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Abstract

This paper is concerned with a number of means of
characterising the rheological properties of a cera-
mic paste. The intrinsic flow behaviour of the paste,
during upsetting, is studied experimentally by using
multi coloured paste samples, as well as by a finite
element numerical computation. The flow behaviour
of the paste is approximated by an elasto-viscoplas-
tic material constitutive model and implemented by
using an established finite element code. The mate-
rial flow properties, which are necessary for the
implementation of the numerical model, were
obtained using the squeeze film and hardness inden-
tation test configurations. The flow fields generated
by the simulation are shown to be a good accord with
the experimental observations. The experimental
procedure for selecting the material parameters
which are necessary for the implementation of the
numerical model is described. The accuracy of the
numerical method described is also evaluated by
comparing the simulation results with experimental
data obtained from the net upsetting force against
the imposed relative displacement behaviour and the
flow visualisation of deformed coloured layers. In
these respects, a comparison of the finite element
model predictions and the experimental results
demonstrates a good mutual agreement. © 1999
Elsevier Science Ltd. All rights reserved

Keywords: shaping, plastic forming, elasto-visco-
plasticity, finite element analysis.
1 Introduction

Paste materials are encountered in a wide range

of industries, either as an intermediary or as the
final product, including food, pharmaceutical, and
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ceramic products. Ceramic manufacturing by
extrusion, injection moulding, and tape rolling
(calendering) requires a suitable plastic precursor
which is often called a ‘paste’. The common feature
of these forming techniques is that a desirable shape
is formed from a mixture of powders and additives
that provides a coherent and extensively deform-
able plastic mass which also has some capacity to
retain its given shape. Organic materials (binders
and plasticisers) are added with a suitable solvent to
provide the necessary plasticity and elasticity.

The parameters such as the load, the stress, and
the strain distributions depend upon the bulk flow
properties of the paste and also upon the wall
boundary condition between the paste and the
rigid walls of the processing equipment. These
pastes are elasto-viscoplastic materials and they
exhibit relatively complex flow and wall boundary
properties. The main characteristic of paste pro-
cessing is the application of relatively large strains,
or material displacements, by the imposition of
stresses transmitted via rigid walls. Computer
simulation techniques may provide useful informa-
tion for determining the process parameters and
hence help to optimise the manufacturing process
of these materials. Process simulation has been a
major recent concern in paste forming technology
for the enabling of the proper design and control
which requires the determination of the deformation
mechanics involved. The effects of various proces-
sing parameters on the details of the paste flow dur-
ing processing are not easy to investigate because of
the complicated interactions which develop between
the wall boundary and the intrinsic rheology of the
material. Particulate paste materials behave, to a
good approximation, as viscoplastic fluids'-?> where
complex bulk flow and interfacial properties are
exhibited. Accurate determination of the defo-
rmation mechanics is potentially possible when the
finite element method is applied to the analysis of
paste forming processes. To examine the validity of
such numerical techniques, it is desirable to investigate
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and establish the bulk and interfacial flow beha-
viour in nominally simple flows such as the squeeze
film? and upsetting configurations.?©

The current paper describes an investigation of
the application of a numerical simulation method
to the upsetting of an alumina paste and a com-
parison of these results with selected experimental
data. The aim is to develop a data analysis proce-
dure for determining intrinsic material deformation
parameters and wall boundary characteristics for
ceramic pastes which may also be used for other
forming operations as well as for the design of
processing equipment. The bulk flow constitutive
relationship was modelled by an elasto-viscoplastic
equation and the reaction load, stress and strain
distributions were computed at each stage of the
deformation. The material flow parameters were
obtained using various experimental procedures;
the squeeze film method, the hardness indentation
procedure, and by the upsetting of cylindrical alu-
mina paste samples. For the interpretation of the
experimental data, the viscoplastic Herschel—
Bulkley model was adopted. The numerical results
are compared with various experimental data
obtained in the upsetting of the alumina paste.

