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Abstract

Sintering at high-pressure improves the properties of the material, either
through new sintering aids becoming available or through improving
intergranular bonding. This gives the manufactured products potential
advantages like faster cut rates, and more precise and cleaner production
methods that add up to cost efficiency and competitive edge.
The production of synthetic diamond products demands tooling that can
achieve high pressures and deliver it with a high degree of certainty. The
common denominator for almost all high-pressure systems is to use capsules
where a powder material encloses the core material. Numerical analysis of
manufacturing processes with working conditions that reach ultra high
pressure (above 10 GPa) requires a constitutive model that can handle the
specific behaviours of the powder from a low density to solid state.
The work in this thesis deals with characterization and simulation of the
material behaviour during high-pressure compaction in powder pressing.
Some of the work was focused on investigating the material when used as
compressible gasket in high-pressure systems. The aim was to increase the
knowledge of the high-pressure pressing process. This includes a better
understanding of how mean stress develops in the compact during pressing
and an insight into the development material models concerning highpressure materials. Both experimental and numerical investigations were
made to gain knowledge in these fields.
The mechanical behaviour of a CaCO3 powder mix was investigated
using the Brazilian disc test, uniaxial compression testing and closed die
experiments. The aim of the experimental work was to provide a foundation
for numerical simulation of CaCO3 powder compaction at higher pressures.
Friction measurements of the powder were also conducted.
From the experimental investigations, density dependent material
parameters were found. An elasto-plastic Cap model was developed for ultra
high-pressure powder pressing. To improve the material model, density
dependent constitutive parameters were included. The model was
implemented as a user-defined material subroutine in a nonlinear finite
element program. The model was validated against pressure measurements
using phase transitions of Bismuth. The measurements were conducted in a
Bridgman anvil apparatus.
The simulations showed that thin discs with small radial extrusion
generate a plateau at a low-pressure level, while thick discs with large radial
iii

extrusion generate a pressure peak at a high-pressure level. The results
showed that FE-results can be used to engineer pressure peaks needed to seal
HPHT-systems. For compressible gaskets, it was found that diametral
support increases the phase transformation load. Higher initial density of the
powder compact and diametral support generate higher pressure per unit
thickness. The results from the validation using pressure measurements
showed that the simulation model was indeed capable of reproducing load–
thickness curves and pressure profiles, up to 9 GPa, close to the
experimental curves.

iv

To Alexander and Hanna

v

vi

List of papers

This thesis is based on the following papers, which are referred to in the text
by their Roman numerals.
I

Berg, S., Jonsén, P., Häggblad, H.-Å., (2010), Experimental
characterisation of CaCO3 powder mix for high pressure
compaction modelling, Powder Technology. 203 198-205.

II

Berg, S., Häggblad, H.-Å., Jonsén, P., (2010), High pressure
compaction modelling of calcite (CaCO3) powder compact,
Powder Technology 206 259-268.

III

Berg, S., Jonsén, P., Häggblad, H.-Å., (2012), Experimental
characterization of CaCO3 powder for use in compressible
gaskets up to ultra-high pressure, Powder Technology, 215-216
124-131.

IV

Berg, S., Marklund, P., Häggblad, H.-Å., Jonsén, P., (xxxx),
Frictional behaviour of CaCO3 powder compacts, Tribology
Transactions, Submitted for publication.

V

Berg, S., Jonsén, P., Häggblad, H.-Å., Carlson, J.E., (xxxx),
Ultra high-pressure characterization and modelling of CaCO3
powder mix in the Bridgman anvil apparatus, Powder
Technology, Submitted for publication.

Reprints were made with permission from the respective publishers.

vii

viii

Division of work among authors

All the appended papers were prepared in collaboration with co-authors.
The work performed in each paper was jointly planned by the authors.
Furthermore, the author of this thesis participated in the work according to
the following.
Paper I: The present author carried out the most part of the experiments
(except the high-pressure close die work) and wrote the major part of the
paper.
Paper II: The present author carried out the implementation of the new
elastic and plastic functions and calibration of the constitutive model. The
present author carried out the finite element analysis, the Bridgman anvil
experiments and wrote the major part of the paper.
Paper III: The present author carried out the instrumentations and
Bridgman anvil tests. The present author wrote a major part of the paper.
Paper IV: The present author contributed and participated in the friction
measurements. The present author wrote the major part of the paper.
Paper V: The present author carried out the implementation of the new
elastic and plastic functions and calibration of the constitutive model. The
present author did not carry out the ultrasonic measurements, but did the
calculation using obtained data. The present author wrote the major part of
the paper.

ix

x

Contents

1

Introduction ........................................................................................... 1
1.1 Background ....................................................................................... 2
1.2 Objective and scope .......................................................................... 4
1.2.1 Research objective ................................................................... 4
1.2.2 Scope and limitation ................................................................ 4
1.3 Outline............................................................................................... 5

2

High-pressure systems ........................................................................... 7
2.1 Piston cylinder................................................................................... 8
2.2 Bridgman anvil.................................................................................. 8
2.3 Diamond anvil cell .......................................................................... 10
2.4 Toroidal apparatus........................................................................... 10
2.5 Girdle/Belt apparatus ...................................................................... 11
2.6 Multi-anvil apparatus ...................................................................... 12
2.7 Capsule and gasket .......................................................................... 15

3

Experimental methods and material .................................................... 19
3.1 Experimental material ..................................................................... 19
3.2 Experiments for constitutive parameters ......................................... 19
3.2.1 Brazilian disc ......................................................................... 20
3.2.2 Uniaxial pressing ................................................................... 20
3.2.3 Piston cylinder ....................................................................... 20
3.2.4 Poisson’s ratio ........................................................................ 21
3.2.5 Ultrasonic measurements ....................................................... 21
3.3 High-pressure compaction apparatus .............................................. 22
3.3.1 Pressure instrumentations ...................................................... 23
3.3.2 No-slip experiments ............................................................... 24
3.4 Frictional testing ............................................................................. 25

4

Computational model........................................................................... 27
4.1 Cap model ....................................................................................... 27
4.2 Hardening function ......................................................................... 28
4.3 R-value function .............................................................................. 30
4.4 Nonlinear elastic model .................................................................. 30
4.5 Friction model ................................................................................. 31
4.6 Simulation model ............................................................................ 31

xi

5

Summary of important results ............................................................. 33
5.1 Material data for the constitutive model ......................................... 33
5.2 Simulation of Bridgman anvil compression .................................... 36
5.3 Pressure instrumentation ................................................................. 41
5.4 Frictional testing ............................................................................. 43
5.5 Ultra high-pressure simulation ........................................................ 44

6

Summary of appended papers .............................................................. 49
6.1 Paper I ............................................................................................. 49
6.2 Paper II ............................................................................................ 49
6.3 Paper III .......................................................................................... 50
6.4 Paper IV .......................................................................................... 50
6.5 Paper V............................................................................................ 51

7

Conclusions ......................................................................................... 53

8

Main contribution ................................................................................ 55

9

Suggestion for future work .................................................................. 57

References ..................................................................................................... 59
Paper I ........................................................................................................... 65
Paper II .......................................................................................................... 75
Paper III ........................................................................................................ 87
Paper IV ........................................................................................................ 97
Paper V ....................................................................................................... 119

xii

1 Introduction

Powder compaction modelling has progressed rapidly in recent years
mainly in view of the ever-increasing computational capabilities. Finite
element (FE) modelling and simulation can be of assistance in the design
and development of new products. These simulations require some critical
features and aspects of nonlinear FE analysis. The pressing process is highly
nonlinear due to the material response, large deformations and strains,
contact boundary conditions, and friction behaviour. Therefore, it is
important to use appropriate models in order to numerically reproduce the
event of pressing. The numerical solution of the highly nonlinear problem
often demands small time steps, giving explicit methods a computational
time advantage compared to implicit methods [1]. However, explicit
methods are conditionally stable and will be unstable if the time step is too
large.
The present research offers an insight into the stress build-up within a
compact that greatly enables minimizing flaws in the green compacts [2][3].
Pressed and machined powder components may be used directly in certain
applications but are also often subjected to further processing. It is well
known that powder properties such as grain size, moisture level and degree
of compaction affect component properties and behaviour. Hunsche et al. [4]
found that the strength of rock salt was influenced by temperature above 100
°
C and Liang et al. [5] reported that different mixtures of salt and other
minerals influenced the properties of the specimens. Sinka et al. [6][7]
reported that un-lubricated and lubricated die and punch, respectively,
yielded an opposite density distribution trend of the powder compact. The
material properties influence largely the shape and properties of the final
product and also govern pressure gradients and load distribution of the
equipment.
Several procedures have been developed to exploit experimental results in
determining parameters for constitutive models. The methods are in general
similar to those developed for soil testing. Four principal testing methods
can be used in developing a model:





Diametral compression test (Brazilian disc).
Uniaxial test.
Isostatic test.
Triaxial test.
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The data extracted from the tests is used to fit parameters in different
material models [8]. Once a material model is developed, it is possible to
simulate the material behaviour through numerical modelling e.g. by using
the finite element method (FEM). Simulations are however often made for
very low pressures, from a few MPa up to some 200 MPa. The pressure
range above 200 MPa up to 2–3 GPa is still very poorly understood.

1.1 Background
High pressure sintering is a means to improve properties of the material,
either through new sintering aids becoming available at higher pressures or
through improving intergranular bonding. A group of materials
manufactured at high pressure are synthetic diamond, cubic Boron Nitride
(cBN) and a diversity of polycrystalline products. The synthesis of these
materials is made at about 5-6 GPa and 1,500-2,000C, within the area of
catalytical synthesis, see Fig 1.

