Cartesian coordinate system where the x and y axes lie
n the directions of the longer (34 mm) and shorter (32 mm)

ides of the chamber cross-section, respectively and the z-axis
n the direction of the piston stroke, the calculated distributions
f velocity in the z-direction, equivalent strain rate and equiv-
lent (flow) stress on the contact surface of the clay with the
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Fig. 8. Z–velocity, equivalent strain rate and flow stres

hamber and the piston, for a position of the piston approxi-
ately 155 mm from its starting position, are given in Fig. 8 for

he lower and higher piston speed. Comparison with the results
or other positions of the piston along its stroke has confirmed
hat the flow pattern of the clay around the mandrel remains
irtually unchanged with the descent of the piston.

As seen in the velocity distributions, there are nowhere
ticking areas, even at very low velocities, in accordance to
xperimental observation in Ref. [14]. In the upper part of the
hamber, where the flow is not significantly affected by the pres-
nce of the mandrel, the bulk of the clay moves with roughly
he speed of the descending piston—with the exception of small
reas in the corners of the chamber, where there is a reduction

n the vertical velocity of the clay of up to 30% for both piston
peeds, as a result of higher friction there. Because of this decel-
ration, the clay flows from the corner areas towards the middle
f the chamber, however its horizontal velocity gets consider-

τ

o

ribution on the chamber wall at various piston speeds.

ble only very close to the corners, so that in almost the whole
ass of the clay the horizontal (x and y) components of the

elocity are practically negligible in comparison to the vertical
z) component. As the flow accelerates towards the narrower
utflow cross-section, the strain rate and therefore the friction
n the contact surfaces rise considerably. The outflow velocity
rofile is quite uniform though, both in the directions across the
ap and along the wall, due to the relatively low impact of the
riction stresses against that of the high value of the plastic flow
onsistency k.

For sliding contact, the value of the friction stress τf is cal-
ulated from Eqs. (6) and (11), for m = 0.46, as
f = m√
3
σfl = 0.266σfl (13)

Apart from the corner areas, where the horizontal component
f the friction stress is considerable as a consequence of the
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orizontal flow there, the friction stress on the wall is almost
ertically directed. The highest values appear in the corner areas

0.26 MPa for the higher piston speed, for an equivalent strain
ate of 30 s−1) and to a lesser degree across the upper edges of
he vertical sides of the mandrel (0.21 MPa), where the strain
ate, and thus the flow stress, is highest.

d
t
a
s

ig. 9. Sliding velocity, equivalent strain rate, friction stress and normal pressure dis
Ceramic Society 28 (2008) 2117–2127

Of particular interest for the examination of the mandrels’
ear in a further stage of this investigation are the calculated

istributions of clay sliding velocity, equivalent strain rate, fric-
ion stress and normal pressure on the die mandrel surface, which
re presented in Figs. 9 and 10 for the lower and higher piston
peed, respectively.

tribution on the surface of the die mandrel for a piston speed of 46.5 mm/s.
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ig. 10. Sliding velocity, equivalent strain rate, friction stress and normal press

After acquiring a high sliding velocity by the junction of
haft and mandrel the clay decelerates on the upper horizontal
urface of the mandrel and then accelerates on the inclined sur-

ace, until it almost reaches the outflow velocity at the edges of
he vertical sides. The strain rate and accordingly the friction
tress are highest on the horizontal surface of the mandrel close
o the shaft (about 125 s−1 and 0.65 MPa, respectively, for the

e
v
f
t

stribution on the surface of the die mandrel for a piston speed of 235 mm/s.

igher piston speed) and then decrease gradually towards the
utlet. Normal pressure is also high on the horizontal surface
f the mandrel, retaining high values on the inclined surface,

specially at the lower edges, then becoming negligible on the
ertical surface. As a rule, with the exception of the vertical sur-
ace, the normal pressure is an order of magnitude higher than
he friction stress. In the case of the higher piston speed, the
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Fig. 11. von Mises equivalent stress of the clay on

ormal pressure accounts for about two thirds of the force on
he mandrel – the rest owing to friction –, whereas, for the lower
iston speed, the contribution of normal pressure is only slightly
reater than that of friction, as the lower strain rates affect pres-
ure stronger (through the flow rule) than friction (through the
resca law). While the sliding velocities on the mandrel surface
re roughly proportional to the piston speed (the velocities for
he 235 mm/s piston speed being about five times those for the
6.5 mm/s speed), the (normal and frictional) stresses are influ-
nced in a lesser degree by the piston speed – they are about
.5 times higher for the higher speed –, due to the form of the
onstitutive equation.

As shown in Fig. 11, the equivalent stress on the surface of
he mandrel (to which the friction stress is proportional by the
resca friction factor) rises only moderately with the extrusion
peed, being more affected on the inclined surface, as the pres-
ure on the vertical surface remains low even at high extrusion
peeds.

. Conclusions

The characteristic material parameters of the rigid–
iscoplastic constitutive equation for the flow of wet clay dur-
ng the extrusion of ceramic products were determined through
omparison of the force–displacement curves obtained by a ram
xtrusion trial and its numerical simulation. The Tresca fric-
ion law applied to describe the contact between the plastically

eforming clay and the rigid walls of the experimental device is
ell supported by the experimental results. The value of the
resca friction factor m proved decisively important for the
btained results.

d

s
i

rface of the die mandrel at various piston speeds.

The numerical simulation of the flow has shown that no
ticking areas appear between clay and die. As a result of the
resca law and the form of the constitutive equation the sig-
ificance of the friction stresses relative to that of the normal
ressure is higher for lower extrusion speeds. However, at the
xtrusion speeds of the trials and particularly those applied in
he production of ceramic products, which are close or higher
han the higher speed tested here, the values of the normal
ressure on the die mandrel are by an order of magnitude
igher than those of the friction stress. The resulting equiv-
lent stresses on the surface of the mandrel are quite low,
n the order of magnitude of 1 MPa, indicating that wear of
he mandrels occurs due to abrasion rather than mechanical
oad.

An important conclusion, which seems to hold for most sim-
lations of viscoplastic flow, is the high impact of the applied
riction boundary condition on the obtained results. Indeed, due
o the generally high plastic flow consistency of viscoplastic

aterials, the flow pattern of the bulk material is not significantly
ffected by the friction on the walls. However, the assumed fric-
ion law strongly influences the calculated value of the extrusion
orce, owing to the usually considerable contribution of the fric-
ion stresses to the overall extrusion force. At high extrusion
peeds, where the applied pressure on the material and con-
equently on the walls is high, the unrealistic application of
he Coulomb friction law can result in an overestimation of the
riction stresses and thus of the extrusion force, or in severely

istorted estimates of the material parameters.

The developed methodology enables the determination of the
uperficial die loads during clay extrusion and thus of the stresses
n hard coatings deposited on the dies.
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