2 Experimental

2.1 Paste preparation

A commercial alumina (AES-11, Morgan Matroc,
UK) with an average particle size of 0-4 um was
combined with methyl-ethyl-ketone (MEK) (sol-
vent, Aldrich Chemicals Co., UK), poly (vinyl
butyral) (PVB) (dispersant and binder, Aldrich
Chemicals Co., UK) and dibuthyl phthalate (DBP)
(plasticiser, Aldrich Chemicals Co., UK) to pro-
duce the paste system. Initially, the dispersant was
mixed with the solvent in a glass beaker, and then
the alumina powder was added to the solvent mix-
ture. In order to attempt to breakdown the
agglomerates, the suspension was ultrasonicated

L

for 3 min using a Vibra-Cell (model CV26) ultra-
sonicater and subsequently ball milled for 12 h.
After adding the binder and plasticiser, the sus-
pension was ball-milled for a further 24 h in order
to obtain a well dispersed suspension. The ceramic
paste was obtained by removing the solvent from
the suspension under the action of continuous stir-
ring in a water bath at 60°C. All the samples were
then allowed to equilibrate to 21°C for 24 h in a
temperature controlled laboratory prior to exam-
ination. At the end of the sample preparation, a
stable paste system was obtained without any sol-
vent content.

2.2 Squeeze film and upsetting tests

For the squeeze film and upsetting tests, cylindrical
specimens were cut from sheets of the alumina
paste specimens, with various thickness values,
prepared using the roll milling technique.” The
thickness of the alumina pastes was fixed by
adjusting the gap between the rolls. Especially fab-
ricated cutters were used for the cutting of cylind-
rical samples of the required dimensions. The
dimensions (initial diameter: initial height) chosen
for the squeeze film and upsetting tests were
22-00:3-:37 mm and 22-0:22-0 mm, respectively.
Two parallel platens were used for the uniaxial
compression of the cylindrical specimens. These
platens were attached to the cross heads of a com-
mercial universal testing machine (Instron 1120,
UK). The reaction load was recorded by a load cell
and the displacement was obtained from an LVDT
attached externally to the cross-head. The experi-
mental arrangements for these test configurations
are illustrated in Fig. 1. In order to create a wall
boundary condition with high wall friction coeffi-
cient, conventional Emery Papers (400 grade) were
inserted between the platens and the ceramic paste
specimens. For the ‘lubricated’ interface case, a
commercial silicone grease was interposed at the
interface between the ceramic paste material and
the platen surfaces.

1 {

Instron Cross Head

X ==l
Moving —{ =
Flaten : Indenter. [
SAMPLE )
Stationary
Platen —1—™= SAMPLE
SQUEEZE FILM UPSETTING INDENTATION HARDNESS

Fig. 1. Experimental test configurations.
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The flow visualisation of the paste deformation
process, during the upsetting test, was achieved by
using the coloured alumina pastes (green and red)
which were used to produce cylindrical paste sam-
ples containing various layers (thickness=3-37
mm and diameter=22-00 mm) of the alternating
colours. These samples were then compressed
between parallel platens. After the compression
test, the samples with the alternating layers were
cut into halves with a plane passing through the
major axis of the samples for the purpose of the
photography in order to observe the flow patterns
of the samples.

2.3 Hardness indentation test

A standard universal testing machine (Instron
1122, UK) was adapted for the hardness indenta-
tion tests, taking advantage of the load sensors and
actuator systems available in the machine; Fig. 1.
A separate LVDT (Schlumberger, UK) was used in
order to record the imposed displacement. The
indenter, a steel cone (90° induced angle) was fixed
in a special holder attached to the crosshead of the
testing machine. The specimen was supported upon
an alignment platform attached to the load cell.

3 Experimental Results

We have used three experimental compressive
deformation fields which are summarised in Table
1; the response of all three depends upon the pre-
vailing boundary conditions. There are first order
models of various quality for describing all three.
Response is geometry, boundary condition, and
rheology dependent.
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The experimental results, obtained from the
hardness indentation test, the squeeze film, and the
upsetting configurations, were analysed in order to
obtain the plastic and viscous properties of the
paste. Table 2 summaries the choices of the rheo-
logical relationships which have been adopted in
these analyses.

3.1 Squeeze film

A number of analytical analyses have been devel-
oped for the interpretation of the results obtained
from the squeeze film configuration. Here, the
‘Scott Analysis’® has been adopted. For a power
law liquid (as in eqn. (2), described later), Scott
obtained the following equation:

()

where F is the squeeze force, k is the flow con-
sistency, & is the height of the specimen, / is the
platen velocity, R is the radius of the specimen, and
n is the flow index.