Figure 1. High-pressure and high-temperature (HPHT) sintering map.
These HPHT-materials are critical components in premium performance
cutting, drilling, grinding and polishing tools for the metal and woodworking
industries. High pressure sintering results in advantages like faster cut rates,
2

and more precise and cleaner production methods that add up to cost
efficiency and competitive edge. The oil exploration business demands high
speed, durability, and toughness. The extreme hardness, wear resistance, and
thermal conductivity of diamond make it an ideal cutting tool material. Fig.
2 shows various diamond products.
Diamond compacts are usually sintered using Cobalt metal as sintering
aid. However, the metal agent causes deterioration such as graphitization at
high temperature. To overcome this issue and obtain a thermal stable
polycrystalline diamond other agents have been studied. Commonly used
agents are metal carbonates such as CaCO3, MgCO3 and SrCO3. Ueda et al.
[9] and Akaishi et al. [10] sintered diamond using MgCO3 using pressure up
to 7.7 GPa and temperatures of 2,000 C. Others have also sintered diamond
using CaCO3 [11] and oxide or double oxide compounds of the iron family
elements, such as FeTiO3, Fe2SiO4 and Y3Fe5O1 [12].
Besides diamond products, the sintering of various types of nano-powder
into compacts has become more common. Nano-powder requires high
sintering pressures, up to 8 GPa. Lu et al. [13] sintered a MgAl2O4 nanopowder at pressures up to 5 GPa and a temperature of 620 °C. Gallas et al.
[14] cold compacted γ-Al2O3 and SiO2 at pressures up to 5.6 GPa. Li et al.
[15] sintered nano-powder of amorphous silicon nitride at high pressures
ranging from 1-5 GPa at temperatures ranging from room temperature to
1,600 °C. These materials are being increasingly commercialised and the
modelling of different geometries and mixtures as well as the exploration of
the material properties up to very high pressures will therefore become
increasingly important in the near future.
A scientific area of particular interest to high-pressure effects is the
ballistics and explosions, mostly in military applications; i.e. Gabet et al.
tested concrete in triaxial compression up to 1 GPa [16].
Another area where certain materials have been investigated at high
pressure is in geosciences, in dealing with the earth crust, mantel and core
[17][18]. The pressures are however in general very high, often in the range
of 10 GPa to 100–500 GPa. The materials in the mantel and core are fully
dense and loaded in compression, unlike the powder material. The
investigations are usually made within the framework of equation of state
(EOS) theory.

3

Figure 2. Left: polycrystalline diamond cutters for offshore drilling. Right:
cubic Boron Nitride grit.

1.2 Objective and scope
The present understanding of high-pressure systems is in general based on
experience. However, this is inadequate and there is a need for better
understanding and increasing the knowledge in this field.

1.2.1 Research objective
The objective of the work presented in this thesis is to contribute to the
effort in establishing theoretical and practical knowledge of high-pressure
processes. The main emphasis of this work is directed towards
characterization and modelling of the materials and their behaviour during
high-pressure compaction, with a special focus on gaskets.

1.2.2 Scope and limitation
The scope of this work is directed towards compaction behaviour of highpressure mineral compact. Both low and very high pressures are addressed.
The process is complex and to fully address all the issues involved has not
been possible within the scope of this thesis.
The content of the work in this thesis revolves around the behaviour of
powder compaction of CaCO3 in the Bridgman anvil apparatus, with a
special focus on methodology, modelling and simulation using FEM.
A direct interpretation of the results obtained and their pertinence to highpressure may not be straightforward owing to the complex behaviour
involved in the compaction process.
The results presented here are specific to the materials and surface
topologies involved. Owing to the confidentiality of certain
product/equipment information, it may not be possible to provide
4

comprehensive details regarding composition, process parameter and
apparatus set-ups.
The scopes of this work are:


To characterize and derive a methodology for a high-pressure
mineral using novel experiments.



To model and simulate as accurately as possible a high-pressure
compaction using the finite element method.



To explore the behaviour of a material used in high-pressure systems
at ultra high pressure.

1.3 Outline
The thesis consists of five appended papers and is intended to give an
introduction to the modelling and simulation of high-pressure materials and
further, to give an insight into the development of stresses in powder
compact.
The introduction gives a background to and the objectives of the thesis,
followed by an introduction of high-pressure systems. Further, it continues
with experimental tests to validate and generate the mechanical properties
(parameters) required for the constitutive model. It is followed by a short
description of the constitutive model and the calibrated elastic and plastic
functions.
Then the most important results and a description of the appended papers
are presented. Finally, the thesis ends up with conclusions, suggestions for
future work, the main contribution and the appended papers.
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2 High-pressure systems

The use of HPHT-equipment varies. In mineral physics research the
equipment is used for investigation of the earth’s interior, and in industry it
commercially produces synthetic diamond and other polycrystalline
products. The production of synthetic diamonds demands tooling that can
achieve high pressures and deliver it with a high degree of certainty. There
are different kinds of equipment used to achieve this, for example the
girdle/belt [19][20][21], toroidal devices [22] and the cubic press [23]. These
equipments can reach pressures of 5–6 GPa, or even higher [24][25][26]. A
type of equipment that is known to generate high pressures is the Bridgman
anvil apparatus [27][21][28][29], but it is not suitable for production
purposes.
High-pressure apparatuses often use massive and lateral support (shrink
rings). These two concepts are the key to designing a high-pressure system.
The principle of massive support was introduced into high-pressure
techniques by Bridgman [30]. Further, if a simple analysis of an anvil, see
Fig. 3, in terms of vertical force balance [31] is made, a relationship among
the anvil support, the strength of the material and the maximum face
pressure can be attained.

P0  2 0 ln

x
x0

(1)

P0 is maximum pressure, 0 is the elastic limit of the material and (x-x0) is
the support length. As shown in Fig. 3, the piston is in this case a truncated
cone of half-angle  (increased angle gives increased massive support), with
a high-pressure face of radius R0. The distance along the flank, measured
from the virtual vertex of the cone, is x, if the anvil face is exposed to a
uniform pressure P0, and the flank to a variable pressure P(x) which
decreases from the face edge to the outer periphery of the gasket. Eq. (1)
indicates that the maximum load possible on the anvil increases with
increasing contact length. But unfortunately ln

x
x0

does not increase very

fast. Therefore, the easiest way to increase the highest possible face pressure
is to have stronger material.
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x


P(x)

R0
x0
P0

x=0

Figure 3. Schematic representation of combined anvil massive and lateral
support.

2.1 Piston cylinder
One of the most common high-pressure apparatuses is the piston cylinder
(closed die); however this type of apparatus is limited by the strength of the
material. The compressive strength of the punch material limits the highest
pressure attainable. Some can be resolved with lateral and massive support
of the punch. The pressure build-up in the die causes failure attributed to the
Poisson effect, bending causing tensile stresses and also hoop stress failures.
To remove this weakness the piston can be tapered at the top so that it is
massively supported, and the die can also be pre-stressed.

2.2 Bridgman anvil
The Bridgman anvil set-up consists of two parallel opposed circular
anvils of tungsten carbide, see Fig. 4. The Bridgman anvil uses massive
support and the anvils are also supported by steel binding rings. The
assembly is placed between the ram and the top plates of a press.
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Figure 4. Supported Bridgman anvils.
It has previously been used to measure the bulk modulus of various
materials. Sato et al. [32] investigated NaCl, MgO, CaO and LiF using x-ray
diffraction methods at pressures up to 15 GPa in a Bridgman anvil apparatus.
It has also been used to investigate the properties and behaviour of various
materials [33][34]. These investigations were made on so-called pressure
transmitting materials. Sigalas et al. [35][36][37] investigated the shear
strength of Pyrophyllite and Talc but also the pressure and temperature
dependence for several oxide powders. The Bridgman anvil apparatus
functionality gives high pressure, large pressure gradients and extrusions of
the compressed material closely resembling an extruding gasket and has
therefore been used to investigate high-pressure materials.
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2.3 Diamond anvil cell
Another form of Bridgman anvil apparatus that has become widely used in
ultra-high pressure experiments is the Diamond Anvil Cell (DAC) [21]. Two
single crystals of diamond form opposed anvils, see Fig. 5. A force is
applied to generate the pressure in the sample chamber, which is confined by
a metal gasket. The pressures, with this design, can reach up to hundreds of
GPa. Another benefit is that the crystals are transparent and therefore
different spectroscopic measurements can be conducted. The disadvantages
are that the diamond anvil face is 100-500 m, which gives a sample cavity
of around 50-200 m.

Figure 5. Cross-section of diamond anvils and gasket [38][39].

2.4 Toroidal apparatus
The Russian approach of a large-volume apparatus for generating high
pressure >5 GPa was based on the concept of the Bridgman anvils. The
approach was very simple and efficient. The Bridgman anvil generates
sufficient pressures for high-pressure sintering, but the sample volume is too
small. The problem was solved by making a small recess in the centre of an
anvil, giving a toroidal system, see Fig. 6.
The specimen is surrounded by a solid compressible medium capable of
transmitting pressure to the specimen as the anvils closes. Pressure P1 is built
up in the centre and pressure P2 is the sealing pressure. This system can
reach pressures of about 10-15 GPa but the volume is often very small, 0.3-1
cm3.
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Figure 6. High-pressure design of the toroidal[40].

2.5 Girdle/Belt apparatus
A common apparatus used for producing high-pressure products is the
girdle/belt, see Fig. 7 [19][20][21]. By using the belt concept the system size
and pressure can be pushed further. The anvil and die are tapered (massive
support), and through the use of a gasket between the die and anvil together
with pre-stressing of shrink rings, lateral support is achieved.
A capsule is placed into the die and the gasket is separately placed on top
and below the capsule. The gasket serves to allow the anvils to penetrate the
die bore and at the same time seal the capsule pressure. It also has the
function to support the anvil sides.
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Figure 7. a) Cross-sectional view of the belt system. b) The sample cell.
[41].

2.6 Multi-anvil apparatus
Another system used to compress large volumes is the multi-anvil
apparatus. It is a set-up with varying numbers of anvils that compress the
capsule from multiple directions. Therefore less anvil motion is required to
reach the final pressure compared to the belt apparatus. Also, a more
uniform pressure is obtained because of the multi-direction compression.
The operation of the apparatus consists in compressing an oversized capsule
so that a gasket is formed as the excess material is flowing outwards between
the anvils.
Hall [19][20][28]] among others [21][27][41] has described a four anvil
set-up driven by 4 hydraulic rams which are interconnected by stay bolts as a
stabilization system. The rams moves the 4 anvil faces in a rectilinear
movement so that they intersect and encapsulate a volume in the form of a
tetrahedral, see Fig. 8.
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a)
b)
Figure 8. The multi-anvil a) Tetrahedral press [42] b) Cubic press [43].
The most recent development of the cubic system can be seen in Fig. 9.
This prismatic press has a rectangular rather than square or tetrahedral
reaction volume. The pressure is built up using individual hydraulic
cartridges. The alignment is done using a solid forging press body, which
locks the cartridge in place.

Figure 9. Prismatic press with hydraulic cartridges [44].
China has the majority of cubic presses but they are relatively small, see
Fig. 10. The Chinese press relies on a hinged cage that forms a frame that
guides the motion of the anvils [23]. In comparison with the Prismatic press
the Chinese cubic press is less accurate. Fig. 11 shows a compressed cubic
capsule
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Figure 10. Schematic representation of a hinge-cage housed Chinese type
press [23].