In the squeeze film test, the alumina paste in the
form of a cylindrical disc is compressed between
two parallel steel platens. The effective radius of
the specimen is kept constant by maintaining the
radius of the alumina paste sample larger than that
of the rigid circular platens. Therefore, the material
outside the platen contact zone does not sig-
nificantly contribute to the total squeeze force
during the test. The squeeze force as a function of
the “film’ height for various platen velocities is
illustrated in Fig. 2. As can be seen from Fig. 2, the
squeeze force increases as the film height decreases.

2nk<—h)nR”+3
R (5 + 3)

2n+1
n

(1

Table 1. The experimental configurations used in this study

Deformation Contact area

Deformation volume Fields

Squeeze film Homogeneous” Fixed Varies Non-homogeneous
Upsetting Homogeneous” Varies Fixed Non-homogeneous
Hardness Local Varies Varies® Non-homogeneous
4Nominal.
bPerhaps.
Table 2. The results for the alumina paste
Relationship Techniques Form of equation Parameters
G, (MPa) n k
Power law Squeeze film =k(y)" — 0-35 1-61
o = ks&" — 0-35 3-38
Hardness T =k(p)" — 0-31 0-26
o =k,&" — 0-31 0-54
Hersched—Bulkley Squeeze film T=1, +k(y)" 0-058 0-363 1-544
o=0,+k,(&)" 0-10 0-363 3-26
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Fig. 2. The squeeze force as a function of the film thickness
for various platen velocities.

The platen velocity also has strong effect upon the
squeeze force; the higher the platen velocity the
larger the squeeze force. Using eqn. (1), the n and &
values for the alumina paste system were calculated
from the slope and intercept of the plot of In(F)
against In(h) as in the units of (N) and (m/s),
respectively.
For a power law model of the form:

T = k(") )

where v and yP' represent the shear stress and the
plastic shear strain rate, the flow parameters; shear
plastic flow consistency, k,, and flow index, n;, are
obtained as 1-61 MPa and 0-354, respectively.

3.2 Upsetting

A first order analysis for the upsetting of a rigid—
plastic cylindrical specimen, of radius R and cur-
rent thickness /4, was first proposed by Siebel.
According to this analysis, the mean compressive
wall stress, p,,, is given as follows:’

2 R
Pm: 0 5 %o 7
"+3"’“‘<h)

The yield stress of the paste (0,) and wall friction
coefficient (u) may be calculated from the intercept
and the slope of the plot of p,, against (R/h). The
yield stress for the alumina paste was calculated as
0-186 and 0-0117 MPa for the platen approach
speeds of 10 and 1 mm min~!, respectively, and the
friction coefficient was calculated as 2-77 and
18-8 for the plated speed of 10 and 1 mm min—!,
respectively. The calculated friction coeflicients
obtained wusing this analysis are invariably

unrealistic. These results clearly indicate that this
simple first order analysis is not suitable. This
analysis can only predict the flow parameters when
the material obeys the laws of plasticity and its
response is not dependent upon the imposed strain
or the strain rate. However, it was shown that the
response of the alumina paste is different under the
conditions of varying the strain and the strain
rates. In addition, this type of analysis assumes a
true homogeneous deformation of the material
within the bulk. Therefore, this analysis should not
be used to obtain the material parameters for the
materials whose response depends upon the strain
and strain rates.

The upsetting configuration was used to investi-
gate the nonhomogeneous flow by visualisation of
the deformation of alumina pastes. The experi-
mental results, obtained using the upsetting con-
figurations, will be reported together with FEA
simulation results in Section 5.

3.3 Indentation hardness test

The indentation hardness test was used to obtain
the hardness (a plastic yield characteristic) and the
elastic modulus of the ceramic pastes. In order to
compute these material properties a contact com-
pliance procedure, in conjunction with an analysis
based upon an adaptation of the Box—Cox curve
fitting method for the compliance curve, was
used.'®!" A hardness compliance curve obtained
for the alumina paste is illustrated in Fig. 3. The
hardness and reduced elastic modulus values of
this paste system were calculated as 0-25 and 4-5
MPa, respectively. The relationship between the
hardness (H) or approximately the mean contact
pressure (o.) and the yield stress (o,) is con-
ventionally assumed to be of the following form for
materials where the ratio of (o,/E)cot¢ (where ¢ is
the semi-complement of the conical indenter)
which is greater than some minimum value.!?