Figure 11. Top: a Chinese cubic press. Left: the centre of the cubic press
where the capsule is placed. Right: a compressed capsule.
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2.7 Capsule and gasket
When a material is to be sintered at high pressures and temperatures it is
encapsulated by a series of different materials, making up the capsule, see
Fig. 12. Most parts (volume) in a high-pressure capsule are made out of
granular material. The outermost material (often Pyrophyllite) of the capsule,
encapsulating the main parts, is used to insulate the capsule and chemically
protect the carbide tooling. The steel, Molybdenum and graphite transport
the current, and like the graphite tube it can also be a part of the heater. The
salt that surrounds the sample has a large thermal expansion coefficient and
low shear strength and it functions as a pressure amplifier. The sample can
be made of whatever is required to be sintered. The gasket material is
typically Pyrophyllite or some other mineral. Sometimes the gasket set-up
also includes a steel shim, which increases the range of movement of the
anvil.

Figure 12. Outline of a capsule for a belt system.
15

The gasket function is to withhold the pressure in the capsule throughout
a press run. The gasket is placed between cylinder and anvils to avoid the
lateral extrusion of the capsule material in the case of the belt system. In the
cubic system the capsule is oversized and is formed as the capsule is
compressed. During the compression phase, the material undergoes plastic
deformation, see Fig 13.

Figure 13. A zoom-in of the gasket extruding as the anvil penetrates the die.
Shear strength is a critical property of the gasket material. It should be
sufficiently low, in order to allow anvil movement, but at the same time be
high enough to keep the capsule material from extruding. The gasket
thickness and mass are of importance for the optimization of the system. If
the gasket is compressed too little, the anvil tip will support much of the
pressing force and insufficient force is applied to the gasket. In this case, the
gasket may not hold the pressure leading to compressional blowouts, see Fig
14. This way a too stiff capsule has been matched with a too soft gasket. A
pressure P1 > P2 has been built up in the capsule; the pressure P2 cannot
contain the internal pressure P1. If this happens gradually the capsule
material can escape out in the gasket. This can cause large deformations of
the sample and the heater.

16

P2

P2
P1
P1

P1
P1
P1
P2

P2

Figure 14. Schematic representation of compressional blowout of a highpressure system. The pressure P1 is higher than pressure P2, which can lead
to a blowout.
If the gasket is compressed too much, the anvil side will support an
excessive amount of press force. As a result, more press force than normal is
needed to attain the required pressure inside the capsule. In this case, when
the press force is reduced, the gasket will be decompressed too fast and a
decompressional blowout may occur [23], see Fig 15.
This way a too soft capsule has been matched with a too stiff gasket. A
pressure P1 < P2 has been built up in the gasket, and it can the cause a
blowout. Alternatively, there is not enough pressure build-up in the capsule
and it is not possible to sinter. This set-up can cause large deformations of
the sample and the heater, because of gasket material travelling inward into
the capsule.

17

P2

P2

P1
P2

P2

Figure 15. Schematic representation of decompressional blowout of a highpressure system. The pressure P2 is higher than pressure P1, which can lead
to a blowout as the anvils retract.
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3 Experimental methods and material

In this section the investigated material and the experimental equipment
used to develop the methodology concerning the material constitutive model
are shortly described. The material was chosen on the basis that it can
potentially be used in high-pressure systems in its natural form (Limestone).
Further, the main compaction apparatus and the instrumentation set-up of the
same are also included.

3.1 Experimental material
The powder used in the investigation was spray dried CaCO3 also called
Calcite. Calcite is the main component in the mineral Limestone. During the
spray drying wax and Poly Vinyl Alcohol (PVA) were added as lubricants,
to remove issues (cracking and delamination) that occurred during the
powder pressing. The moisture level of the powder, when pressed, was
0.70%. 0.025%. The moisture level together with the lubricants was
estimated at a full density of 2,600 kg/m3. The relative density calculations
will however be based on the higher full density value. The full density of a
single Calcite crystal is 2,710 kg/m3.
Calcite features several phases, and one phase transition is believed to
occur at a pressure of 1.45 GPa (CalciteI→CalciteII) and another at about
1.74 GPa (CalciteII→CalciteIII) [45]. Fiquet et al. [46] observed the
coexistence of two Calcite phases in certain regions of the sample. Both
CalciteI and CalciteII were observed in the pressure range 1.46–1.78 GPa and
both CalciteII and CalciteIII in the range of 2.28–3.49 GPa. These features of
the powder mix were not pursued in the thesis.

3.2 Experiments for constitutive parameters
The mechanical properties of a porous material depend to a large extent
on the compaction process [47]. For example, shear strength, friction and
elasticity vary with the density of the material. The aim of the experiments
was to establish the density dependent parameters for the constitutive model.
Fully dense materials’ behaviour is mainly governed by the elasticity.
Equation of State theory [48] applies at higher pressures and provides the
19

elastic moduli as functions of pressure or strain. However, if the highpressure region is small enough, a constant value of an elastic property can
be used as a good approximation.
Isostatic pressing was used to press most of the specimens used in the
experimental tests. In isostatic testing, the axial and radial stresses are equal
and the specimen is in a state of hydrostatic compression. However, to
obtain higher density compacts close die pressing was also used.

3.2.1 Brazilian disc
The diametral compression test, also called the Brazilian disc test, is an
established method to measure the tensile strength of brittle materials. The
Brazilian disc gives a combination of pressure and tensile loading, which in
turn gives the deviatoric (shear) strength at a certain pressure. In the test a
compressive force was applied diametrically to a thin disc, along the y-axis.
The disc is considered to be thin when the thickness to radius ratio is 0.5 or
less, which promotes a plane stress state in the disk [49][50]. The von Mises
stress obtained from the Brazilian disc test was used in the calculation of the
cohesion and friction angle.

3.2.2 Uniaxial pressing
Uniaxial testing is made with no lateral confining stress applied to the
sample. From the test results, Young’s modulus E was obtained. Poisson’s
ratio, , was not measured because of the difficulty in measuring the radial
strain of a powder compact specimen.
With the uniaxial compressive test, the ultimate compression strength
(UCS), which is the nominal axial stress at specimen failure, can be
obtained. A plot of the UCS-value together with the von Mises stress from
the Brazilian disc in the deviatoric (von Mises-pressure) plane allowed an
estimation of the cohesion and friction angle.

3.2.3 Piston cylinder
In order to obtain an estimate of the elastic properties (bulk modulus) of
the material at high pressures, a closed die apparatus was used. From the
slope of the down-ramp an estimate of the bulk modulus was estimated
(assuming Poisson’s ratio constant). Hancock et al.[51] used this approach to
obtain material data for modelling of the compaction process of
pharmaceutical pills.
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3.2.4 Poisson’s ratio
In Paper I, Poisson’s ratio was assumed to have a constant value of 0.25.
This value is in agreement with other investigations. For example, Fossum et
al. [52] investigated mechanical properties of Salem Limestone using a
triaxial press. The porosity of the Limestone was in the range of 12-18%.
From the shear and bulk modulus, a Poisson’s ratio of 0.254 was obtained.
Chu et al. [53] also tested Limestone triaxially (95% Calcite, 5% Quartz)
with an average bulk density of 2.3g/cm3. The calculated Poisson’s ratio was
0.253.

3.2.5 Ultrasonic measurements
In Paper V ultrasonic measurements of the CaCO3 powder compact were
conducted. The measurements yielded a density dependent Poisson ratio and
bulk modulus. The dynamic test was based on the compression and shear
wave velocities. The experimental set-up is shown in Fig. 16, where an
ultrasonic transducer is mounted on the surface of a Plexiglass (PMMA)
buffer. The transducer was first used to transmit a short ultrasound pulse
with a centre frequency of 5 MHz. The same transducer was then used as a
receiver to record the reflected echoes.

Figure 16. Experimental set-up in Paper V [54].
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3.3 High-pressure compaction apparatus
The main research vehicle used in this work was the Bridgman anvil
apparatus, see Fig. 17. The reason for this choice of apparatus was its ability
to generate high-pressure and large pressure gradients in the powder
compact.
The Bridgman anvil set-up consisted of two parallel-opposed circular
anvils of tungsten carbide containing 6 wt% Cobalt. The anvils had face
diameters of 80 mm and an 18° taper. The anvils were supported by steel
binding rings to a pressure of 200 MPa. The assembly was placed between
the ram and the top plates of a 5 MN press. The motion of the ram was
monitored by means of three dial gauges graduated to 0.01 mm, allowing
estimation to ±0.01 mm. Two of them were located opposite to each other
and the third placed 90 to the others. The thickness measurements were
determined from the two opposite gauges, while the third measured the tilt of
the anvils. The relation between oil pressure and press load was found by
using a calibrated load cell. This removes the influence of ram friction. The
calibration of load cell had an accuracy of ±0.5%. The dial gauge readings
had to be corrected for press deformation with increasing load. To do this, a
series of calibration runs was undertaken.

Figure 17. The Bridgman anvil apparatus in a 5 MN press.

22

3.3.1 Pressure instrumentations
One problem with experiments at high pressure is the difficulty in
determining the absolute pressure. Depending on high-pressure system, this
can be done using different techniques. For example if a Diamond Anvil Cell
is used, there are several ways i.e. X-ray diffraction, optical absorption,
Raman spectroscopy among others [55]. Currently one of the most useful
means is to use fixed points calibrants like Bismuth (Bi), Thallium and
Barium to mention a few [56]. The International Association for the
Advancement of High Pressure Science and Technology (AIRAPT) has been
making recommendations for an International Practical Pressure Scale. The
first recommendations were made at the 8th AIRAPT Conference [57] and
the second at the 10th AIRAPT Conference [58]. For simulations, the
pressure calibrants can be used to either calibrate the model or verify it.
In Paper III the main purpose of the pressure measurements was to
estimate at what load a certain pressure was obtained. A simulation model
can then be compared and adjusted to fit that value, if needed. The pressure
instrumentation was made using fixed calibration points in terms of a 0.5
mm diameter Bismuth wire (99.999% purity) acquired from Novakemi AB.
The Bi-wire was in contact with the Bridgman anvils when loaded. The
length of the wire varied between 5.5 and 7 mm. The rate of change in
resistance associated to the Bi I-II (phase change) at 2.55 0.006 GPa, Bi IIIII (phase change) at 2.70 GPa [58] and Bi V-VII (phase change) at 7.7 0.2
GPa [55] was detected using a power source and a voltmeter. The anvils
were fed a one Ampere constant current (accuracy 0.01-0.03%) using an
Oltronix B60-1T power supply. The voltage was measured using a Keithley
2000 multimeter with an accuracy of 0.002% and resolution of 0.1 V. The
instrumentation set-up can be seen in Fig. 18. The temperature was measured
using a PT100 (accuracy 0.15 C) placed at the outer diameter of the lower
anvil nose. The phase transition pressure was adjusted accordingly.
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Figure 18. Experimental set-up for pressure measurements using a power
supply (5) and voltmeter (6) connected to the Bridgman anvils (1) passing
through the holders (3), supporting rings (2) and the sample (4) withholding
a Bi-wire (7).

3.3.2 No-slip experiments
In Paper V, a high friction Bridgman anvil set-up was used to remove the
influence of frictional slip between the tool and powder disc. This was done
to evaluate the material properties without frictional effects. The set-up was
the same as in Paper II, but it was modified by placing two 8% Cobalt
carbide discs on the anvil noses, each having a thickness of 4.25 mm, see
Fig. 19.

Anvil
Brass disc
Carbide disc
Sample

Figure 19. High-friction Bridgman anvil set-up, containing protecting brass
discs and sandblasted carbide discs.
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The carbide discs were sand-blasted for a rough, sticking surface (no slip
towards the CaCO3 discs). The obtained surface roughness of the discs, in
terms of Ra and Rz values was 1.84 m and 10.3 m respectively. To prevent
anvil breakages, in the case of blowouts, brass discs (with thickness 0.25
mm) were placed between the carbide discs and the anvil noses. The
maximum load was limited to 1.5 MN, since higher loads were expected to
give blowouts. Only the up-ramp of the load–thickness curves was recorded
and used.

3.4 Frictional testing
In Paper IV friction tests, using the calcite powder mix, were carried out
on UMT-2 (Universal Micro Tribometer, CETR, USA) using rod-on-flat
mode, see Fig. 20.

Figure 20. Rod-on-flat test setup. Line contact perpendicular to the sliding
direction.
The upper specimen was loaded against the lower specimen by means of a
servomotor. The force was maintained by servo control motors using a close
loop feedback. The opposing surface was a cylindrical cemented carbide
piece and the flat surface used in the friction tests was CaCO3 discs.
To imitate the behaviour of the Bridgman tests in the friction
measurements, experiments where the surfaces were sprinkled with loose
powder were made. The loose powder was manufactured from pressed
samples by a wear procedure grinding it against a rough surface. The powder
was spread on the samples.
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4 Computational model

Powder compaction is a highly nonlinear process. Nonlinear relations are
required in both the elastic and the plastic part of the constitutive model.
This section describes the different parts of the constitutive model.

4.1 Cap model
One essential feature of a constitutive model for powder compaction is
that it has to be able to yield with pressure. Cap models have that feature.
There are different types of cap models where the shear-failure surface
function is written in slightly different forms, for example Drucker-Prager
cap [59] and DiMaggio-Sandler cap model [60][61][62][63]. The DiMaggioSandler model contains two surfaces, a shear failure surface (f1), providing
dominantly shearing flow and a cap yield surface (f2) that provides yield in
pressure. L is the point of intersection between the two yield surfaces and X
the point of intersection between the hydrostatic axis and the cap function,
see Fig. 21. The shear cohesion, c, is the critical shear stress of the material
at zero mean stress. The original yield surfaces of DiMaggio-Sandler are
written as
J 2     exp(  I 1 )   I 1   0 ,
1
f 2 ( I1 , J 2 ,  )  J 2 
( X  L) 2  ( I 1  L) 2  0 ,
R
f1 (I1 , J 2 ) 

(2)
(3)

where I1 is the first stress invariant and J2 is the second deviatoric stress
invariant. Further, , ,  and  are material parameters. The eccentricity
parameter R is the ratio of the horizontal to vertical ellipse axes. It defines
the shape of the cap in the plane of the stress tensor first invariant versus the
square root of the second deviatoric invariant. The internal state hardening
parameter  is normally taken as a function of the plastic volumetric strain.
It allows the yield surface to grow or shrink.
In this work, a cap model was used where the shear failure surface (f1) of
the DiMaggio-Sandler model is modifiable so that it can combine the yield
surfaces of Drucker-Prager and von Mises respectively. At low mean normal
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compressive stress, the Drucker-Prager surface is approached and at high
mean normal stress, a von Mises surface is approached [64].
The relative density was divided into an elastic and a plastic part such that
the plastic relative density was defined as
 rp   r   re .

(4)

Since the movement of the shear failure surface during compaction is
non-linear and dependent on density, a movable shear yield surface was
introduced. The expression for the relative density dependent yield function
presented was
f 1 I 1 , J 2   J 2    A ( ) exp(  I1 )   I1   0 ,

(5)


a
A(  )   a 1  exp  a2 (  rp ) 3



(6)

 .



Where A() controls the movement of the yield surface and a1, a2 and a3
are material parameters, see also [26].

Figure 21. Cap model, f1 is the failure surface, f2 is the moving strainhardening cap and c is the cohesion.

4.2 Hardening function
The internal state hardening variable controls how the cap yield surface
moves in stress space. In this work, the cap movement was based upon a
function between the plastic volumetric strain and the cap intersection with
the hydrostatic axis, called hardening function.
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The relation between the plastic volumetric strain and density is:


 vp  ln 0p



 ,


(7)

where 0 is the initial density and p is the current plastic density.
In Paper I an expression that was based upon the evolution of the relative
plastic density,  rp , with hydrostatic pressure after unloading was found

P 
P  Ps  s 
 P0 

(  rp 1)
(1  c )

.

(8)

In Eq. (8), P0 is a low pressure corresponding to (and approximating) a
density, 0, just above the bulk density, and Ps is the pressure that
corresponds to full density, s. This gives c=0/s as the initial relative
density. Substitution of Eq. (8) into Eq. (7) yields a relationship for the
plastic volumetric strain versus pressure


P
ln s


 P0
 vp ( P)  ln  c
 ln P   
c
P 

 0





.
 P 
ln 

 Ps  





(9)

By assuming this relation along the hydrostatic axis in Eq. (9) the
hardening function can be defined as




p
 v ( X )  ln   c
 ln  X
 3P

 0


P
ln s
 P0

   c





,
  X 

ln

 3Ps  




(10)

where X is the intersection of the Cap surface and I1.
In Paper V a new hardening model was proposed. It fitted the lower
values of the experimental points more accurately. The new function for the
plastic volumetric strain was
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 vp ( X )  A( X )  B  C ,

(11)

where A and B are two parameters that were least square fitted, C is
maximum volumetric strain.

4.3 R-value function
The eccentricity parameter, R, is the ratio of the horizontal to vertical
ellipse axes. It defines the shape of the cap in the plane of the stress tensor
first invariant versus the square root of the second deviator invariant.
In Paper II the R-value was found using inverse modelling and was set at
a constant value. In Paper V it was changed to be variable with density; the
function used was based on the following discussion.
The parameter represents the degree of influence of the hydrostatic stress
component on the onset of yielding of the porous body and may be a
function of the relative density [65]. By assuming a first order relation of R
with relative plastic density and fulfilling the requirement above, the
following relation was proposed.

  

R  rp  r1  k rp

1
,
1   rp



(12)

where r1 is the minimum R-value obtainable and k is a constant.  rp is the
relative plastic density. Eq. (12) was fitted so that the load-displacement
curves of the simulation, for both the high and low-density compacts,
matched the up-ramp of the no-slip experimental load-displacement curves.

4.4 Nonlinear elastic model
In Paper I the elastic properties of Calcite powder were investigated. It
was found that Young’s modulus increased with increasing density. In Paper
II the bulk modulus was calculated using constant Poisson’s ratio, 0.25. A
function, Eq. (13), for the bulk modulus was fitted to the experimental values
of the plastic volumetric strain versus bulk modulus.



P
K  K s  1
 P2







 c exp( abs ( vp )) 1
(1  c )

,

(13)
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where K is bulk modulus, Ks is the solid bulk modulus, P1 and P2 are
parameters that will be optimized to experimental data,  vp is the plastic
volumetric strain and c the initial relative density.
A second elastic parameter is needed to describe the material elastically
according to Hooke’s law. In this work, the Poisson’s ratio was used.
From the ultrasonic measurements, in Paper V, a function was fitted to
the experimental points of the Poisson’s ratio. The bulk modulus was
recalculated using the function for Poisson’s ratio; in addition an EOS was
added to the elastic model.
The equation of state theory is primarily used within geophysics to
calculate the properties of minerals found in earth's inner core. The material
parameter of interest, using this method, is the bulk modulus as a function of
pressure. Experimentally, it is common to measure the change of volume as
the specimen is compressed and fit data to e.g. a Birch–Murnaghan equation
[66][67][68]. In Paper V, a Logarithmic equation of state was introduced

K  Kp


p

    
ln   1 ,
   p  

(14)

where Kp is the bulk modulus calculated using Eq. (13), p is the plastic
density and  is the current total density and K is the total bulk modulus
including the EOS-term.

4.5 Friction model
In Paper II, the friction coefficient was determined by inverse modelling and
was found to be 0.20. In Paper IV, the friction of CaCO3 powder compacts
was measured in a universal Micro Tribometer. It was found that in perfect
conditions the coefficient of friction was very low, down to 0.13. However,
adding powder to the top of the powder disc increased the coefficient of
friction to a value between 0.20 and 0.29. The aim in Paper V was to use a
friction coefficient in the same order of magnitude as the powder sprinkled
experiments. It was found to be 0.255. In both Papers II and V a coulomb
friction model with a constant coefficient of friction was used.

4.6 Simulation model
The finite element model used in Papers II and V was axisymmetric and
had reduced integration elements. In Fig. 22 the axisymmetric model (Paper
II) of the Bridgman anvil and a 12 mm powder disc are shown. The black
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dot specifies the location of the displacement measurement. In Paper V, the
simulation model was changed and a 40 mm disc was employed using finer
mesh. Due to symmetry, only half of the thickness of the disc was modelled.
All numerical simulations in this work were carried out using the explicit FE
code LS-DYNA V971 together with a user-defined material subroutine of
the constitutive model.
The tooling was modelled as elastic-plastic in Paper II, and as elastic in
Paper V. A material model was used corresponding to tungsten carbide
containing 6-wt% Cobalt. Concentric rings that were press fitted on to the
anvil supported the anvils. A 200 MPa pressure applied to the outer diameter
of the anvil simulated this support.

Figure 22. Two-dimensional axisymmetric model showing Bridgman anvil
and 12 mm specimen. Black dot representing the location of the measured
displacement.
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5 Summary of important results

In this section some of the results from the appended papers are presented
and discussed. In Paper I an experimental investigation was made to identify
the material data for CaCO3 powder mix, required for the constitutive model.
Paper II presents the first simulation using the material parameters acquired
in Paper I. The study involved experiments conducted in the Bridgman anvil
apparatus and the simulation of the compaction. In Paper III the Bridgman
anvil was instrumented for pressure. Powder disc with different densities,
moisture etc. was investigated. Paper IV addresses the friction properties
between CaCO3 powder discs and a carbide counter piece using a Universal
Micro Tribometer. Finally in Paper V the model was validated towards the
high-pressure compaction instrumentation conducted in Paper III.