H=o0.= Bo, 3)

where B is a dimensionless factor whose value is a
function of at least the material response character
(the relative elastic/plastic behaviour), the contact
strain, and the interface friction.'> The value of B
is generally found in the ranges from ca 1.5 to 3.
For a fully plastic response B is near 3 and for the
cases where a significant elastic contribution is evi-
dent B is nearer to the lower limit. In the case of a
fully elastic material the relationship is naturally
not applicable. The plastic yield stress of the cera-
mic paste was calculated as 0-1 MPa assuming B is
equal to 2-5 and using eqn. (3). The elastic modulus
of the ceramic paste is calculated as ca 4.0 MPa
using the following equation
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E

Ef=—"
1 —v?

“4)

where E* is the reduced elastic modulus, E is the
elastic modulus, and v is the Poisson’s ratio. The
value of Poisson’s ratio was selected as 0-33 since
the best agreement between the experimental and
predicted deformed patterns was obtained using
this value. These results are reported in Section
5.

A power-law creep model, which was initially
described by Mulhern and Tabor and may be
used to describe time-dependent indentation, is
given as

o = k,&" ®)

where o is the uniaxial flow stress, k, is the uniaxial
flow consistency, n; is the flow index, and ¢ is the
strain rate. When we assume that the yield stress in
eqn. (3) may be substituted by the flow stress in
eqn. (5), we obtain the following relationship:

O, = Bkaéeff)m (6)

where £, is an effective strain rate which would be
experienced in a simple tensile or compression test
and is approximately equal to i/htan¢ where h
and h are the imposed penetration velocity and
depth, respectively.' In order to obtain the para-
meters k, and n3 for the constitutive equation [eqn.
(6)], the compliance curves for various penetration
velocities were obtained. The Bk, and n3 values of
the alumina paste were calculated from the inter-
cept and slope of the plot of In (o,) against In (¢.)
as 1-35 MPa and 0-31, respectively.

100 ————

[N]

Load,

Displacement, [mm]

Fig. 3. The hardness compliance curve for the alumina paste.

3.4 Interpretation of the results

The form of the power law model [eqn. (2)] may
be converted into a Herschel-Bulkley Model form
which is given as:

T=71,+ ksl (’)'/pl)n2 (7)

The value of the limiting shear yield stress, t,, may
be calculated as ca 0-058 MPa obtained from the
hardness indentation results for a von Mises yield
criterion. By selecting ‘k;;” and ‘n3” values for the
Herschel-Bulkley Model as 1-544 and 0-363,
respectively, the power law model was translated
into the Herschel-Bulkley Model. The computed
flow curves, for the Power law and Herschel-
Bulkley models, are illustrated in Fig. 4. Upon
inserting the numerical values to the Herschel—
Bulkley equation [eqn. (7)], the following inter-
relationship is obtained

7 =0-058 + 1.544(j) "> (8)

As may be seen from Fig. 4, when the yield stress
value of the material is relatively low a power law
equation [eqn. (2)] is successfully transformed into
a Herschel-Bulkley equation [eqn. (8)].

The shear stress form of the Herschel-Bulkley
relationship [eqn. (8)] may also be transformed to
its uniaxial form. For a material that obeys the von
Mises yield criterion, the uniaxial form of the Her-
schel-Bulkley relationship may be obtained from
the shear stress-shear strain interrelationship. The
uniaxial form of the corresponding Herschel-
Bulkley is:

oc=o0,+ kal (épl)m (9)

4 _

Shear Flow Stress, [MPa]

—&— Power Law
—=— H-B

Shear Rate, [1/s]

Fig. 4. The flow curves for the Power Law and Herschel-
Bulkley models.
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where o, is the static equivalent yield stress, kg
and ny4 are the plastic flow consistency and the flow
index, respectively. The interrelationships between
the parameters in eqns (7) and (9) are as follows:

o, = /31, (10)
and

1+n,
ka =k (V3) (11)

By inserting the corresponding numerical values
from eqn. (8), calculated by using eqns (10) and
(11), eqn. (9) becomes:

o =0-1+3.26(e") " (12)

Thus, a sufficient description of the elastic, plastic
and viscous properties of the alumina paste is pro-
vided using the results obtained from the squeeze
film and the indentation hardness tests.

The results obtained from the squeeze film and
the hardness indentation results are summarised in
Table 2. As may be seen from Table 2, there is a
considerable difference between the values of k
obtained using the squeeze film and the hardness
indentation tests with the associated analyses. A
possible explanation for this disagreement may be
attributed to the definition of the effective strain
rates for the two different geometries (the squeeze
film and hardness indentation).