5.1 Material data for the constitutive model
The aim of the work in Paper I was to provide a foundation for numerical
simulation of CaCO3 powder compaction at high pressure. To achieve this,
parameters for a constitutive model were required. Experimental techniques
like uniaxial testing, Brazilian disc test, and closed die test were used to map
the mechanical properties of the Calcite powder mix, mainly focussing on
pressures between 50 MPa and 5 GPa.
The relative density versus normalised pressure was estimated. The
pressure required to produce a high density increases rapidly for relative
density greater than 0.85-0.9, as shown in Fig. 23. This behaviour has also
been shown by Brinckmann et al. [69], who conducted similar experiments
on NaCl. By using the least square method a function was fitted to the
density pressure relationship.
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Figure 23. The experimental pressure-density relationship together with
semi-empirical Eq. (8) and 95% confidence intervals (▀ isopressed,  closed
die, x least square estimated value).
The cohesion and friction angles were calculated from the Brazilian disc
test and the UCS results. An extrapolation to zero pressure gave the
cohesion. It was found that the cohesion increases with density, Fig. 24.

Figure 24. Cohesion versus relative density (▀ isopressed,  closed die).
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The friction angle, which was found to be between 64° and 68°, was
independent of the density. In Fig. 25 the friction angle is plotted versus
relative density together with a straight line representing the mean value.
Han et al. [59] determined the friction angle for microcrystalline cellulose to
70°, with a slight decrease with density. Brinckmann et al. [69] found the
friction angle for NaCl to be 69°. Given that the same procedure to determine
the friction angle was used and even though the materials are quite different,
these results are very similar

Figure 25. Friction angle versus relative density (▀ isopressed,  closed die,
– mean value).
The elastic modulus estimation procedure, using the uniaxial compressive
test (for low densities) and closed die test (for high densities) yielded
Young's modulus as a function of relative density, for both the up-ramp and
down-ramp, see Fig. 26. It can be seen that the Young's modulus increases
with density. This has also been shown by Han et al. [59] and Brinckmann et
al. [69]. It is noted that there is a deviation on the curve at relative densities
above 0.8. This is probably due to a combination of the change of
compaction method (to closed die) and the material becoming anisotropic.
For the two highest values of Young's modulus (Δ marked), it was not
possible to measure the density because of specimen lamination at ejection.
The densities were instead estimated by linear extrapolation. The relative
standard deviation for the up-ramp and down-ramp spanned from 0.5% to
9.0% and 0.5%–7.3%, respectively. The highest values were obtained for the
lowest densities.

35

Figure 26. Young’s modulus versus relative density. Results from uniaxial
test include both up and down ramp estimates together with 95% confidence
intervals. Relative densities above 0.9 have been estimated by linear
extrapolation (▀  isopressed,  closed die, Δ closed die extrapolated values).

5.2 Simulation of Bridgman anvil compression
The aim of Paper II was to develop a constitutive model for high-pressure
compaction of Calcite (CaCO3) powder. The constitutive model was
calibrated using material data determined from experiments (Paper I). The
compaction of CaCO3 powder discs, with two different thicknesses was
simulated. Corresponding experiments were carried out using the Bridgman
anvil apparatus. Results from simulations were compared to experimental
results.
The simulated load versus displacement for 5 MN loaded 4 mm and 12
mm discs was compared with the experiment. The result for the 4 mm disc is
shown in Fig. 27. It can be seen that the experimental results vary. This
variation may be due to uneven density distribution in the powder disc
caused by the manufacturing process. It may also be caused by random
cracking and friction variations that occur from run to run. The simulation of
the 4 mm disc has a load-displacement relation close to the experiments. The
simulation shows a lower load than the experiment for the first 1.25 mm of
compaction. An explanation to the low load may be a too low Young's
modulus at the lower densities. Another reason may be the deviation of the
hardening function compared to the experimental points.
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Figure 27. Force versus thickness 4 mm disc at 5 MN loading.
For the 12 mm disc, the simulation resembles the experimental force–
displacement response well, as shown in Fig. 28. It may be noted that the
load increase starts earlier in the compaction stage for the 4 mm disc
compared to the 12 mm disc. The increase of load for the 12 mm disc is very
small in the first 3–4 mm of compaction. An explanation of this behaviour
may be sliding, either within the powder and/or between the anvil and the
powder. The magnitude of the friction coefficient and internal friction will
govern the sliding behaviour seen in the model. In the experimental case,
random cracking of the disc may be an explanation of the sliding behaviour.
In an HPHT perspective, the load–thickness response is an important
property. Often a certain load–thickness response is desired; this is done by
changing thicknesses of the material in the HPHT-capsule
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Figure 28. Force versus thickness 12 mm disc, at 5 MN loading.
From the numerical results, it is possible to explore the pressure
distribution (mean stress) in the disc during the compaction. This was done
at four different load levels (0.315 MN, 0.815 MN, 2.14 MN and 5 MN).
According to theory the pressure distribution of a thin disc should be flat. In
Fig. 29 the simulated pressure distribution for a 4 mm disc using different
loads is shown. The disc has a flat pressure distribution at all times and is in
good correlation to the theoretical curves. The maximum pressure in the
centre of the disc is 1,319 MPa. A small increase of pressure with radius can
be seen. It is 1,431 MPa at a radius of 20.5 mm. The pressure distribution of
a thick disc is, according to theory, supposed have a plateau at low loads,
and as the load is increased, a pressure peak will appear.
In Fig. 30 the simulated pressure distribution in the 12 mm and 5 MN
case is shown. It shows that the pressure build-up is larger and that the
pressure gradient is larger than in the 4 mm case. At 2.14 MN the load has
reached a pressure equal to 2,180 MPa and at full load the pressure is 4,645
MPa. If this material were to be used as a gasket, the thin disc would not be
able to withhold the pressure inside an HPHT-process assuming the pressure
to reach 4.5 GPa or above. However, using a thick disc and letting it extrude
generates the pressure needed to encapsulate pressure in an HPHT-process.

38

Figure 29. The simulated pressure distribution in centre line of the disc as
function of initial radial coordinate. Initial thickness equal to 4 mm and load
set to 0.315, 0.815, 2.14 and 5 MN.

Figure 30. The simulated pressure distribution centre line of the disc as
function of initial radial coordinate. Initial thickness equal to 12 mm and
load set to 0.315, 0.815, 2.14 and 5 MN.
The results from the density comparisons between simulation and
measurements are shown in Fig. 31 and Fig. 32. The 4 mm disc simulation
after compaction to 5 MN is shown in Fig. 31. The density has a plateau
where it is more or less constant and at about 25 mm radius the density starts
to decrease. It is in good correlation with the measured values.
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Figure 31. Simulation and experimental relative density, after unloading, as
a function of initial radial coordinate for the 4 mm disc at 5 MN.
Fig. 32 shows the 12 mm disc simulation after compaction to 5 MN. In
terms of density versus radius, the experiment and the simulation correspond
well. For both high and low densities versus initial radius comparisons, the
simulations show the same trend as the experiments.
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Figure 32. Simulation and experimental relative density, after unloading, as
a function of initial radial coordinate for the 12 mm disc at 5MN.

5.3 Pressure instrumentation
The purpose of this work was to investigate the compaction properties of
a CaCO3 powder mix up to ultra high-pressure (10 GPa) and how these
properties affect the gasket behaviour. Different parameters of the powder
are investigated, i.e. initial density and internal moisture. A set-up,
supporting the outer diameter of the compact was also investigated. The
experimental results are in terms of Bi phase transition points and load–
displacement curves of the powder compacts. The instrumentation is done so
that it can be used to calibrate constitutive models.
In Fig. 33 typical resistance traces are shown, where the three phase
changes during the up-ramp and three phase changes during the down-ramp
can be identified. The load associated to the different phase changes were
calculated as the average of the start and end value.
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Figure 33. Typical resistance traces from the pressure instrumentation
experiments.
The following result is an example comparing a diametral supported disc
to a non-supported disc. This result shows how the gasket behaviour can be
changed simply by adding an o-ring to the outer diameter of the powder disc.
Supported and non-supported discs were compared using the load versus
displacement curves. The loading–unloading curves during compaction of
the powder discs are shown in Fig. 34. It can be seen that the supported discs
had a steeper increase in load compared to the unsupported discs. As the
load capacity of the o-ring was negligible, the increase in load was probably
the effect of the diametral support from the o-ring. In Fig. 34, phase
transformation load-points have been added. This shows the difference
between diametral support and unsupported configuration in terms of
pressure generation per unit thickness for a given thickness.
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Figure 34. Load versus thickness for the two different set-ups; diametral
support and unsupported discs using initial density ρ2=2,177 kg/m3. Phase
change at the centre of the disc (2.55, 2.70, 7.7 GPa) for diametral supported
disc ■, unsupported disc ▲.

5.4 Frictional testing
This study may be seen as a step towards a more advanced friction model
for powder compaction simulation. Numerical models that are more accurate
can give better results, for example regarding the evolution of density and its
distribution within the powder compacts. It is therefore important to
understand how the friction affects the powder compaction process.
The aim of this study was to gain knowledge that would be useful from
the viewpoint of finite element as a tool to simulate powder compaction.
As a measure of static friction coefficient, µ, the measured sprinkled
powder friction coefficient was used. These samples had been sprinkled with
loose powder (same material as the powder compact) to imitate loose
powder in the compression procedure. These measured friction coefficients
could be seen as a stick friction coefficient, since several of the tests led to
stick-slip behaviour.
The observed stick-slip behaviour was believed to be caused by powder
sticking to the carbide surface. It was seen that the sprinkled powder resulted
in an uneven surface, which may be the reason why instability was induced
to the system giving stick-slip behaviour. Sometimes an even and high value
of the friction coefficient was measured at levels similar to the stick values
for tests where stick-slip occurred.
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The powder sprinkled friction results are shown in Fig. 35. It is shown
that the measured  has scattered values with no particular trend. However,
it is possible that different densities have different stick values, since as the
material changes properties as it is compacted to a higher pressure. The
mean static friction for all the densities was 0.23 and it varied between 0.200.29. These values were in line with the results of Beste et al. [70]

Figure 35. Coefficient of friction for powder sprinkled test specimens.

5.5 Ultra high-pressure simulation
The numerically obtained load-displacement curves were compared to the
experimental measurements found in Paper III. The experimental results are
consistent and the simulation of the low-density disc has a load-displacement relation close to the experiments, see Fig. 36. The simulation shows a
lower load than the experiment for the first 2 mm of compaction, but at the
end of the up-ramp the simulated response is stiffer than the experiment.
This might be caused by too low bulk modulus at the lower densities and a
too high bulk modulus at higher densities. However, the load build-up has a
complex behaviour and many of the material parameters are dependent on
each other. It may also be noted that the simulated down-ramp has more
springback than the experiment.

44

Figure 36. Load - thickness curve comparison between experiment and
simulation for low-density powder compact.
For the high-density compact, the simulation predicted the experimental
force-displacement response well, as shown in Fig. 37. It may be noted that
the load increase starts earlier in the compaction stage for the high-density
disc compared to the low-density disc. The increase of the simulated load is
large during the starting phase, probably because of differences in starting
friction and/or cohesion compared to the experiment. In addition, a powder
compact can be subjected to random cracking. There is also an initial powder
rearrangement even though it has already been pressed to a compact.
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Figure 37. Load - thickness curve comparison between experiment and
simulation for high-density powder compact.
The simulated pressure profile versus the initial radius for three loads is
plotted in Fig. 38 together with the experimental phase transition points from
Paper III. The maximum pressure reaches about 9 GPa. Comparing the
pressure profile at around 3,000 kN load to the experimental pressure points
(r=0 and r=10 mm), it can be seen that the simulated pressure is close to the
experimentally measured pressure. At the lowest load, around 1,000 kN, the
pressure profile is flatter than at higher loads. Overall the main features of
the simulated pressure distribution compares well to the measurements
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Figure 38. Simulated pressure distribution in low-density powder disc
together with experimental phase transition points.
The simulated pressure profile versus the initial radius for the load is
plotted in Fig. 39 together with the experimental phase transition points. The
simulation of the high-density compact shows a maximum pressure of about
8 GPa. Comparing the pressure profile at 3,914 kN load to the experimental
points (r=0 and r=8 mm), it can be seen that the simulated pressure is higher
than the experimentally measured pressure, both in the centre and at 5 mm
radius. At the lowest load, 1,451 kN, the pressure profile is flatter than at
higher loads and it overestimates the pressure in the centre.
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Figure 39. Simulated pressure distribution in high-density powder disc
together with experimental phase transition points.
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6 Summary of appended papers

6.1 Paper I
Experimental studies were conducted to investigate the pressure–density
relationship of a CaCO3 powder and also to correlate the relative density to
elastic and strength properties using experimental results. Further, a
methodology was introduced to provide a foundation for an elastic–plastic
constitutive model. The mechanical behaviour of a CaCO3 powder mix was
investigated using the Brazilian disc test, uniaxial compression testing and
closed die experiments, mainly focussing on pressures between 50 MPa and
5 GPa. The experiments showed increasing elastic modulus and strength
with increasing density. An empirical expression of the dependence of the
bulk modulus on density was also introduced
Relation to thesis: The paper is an experimental investigation of the
CaCO3 powder mix mechanical properties. It provides material data for the
constitutive model used in Paper II.

6.2 Paper II
In this work experimental tests using the Bridgman anvil set-up and
Calcite powder discs with different thicknesses were made. A nonlinear
elastic-plastic cap model was developed to model the behaviour of powder
material from low-pressure and loose state to high-pressure and solid state.
The constitutive model was implemented in a finite element code. The
constitutive data was identified by optimization of experimental data.
Validation was made by numerically reproducing the mechanical behaviour
of uniaxially pressing Calcite to different pressure (up to 5 GPa) including
unloading. The load–displacement curves, density distribution and the
surface displacement were measured and compared to the finite element
results. The results of the compaction simulations agree reasonably well with
the experimental results.
Relation to thesis: The paper is a high-pressure experimental and
numerical investigation of the CaCO3 powder mix. It is aimed to increase
knowledge of the powder compact and develop a constitutive model for
high-pressure compaction of Calcite (CaCO3) powder.
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6.3 Paper III
In this work, the properties of CaCO3 powder up to ultra-high pressure
were studied using an instrumented Bridgman anvil apparatus. Bismuth
phase transformations were used as fix point calibrant. Three different
parameters were studied, density, moisture and diametral support
dependence on the load–thickness and pressure build-up. The experiments
were made so that they can be used as validation and calibration of
constitutive models for finite element simulations of the HPHT-process.
The results show that increasing the density of the powder compact
increases the load needed to reach maximum pressure. In addition, the
residual stresses in the compact seem to delay the phase transition on the
down-ramp. Moisture content within 0.5%–1.2% does not significantly
influence the compaction properties of the discs. Diametral support increases
the phase transition load.
Relation to thesis: The paper is an ultra high-pressure experimental
investigation of the CaCO3 powder mix. It is aimed to increase knowledge of
the powder compact in a relation to gaskets in high-pressure systems. It also
sets the foundation for further validation of the numerical model.

6.4 Paper IV
In this study, a universal tribometer was used to investigate the frictional
behaviour of contact interfaces between a carbide counter surface and
CaCO3 powder compacts with different densities. Both static and dynamic
friction properties were measured at different conditions to build a
fundamental foundation for friction modelling of powder compaction
simulations.
This study may be seen as a step towards a more advanced friction model
for powder compaction simulation. Numerical models that are more accurate
can give better results for example regarding the evolution of density and its
distribution within the powder compacts. It is therefore important to
understand how the friction affects the powder compaction process.
This study shows that increasing the powder compact density decreases
the dynamic friction coefficient but that the static friction coefficient remains
constant.
Relation to thesis: The paper is an experimental investigation of the
frictional behaviour of the CaCO3 powder mix. The aim of this study is to
gain knowledge that will be useful from the viewpoint of finite element as a
tool to simulate powder compaction.
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6.5 Paper V
In this work a simulation of the ultra high-pressure pressing of CaCO3
powder compact was made. Further, using two different powder compact
densities, a function for the R-value for a cap model was obtained using
inverse modelling. The Poisson’s ratio as a function of density was
determined using ultrasonic measurements. To validate the finite element
model, output data was compared to pressure instrumented runs (Paper III)
conducted in the Bridgman anvil apparatus. The results show that the
simulation model is indeed capable of reproducing load–thickness curves
and pressure profiles close to the experimental curves.
Relation to thesis: The paper is a high-pressure numerical investigation
of the CaCO3 powder mix, and is validated against pressure measurements
up to 7.7 GPa. It is aimed to further increase the knowledge of the powder
compact behaviour and evaluate, compare and improve the constitutive
model.

51

52

7 Conclusions

A constitutive model for high-pressure compaction was developed by
studying the mechanical properties of a granular powder. It was
implemented in a finite element code as a user-defined material subroutine
and used in simulations of pressing CaCO3 powder discs in a Bridgman anvil
apparatus. The compaction simulations were validated against several
experimental results. Compressive mean stresses up to 10 GPa were reached
inside the powder compact according to the simulations. In conclusion, the
results obtained in the simulations agree well with the experimental
measurements. The main conclusions are as follows:


The model is able to numerically reproduce pressing of powder
compacts from low density to full density, with both elastic and
plastic density dependent properties.



The model is able to account for pressure (mean stress) ranging from
a few MPa up to 10 GPa. The exploration of the pressure
distribution showed that the simulation had a similar shape as that
given by theoretical calculations.



Thin discs with small radial extrusion generate a plateau at a lowpressure level, while thick discs with large radial extrusion generate
a pressure peak at a high pressure level. The density distributions
correlate to the reached pressure levels in the discs. The FE-results
can indeed be used to engineer pressure peaks needed for HPHTsystems.



Compact density and diametral support affects the pressure
transition load and load–displacement behaviour as it increases the
“stiffness” of the discs.



The friction against the tooling is of major importance as it
influences the pressure build-up in the powder disc.
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8 Main contribution

At the start of this research, in 2008, there were few published studies
available in the open literature that addressed high-pressure compaction
simulations of granular material. The focus of the present research on highpressure modelling and simulation is related to material characterization and
developing of material models to simulate high-pressure processes.
This thesis is thus an important step forward and provides a new insight
into the role of material characterization and modelling of high-pressure
materials. It also provides a tool, so that a fundamental understanding of the
processes involved at high-pressures can be obtained, if further process
improvement and optimisation are to be achieved.
Research on high-pressure materials and the modelling of them has two
main goals: increased productivity and improved process economy. This can
be achieved by proper selection of materials (with respect to shear strength,
friction, thermal conductivity, density, hardening etc.), preparation of tooling
surfaces (roughness) and optimisation of capsule and gasket designs.
This work has resulted in new knowledge of the methodology required to
characterize granular material at high pressures. In addition, it contributes to
the development of numerical models for powder pressing at high pressure.
This knowledge can be utilised to achieve the above mentioned goals.
The interest in research in the high-pressure compaction area has
increased in recent years due to the industries’ need for better understanding
about their processes and products in order to get a competitive edge.
Problems such as tool breakage and yield problems have been
experienced for a long time but only very small efforts have been made to
initiate material research and modelling to solve these issues.

55

56

9 Suggestion for future work

As regards the characterization of the granular material, it would be
valuable if the high-pressure part could be better resolved. New experimental
methods to determine properties like hardening and friction angle should be
developed. In addition, the determination of the elastic parameters using
ultrasonic measurements could be made during the compacting stage,
yielding “live” values of these parameters. This would contribute to the
understanding of how the material properties change as the pressure
increases.
Concerning the tooling, more research on the tungsten carbide behaviour
at high pressures and during high-pressure cycling should be conducted
since the tooling deformation becomes increasingly important as the pressure
increases.
Further, to explore the high-friction Bridgman set-up to remove frictional
influence on the powder compact and better calibrate the model towards
different sizes and thicknesses of the sample would be valuable.
Keeping in view the interest within industry to improve the high-pressure
processes, more material should be characterized and the numerical model
should be implemented to simulate a complete high-pressure system. This
will enable fundamental understanding of how to design gaskets and
capsules to minimize the deformation of the final products.
More work to improve the Finite element model would include the
implementation of phase transitions, but also include element free mesh, a
3D-model and a crack model.
Temperature is an important part of high-pressure sintering. To be able to
simulate the sintering process, material parameters at high temperature up to
2,000C is required. To measure material parameters at high-pressure and
high-temperature will be a challenge for the future.
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a b s t r a c t
The mechanical properties of powders at high pressures are difﬁcult to measure and therefore such data are
rarely reported in open literature. Available test equipment mainly operates in the low-pressure region, 0–
200 MPa. Calcite (CaCO3) is a mineral suitable for high-pressure processes, e.g. sintering of diamond
compacts. It is also a very common material in the earth core and therefore of interest for geoscientists. In
order to model the processes in the high-pressure region (above 1 GPa), knowledge of the mechanical
properties of the powder in the entire pressure range is needed. Experimental studies have been conducted
to investigate the pressure–density relationship of a CaCO3 powder and also to correlate the relative density
to elastic and strength properties using experimental results. Further, a methodology has been introduced to
provide a foundation for an elastic–plastic constitutive model. The mechanical behaviour of a CaCO3 powder
mix has been investigated using the Brazilian disc test, uniaxial compression testing and closed die
experiments. The experiments showed increasing elastic modulus and strength with increasing density. An
empirical expression of the dependence of the bulk modulus on density has also been introduced.
© 2010 Elsevier B.V. All rights reserved.