The k and n parameters of the ceramic paste
obtained from the squeeze film analysis were used
for the FEA simulation of the upsetting configura-
tion since the definition of the effective strain rate
for these geometries is the same. The o, and E
values for the ceramic paste obtained from the
hardness indentation test analysis were used for the
FEA simulation for the upsetting configuration.

4 Finite Element Analysis

The finite element analysis for upsetting of the
paste material was implemented by using the finite
element code ABAQUS (Hibbitt, Karlsson and
Sorensen, Inc., version 5.4). The details of analysis
are given below.

4.1 Description of constitutive model and selection
of material parameters

An elasto-viscoplastic model, provided within the
material response library of the finite element code
ABAQUS, was selected for the description of the
flow behaviour of the paste material. The essential
components of the model are described below:

1. The total strain is decomposed into elastic and
plastic components so that the total strain rate, &,
can be expressed as:

g = ¢ 4 gl (13)

where ' and éP' represent the equivalent elastic
and plastic strain rates, respectively.

ii. The elastic response is treated as being linear.
A constant Young’s modulus of 4-5 MPa and a
constant Poisson’s ratio of 0-33 were incorporated.

iii. Strain rate dependence has been considered
through:

P
&Pl — D(g — 1) for 0 <o, (14)
Oo

where o is the equivalent yield stress at a nonzero
strain rate, o, is the static equivalent yield stress, D
and p are material parameters that contain the flow
consistency and flow index, respectively (see below).
The material parameters and were calculated by the
following procedure.

The static equivalent yield stress, o,, value is
obtained as 0-1 MPa. Equation (14) may be written
in the form of eqn. (9) as:

oc=0,+ (%"/p) (épl)l/p (15)

where p=1I/n and D = (0,/k)’. Therefore, the
material parameters p and D are obtained as 2-755
and 6-78x 1073, respectively.

4.2 Geometry and boundary conditions
The geometry of the specimen is shown in Fig. 5.
Due to the axisymmetric nature of the upsetting

P |

22 mm

Z =

1
N
l«—— R =11 mm —]

Fig. 5. The geometry of the specimen and the initial mesh used
to implement the finite element analysis.
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process, only half of the billet was modelled using a
set of four-node axisymmetric continuum elements.
The platens were modelled as rigid surfaces and
interface elements were attached to the outer sur-
face of the sample because of the expectation of a
folding of the outer surface onto the platens. A
Coulombic friction coefficient, u, was assumed to
be a constant wherever the paste billet contacts the
platens. The axial displacement of the upper platen
was prescribed as having a constant velocity (0-083
mm~! s) in the axial direction. Mesh has been
selected in a way that comparison of the flow fields
can be made with the experimental data. No
mesh convergence studies have been undertaken.
The mesh used to initiate the analysis is shown in
Fig. 5.

5 Numerical results and a comparison with the
experimental data

The total upsetting response as a function of the
imposed displacement of the upper die was also
obtained using FEA with the associated material
properties of the alumina paste (E=4.0 MPa,
0,=0-1 MPa, ;£ =0-3 (for the ‘unlubricated’ inter-
face condition), and v=0-33). The computed total
upsetting force against the imposed displacement
of the upper die with corresponding experimental
data for the ‘unlubricated” wall boundary condi-
tion is illustrated in Fig. 6. As may be seen from
Fig. 6, an increasing force is required for the pro-
duction of further deformation as the displacement
is increased since the contact area increases during
compression and the alumina paste material is a
strain hardening material.

1400 ————— S

12006

1000 /

800 [ /

600 | I//f‘ |

0 j o
[ ? / —=—Experimental |

——FEA

200
0/.‘w,m...\.”

8 10 12 14

Load, [N]

Displacement, [mm]

Fig. 6. The total upsetting force against the imposed dis-
placement.

The computed distributions of the plastic
equivalent strain, the axial stress, the hydrostatic
pressure and the Mises stress during upsetting, at
50-0% (nominal strain) upsetting, are shown in
Fig. 7 for the ‘unlubricated’ interface boundary
condition. For this boundary condition, the static
zones formed at the ends of the cylindrical speci-
men act like wedges and the specimen deforms by a
process of ‘folding’ and ‘barrelling’. As may be
seen from these figures, the plastic deformation
increases along the upper and lower platens. This
process may also be observed from the increase of
the angles of the elements, attached to the platens,
towards the edge where the paste material is not
free to move. As a result, the material on the side
of the cylinder, adjacent to platens, folds onto the
platens as the cylinder is compressed. This process
is usually referred as ‘folding’. On the other hand,
the material near about a horizontal line, midway
between the platens, is free to move in the radial
direction. As a result, an increase in the diameter of
the central region, compared with the interface
regions, proceeds during upsetting; the process is
referred as ‘barrelling’. The high axial and hydro-
static stresses remain in the centre of the cylindrical
material during the upsetting process.