1. Introduction
Powder compaction modelling has progressed rapidly in recent
years mainly in view of the ever increasing computational capabilities.
Present research offers insight into the stress build-up within a
compact that greatly enables in minimizing ﬂaws in the green
compacts [1,2].
Pressed and machined powder components may be used directly
in certain applications but are also often subjected to further
processing. It is well-known that powder properties such as grain
size, moisture level and degree of compaction affect component
properties and behaviour. Hunsche et al. [3] found that the strength of
rock salt was inﬂuenced by temperature above 100 °C and Liang et al.
[4] reported that different mixtures of salt and other minerals
inﬂuenced the properties of the specimens. Sinka et al. [5,6] further
reported that un-lubricated and lubricated die and punch, respectively have an opposite density distribution trends of the powder
compact.
The material properties inﬂuence largely the shape and properties
of the ﬁnal product and also govern pressure gradients and load
distribution of the equipment.
Several procedures have been developed to exploit experimental
results in determining parameters for constitutive models. The

⁎ Corresponding author.
E-mail address: sven.berg@ltu.se (S. Berg).

methods are in general similar to those developed for soil testing.
Four principal testing methods can be used in developing a model:

▪
▪
▪
▪

Diametral compression test (Brazilian disc)
Uniaxial test
Isostatic test
Triaxial test.

The data extracted from the tests are used to ﬁt parameters in
different material models [7]. Once a material model is developed, it is
possible to simulate the material behaviour through numerical
modelling e.g. by using the ﬁnite element method (FEM).
Simulations are however often done for very low pressures, from a
few MPa up to some 200 MPa. The pressure range above 200 MPa up
to 2–3 GPa is still very poorly understood.
A scientiﬁc area of particular interest to high-pressure effects is the
ballistics and explosions, mostly in military applications, i.e. Gabet et
al. tested concrete in triaxial compression up to ∼ 1 GPa [8]. The
production of synthetic diamonds is today a vast industry, in which
different kind of equipment like the girdle/belt [9–11] and toroidal
devices [12] and the cubic press [13] are used in order to reach
pressures of 5–6 GPa, or even higher [14–16]. In all these systems, a
capsule of a granular material contains the core material. The capsule
is made of materials like pyrophyllite, salt, graphite, limestone and
ZrO2. The core is commonly a slug of graphite mixed material or
carbide substrates mixed with diamond powder. The material
properties of the capsule materials are poorly known in terms of
modelling parameters for numerical applications.

0032-5910/$ – see front matter © 2010 Elsevier B.V. All rights reserved.
doi:10.1016/j.powtec.2010.05.009
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The technology of sintering various types of nanopowder into
compacts has grown steadily in recent years. The nanopowder
requires a high sintering pressure, up to 8 GPa. Lu et al. [17] sintered
a MgAl2O4 nanopowder at pressures up to 5 GPa and temperature
620 °C. Gallas et al. [18] cold compacted γ-Al2O3 and SiO2 at pressures
up to 5.6 GPa. Li et al. [19] sintered nanopowder of amorphous silicon
nitride at high pressures ranging from 1 to 5 GPa at temperatures
ranging from room temperature to 1600 °C. These materials are being
increasingly commercialised and the modelling of different geometries and mixtures as well as the exploration of the material properties
up to very high pressures will therefore become increasingly
important in the near future.
Another area where certain materials have been investigated at
high pressure are in geosciences, in dealing with the earth crust,
mantel and core [20,21]. The pressures are however in general very
high, often in the range 10 GPa to 100–500 GPa. The materials in the
mantel and core are fully dense and loaded in compression, unlike the
powder material. The investigations are usually performed within the
framework of equation of state (EOS) theory which is analytical.
The aim of this work is to provide a foundation for numerical
simulation of CaCO3 powder compaction at higher pressures. To
achieve this, parameters for a constitutive model are required. In this
paper, experimental techniques like uniaxial testing, Brazilian disc,
and closed die are used to map the mechanical properties of a Calcite
powder mix, mainly focussing on pressures between 50 MPa and
5 GPa.

The mechanical properties of a porous material depend to a large
extent on the compaction process [22]. For example, shear strength,
friction and elasticity vary with the density of the material. Most of the
deformation/plasticization of a material occurs in the low-pressure
region. Because of the accompanying large deformations, it is
important to map this region in detail.
The behaviour of a full density material is elastic and equation of
state (EOS) theory [23], which applies at higher pressures, provides
the elastic moduli as functions of pressure. However, if the highpressure region is small enough, a constant value of an elastic
property can be used as a good approximation.
2.1. Porosity dependency on material properties

ð1Þ

mðρr Þ

;

ð2Þ

mðρr Þ

;

ð3Þ

K = Ks ðρr Þ

r

c

ð4Þ

In Eq. (4), P0 is a low pressure corresponding to (and approximating) a density ρ0 just above the bulk density and Ps is the pressure
for full density ρs. This gives ρc = ρ0/ρs as the lowest relative density to
which a powder compact can be pressed. Applying Eq. (4) to the bulk
modulus gives the following relation:
 ðρ −1Þ
Ps ð1−ρ Þ
:
P0
r

K = Ks

c

ð5Þ

Eq. (5) gives the bulk modulus K as a function of the hydrostatic
pressure. Krief, Eq. (3) can be adjusted to accommodate measured
powder properties by applying upper and lower pressure–density
condition. A brief derivation using the same nomenclature as in
Eqs. (4) and (5) is given below. The ﬁrst step is an assumed pressure
versus density relationship.

where the exponent m(ρr) = 3/(ρr), Ks and Gs are the solid bulk
modulus and the solid shear modulus respectively.

ð6Þ

The pressure–density condition P = P0 at ρc is introduced and the
function m(ρr) = constant/ρr is solved for, Eq. (7). The upper
pressure–density condition at ρr = 1 is P = Ps and does not call for
any further treatment.

mðρr Þ =

 
− ln PPs ρ
0

c

lnðρc Þ ρr

:

ð7Þ

Substitution of Eq. (7) into Eq. (3) yields the function

K = Ks ρr

Here α, a constant, is deﬁned as the packing geometry factor, the
exponent n is dependent on grain morphology and pore geometry, Es
is the solid Young's modulus and ρr is the relative density.
Krief [26] proposed empirical equations for the shear modulus G
and the bulk modulus K
G = Gs ðρr Þ

 ðρ −1Þ
Ps ð1−ρ Þ
:
P0

−

The material properties of powder compacts determined in this
work are functions of density. Several porosity dependent models,
describing Young's modulus and the bulk modulus have been
proposed previously.
Yoshimura et al. [24] reviewed several equations for the
dependence of Young's modulus on porosity. An example is Eq. (1)
proposed by Phani et al. [25].
n

P
=
Ps

Pðρr Þ
mðρ Þ
= ρr r :
Ps

2. Theoretical considerations

E = Es ð1−αð1−ρr ÞÞ

In this investigation, Eq. (4) which is based upon the evolution of
the relative density ρr with hydrostatic pressure after unloading has
been used. This expression aims at a more general relationship
between powder density and pressure and is based on the physical
properties of the powder and the experimentally observed behaviour.



lnðPs =P0 Þ ρc
lnðρc Þ ρr



:

ð8Þ

In the original Eq. (3), m(ρr) = 3/(ρr) is based upon rock data. By
introducing a pressure–density relationship in Eq. (3) and upper and
lower pressure–density conditions, Eq. (8) is obtained.
The equations for the bulk modulus can now be adjusted to ﬁt the
experimental values.
2.2. Isostatic pressing
In isostatic testing, the axial and radial stresses are equal and the
specimen is in a state of hydrostatic compression with a pressure
equal to
P=

σkk
ðσaxial + 2σradial Þ
=
;
3
3

ð9Þ

where σaxial and σradial are the stresses and P is the pressure.
The corresponding axial and radial strain components provide the
volumetric strain.
εv = εkk = ðεaxial + 2εradial Þ;

ð10Þ

where εaxial and εradial are the strains and εv is the volumetric strain.
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2.3. Diametral compression test
The diametral compression test, also called the Brazilian disc test,
is an established method to measure the tensile strength of a brittle
material. The Brazilian disc gives a combination of pressure and
tensile loading, which in turn gives the deviatoric (shear) strength at a
certain pressure. This strength is also density dependent.
In the test a compressive force is applied diametrically to a thin
disc, along the y-axis. The disc is considered to be thin when the
thickness to radius ratio is 0.5 or less, which promotes a plane stress
state in the disc. According to Brazilian disc theory the maximum
tensile and the maximum compressive stresses occur in the centre of
the disc along the x-axis and along the y-axis, respectively. At the
centre (x = y = 0) the maximum stress components are [27,28],
σy = −
σx =

3F
πtr

ð11Þ

F
;
πtr

ð12Þ

where F is the applied force, t is the thickness and r the radius of the
disc. The stress component σx is tensile and σy is compressive. The
load versus deformation relationship for a Brazilian disc of a typical
powder mix is shown in Fig. 1. It is convenient to express the material
strength in terms of von Mises effective stress:
σeff =

rﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
1
ððσx −σy Þ2 + σx2 + σy2 Þ:
2

ð13Þ

Mises stress from the Brazilian disc in the deviatoric (von Misespressure) plane allows estimation of the cohesion and friction angle.
A large hysteresis effect was seen in the testing. It is a common
feature of powder materials. Because of the hysteresis effect, the
Young's modulus was calculated for both the down ramp and the up
ramp:

▪
▪

The slope was measured in the range of 30–60% of the UCS on the
ﬁrst down ramp.
The slope was measured in the same range but on the following up
ramp.