In order to specifically study the effects of the
boundary condition on the deformation of the
alumina paste, the platens were lubricated with a
silicone fluid in order to reduce the friction between
the paste and the walls of the platens and to attempt
to obtain a near perfect slip boundary condition.
The appropriate friction coefficients for the unlu-
bricated and lubricated interface conditions were
found by comparing the experimental results with
the FEA results so that the friction coefficients
were in the best agreement between the predicted
and experimental deformation patterns.

The effects of boundary condition on the defor-
mation patterns of the alumina paste are illustrated
in Fig. 8. A uniform flow pattern was obtained for
the lubricated interface between the ceramic paste
and the rigid walls of the platens [Fig. 8(b)]. Also,
for the ‘lubricated’ interface condition, the folding
and barrelling were almost absent.

Fig. 8(a) shows the experimental and predicted
deformed configurations at ca 60% upsetting for
the unlubricated interface condition. The max-
imum measured and predicted radius values, at
60% upsetting, which are about at the middle of
the sample, are nearly identical for the ‘unlu-
bricated’ upsetting test. The folding of the top and
bottom outside surfaces of the billet onto the pla-
tens, as well as severe straining of the middle of the
specimen, may be seen in Fig. 8(a). The chosen
value of the Poisson’s ratio, v, has a strong influ-
ence upon the predicted flow patterns of the alumina
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Fig. 7. The computed distributions of Mises stress, plastic equivalent strain, radial stress, and axial stress at 50% (nominal strain)
upsetting for the ‘unlubricated’ interface boundary condition.

Fig. 8. The experimental and predicted deformed configura-

tions for (a) ‘unlubricated’ platens, ca 60% (nominal strain)

upsetting, and (b) ‘lubricated’ platens, ca 60% (nominal
strain) upsetting.

paste. In order to obtain a good agreement
between the predicted and experimental deformed
patterns, the value of v was selected as 0-33. Both
the theoretical and experimental patterns remain
quite symmetric about a horizontal line midway
between the platens for the ‘unlubricated’ boundary

condition. The predicted flow patterns agree
remarkably well with the experimental results for the
lubricated and unlubricated boundary conditions.

6 Conclusions

The rheological analysis of a ceramic paste was
carried out using the squeeze film, upsetting and
indentation hardness test configurations. The
experimental results obtained for the upsetting
configuration were compared with those found
from the FEA analysis. A constitutive model,
based upon an elasto-viscoplastic flow theory, was
used for the FEA calculations. The material para-
meters for the ceramic paste, required for the FEA
calculations, were measured using the squeeze film
and indentation hardness test configurations. The
simple first order analysis for the upsetting config-
uration cannot be used for the alumina paste sys-
tem where the response is strongly dependent upon
the imposed strain and the strain rates.

The calculations based upon the chosen response
of ‘a ceramic paste’ show the potential for improving
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the understanding of the flow behaviour of paste
materials which may be applied to other processing
techniques for ‘soft solids’. The measured and pre-
dicted flow fields and applied force versus dis-
placement curve, for this ceramic paste system,
were found to be in good agreement. The evolution
of internal structure during the deformation,
including the ‘folding’ and ‘barrelling’ phenom-
enon, was predicted in detail. The flow patterns of
the ceramic paste were strongly influenced by the
interface condition between the ceramic paste and
the walls of the plates.

The present analysis may also be used to examine
those facets of the process which are difficult, if not
impossible, to examine experimentally. The present
finite element procedure may be implemented in
order to model other types of tests on elasto-vis-
coplastic materials, such as extrusion and tape
rolling and indeed the current indentation hardness
and squeeze film configuration where first order
explicit models have been used.

Finally, it has been shown that the necessary
material parameters for the constitutive equations
and FEA modelling may be obtained to a reason-
able degree of accuracy using two simple experi-
mental  configurations; squeeze film and
indentation hardness deformations.
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