60% of the UCS was chosen so that the stresses would be within a
safety zone concerning micro cracks and breakages of the sample.
Calculations (approximation) of Young's modulus in terms of tangent
modulus or average modulus are often done using a ﬁxed stress level,
usually 50% of the UCS [29]. The ﬁxed stress level (50%) gives the 30%
limit in the uniaxial tests. It also gives the 50% of maximum load limit
for the closed die experiments. The calculation of the slopes is
illustrated in Fig. 2. The straight line, denoted “down ramp”, is the ﬁrst
measure and “up ramp” the second.
2.5. Closed die
In order to obtain an estimate of the elastic properties of the
material at high pressures, a closed die apparatus was used. From the
slope of the down ramp an estimate of the bulk modulus can be
obtained by using the relationship
A

The von Mises stress obtained from the Brazilian disc test is used in
the calculation of the cohesion and friction angle.

Kab =

B

σz −σz
1−2ν
= M = K + 4K
1 + 2ν
εAz −εBz

ð16Þ

With the uniaxial compressive test, the ultimate compression
strength (UCS) which is the nominal axial stress at specimen failure
can also be obtained. A plot of the UCS-value together with the von

where Kab is the slope of the down ramp from maximum axial stress
(point A) to half the maximum axial stress (point B) as shown in Fig. 3.
σz is the axial stress, εz is the axial strain, υ the Poisson's ratio and M is
the longitudinal modulus. By assuming Poisson's ratio constant, the
bulk modulus can be estimated. Hancock et al. [30] used Eq. (16) to
obtain material data for modelling of the compaction process of
pharmaceutical pills.
A representative result from a closed die test is shown in Fig. 3.
In this investigation, Poisson's ratio was assumed to have a
constant value of 0.25. This value is in agreement with other
investigations. For example Fossum et al. [31] who investigated the
Salem Limestone mechanical properties using a triaxial press. The
porosity of the limestone was in the range 12–18%. From the shear
and bulk modulus, a Poisson's ratio of 0.254 was obtained
Chu et al. [32] also tested limestone triaxially (95% Calcite, 5%
Quartz) with an average bulk density of 2.3 g/cm3. The calculated
Poisson's ratio was 0.253.

Fig. 1. Load versus displacement for a Brazilian disc test.

Fig. 2. Schematic of the Young's modulus calculations. The bold sections, labelled “up
ramp” and “down ramp” are used for assessment of Young's modulus.

2.4. Uniaxial compressive testing
Uniaxial testing is performed with no lateral conﬁning stress. From
the test results, Young's modulus E and Poisson's ratio ν can be
obtained by using Hooke's law. However it is difﬁcult to measure the
radial strain of a powder compact specimen. In this investigation, the
Poisson's ratio has been assigned a constant value.
εaxial =
εradial =

σaxial
;
E
υ
:
σ
E axial

ð14Þ
ð15Þ
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3. Materials and methods

Fig. 3. Compressive axial stress versus compressive axial strain during compaction. The
slope of a line passing through the points A and B can be used to calculate an
approximate value of the bulk modulus K.

In order to obtain low-pressure data, testing methods like isostatic
pressing, Brazilian disc and uniaxial testing were used. These testing
methods provided necessary material data to calibrate a material
model at relative low pressures. The really low pressures at which
granular deformation and rearrangement occur have not been
addressed in this investigation. This region may however be
important to modelling.
At higher pressures, the above mentioned tests cannot be used
mainly because isostatic press equipment generally works in the
pressure range of 0–600 MPa and occasionally up to pressures of the
order of 1500 MPa, the upper limit being set by the functioning of
hydraulic equipment like valves and pumps.
In view of such limitations, a closed die apparatus was used to
produce the relevant material data at very high pressures.
The material data from the low and high-pressure tests were
combined so as to obtain a continuous function of the whole pressure
region.

2.6. Equation of state (EOS) for high-pressure applications

3.1. CaCO3 powder mix

The equation of state theory (EOS) is primarily used within
geophysics to calculate the properties of minerals found in earth's
inner core. The material parameter of interest, using this method, is
the bulk modulus as a function of pressure.
Experimentally, it is common to measure the change of volume as
the specimen is compressed and ﬁt data to e.g. a Birch–Murnaghan
equation [33–35]. A ﬁrst order (second order ﬁnite strain) Birch–
Murnaghan equation of state is as follows:

The powder used in this investigation was spray dried CaCO3.
Because of powder pressing problems, a small amount of wax and
polyvinyl alcohol (PVA) were added as lubricants. The moisture level
of the powder when pressed was 0.66%. A scanning electron
microscopy analysis showed that some large granules had formed,
mostly due to clustering of smaller granules. Possible cavities in the
granules have also been detected as shown in Fig. 4.

P=

3
K
2 0

"�

V0
V

�7 �
V
3
− 0
V

�5#
3

ð17Þ

where V is the apparent volume and V0 is the initial volume. K0 is the
bulk modulus at zero pressure and full density, that is, all voids are
closed and the behaviour in compression is governed by the elastic
properties only.
The most common parameters featuring in EOS investigations are
the bulk modulus K and its derivative with respect to pressure K′. A
selection of previous investigations of the Calcite bulk modulus is
summarized in Table 1.
Calcite features several phases, and one phase transition is
believed to occur at a pressure of 1.45 GPa (CalciteI → CalciteII) and
another at about 1.74 GPa (CalciteII → CalciteIII) [37]. Fiquet et al. [38]
observed the coexistence of two Calcite phases in certain regions of
the sample. Both CalciteI and CalciteII were observed in the pressure
range 1.46–1.78 GPa and both CalciteII and CalciteIII in the range of
2.28–3.49 GPa. The transition pressure is apparently difﬁcult to
quantify accurately at present.
The mechanical properties of a mineral are also phase speciﬁc and
a phase transformation entails a change of material properties. For
example the bulk modulus of CalciteIII has been found to be around
93 GPa [38].

3.2. Sample preparation
Isostatic pressing of the powder yields a pressure–density
relationship. In this work, the powder was pressed to different ﬁnal
pressures in the range of 50–343 MPa. Specimens for the Brazilian disc
and uniaxial compression tests were manufactured from the
isostatically pressed powder compacts. For the higher densities,
samples from the closed die were used. The density of a specimen was
measured on the machined part.
3.3. Diametral compression test
The specimens were set up between two ﬁxtures inside a closed
rectangular frame with a load cell mounted into a servo-hydraulic
100 kN Dartec testing machine for loading in tension or compression.

Table 1
Full density, bulk modulus, K, and bulk derivative, K′, for Calcite.
References

K [GPa]

K′

Method

Bridgeman [36]
Singh [37]
Fiquet [38]
Redfern [39]

73.15
71.1
69.5
73.46

4.17
4.15
4
4

Closed die
Closed die
Powder ED XRD
Single crystal XRD

Fig. 4. SEM image of spray dried CaCO3, showing possible cavities in granules.
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The maximum capacity of the load cell was 5 kN with an accuracy of
±0.5 N. In order to minimize effects of friction, the load cell was
mounted inside the frame. The load on a specimen was distributed
over a small arc of ﬁnite width and a radius of 12.7 mm on each ﬁxture
so that the compressive and shear stresses in the loading area of a
specimen were reduced enough to ensure tensile failure at the centre
of the disc [27,28].
The diameter of the Brazilian disc test specimens in this
investigation was 20 mm and the thickness 4 mm. Because of the
inherent variation of the mechanical properties of a granular material,
three discs were tested for each density in order to establish a rough
indication of scatter in the results obtained.
3.4. Uniaxial compression test
The diametral test loading device was also used for the uniaxial
tests but the specimen was placed between plane ﬁxture plates.
The diameter of the isostatically compacted cylindrical specimens
used in uniaxial testing was 12 mm and the height 20 mm, corresponding
to a height–diameter ratio equal to 1.67. For pressures in the range of 50–
343 MPa the load was applied in 2–4 repeated steps. Specimens for higher
pressures were manufactured in a closed die and tested as manufactured,
without any subsequent machining. The diameter was 15 mm and the
height 21 mm, approximately, corresponding to a height–diameter ratio
equal to 1.4. Only three high-pressure specimens were tested, two of
which with almost the same density. The calculated standard deviation of
density is accordingly uncertain. However, the variability is less critical in
compression than in tension.
3.5. Closed die
The closed die equipment is a single acting press. A tungsten
carbide (WC) die is supported by concentric rings of hardened steel to
a support pressure of about 1700 MPa. The cavity diameter is
15.0 mm. The diameter of the punch, also made of tungsten carbide,
is 14.95 mm. The assembly was placed between the ram and the top
plates of a 500 tonne press enabling the material to be compressed to
axial pressures in the range of 1–5 GPa. The motion of the ram was
monitored by means of dial gauges allowing estimation to
±0.015 mm. The relation between oil pressure and press load was
found by using a load cell with an accuracy of ±0.5%.
4. Results and discussion
Cylindrical samples of different relative density were obtained in
two ways, i.e., through isostatic pressing and closed die pressing. The
samples were machined to the desired shape keeping in view the
chosen experimental method.

Fig. 5. The experimental pressure–density relationship together with semi-empirical
Eq. (4) and 95% conﬁdence intervals ( isopressed, ο closed die, x least square
estimated value).

▪

a high density increases rapidly for relative density greater than 0.85–
0.9. This behaviour has also been shown by Brinckmann et al. [40]
who conducted similar experiments on NaCl. The log–lin scaling in
Fig. 6 shows that the low-pressure region is captured quite well by
Eq. (4). There is however some deviation at higher pressures for
relative densities of about 0.8 and 0.9.
By using the least square method to obtain the best ﬁt value of Ps
and P0, the values of Ps = 5285 MPa and P0 = 0.574 MPa were
obtained. This means that the pressures for full density and for the
lowest possible density are reached by optimisation but have not been
produced or veriﬁed experimentally.
4.2. Brazilian disc, tensile strength
The Brazilian disc test is used to obtain the tensile strength of the
material. A plot of the tensile strength versus relative density (see
Fig. 7) shows, as expected, that the strength increases with density.
This is in line with the results of Han et al. [41]. The relative standard
deviation of the tensile strength did not increase with density and
spanned from 3% to its maximum value of 9.5%. The maximum value
was calculated for the lowest density and can be used as a
conservative, measure of the variation for this test.
4.3. Uniaxial compressive testing and ultimate compression strength
(UCS)
Fig. 8 shows the ultimate compression strength, measured by
uniaxial testing versus relative density. The strength generally

4.1. Relative density
The theoretical density of Calcite is 2710 kg/m3, but this density is
however not attained in cold compaction.
By measuring the weight and the dimensions of the machined
specimens from the isostatic pressing, a pressure–density relationship
was obtained, see Figs. 5 and 6.
As isostatic press was not available for higher pressures, a closed
die apparatus was used instead. There were difﬁculties in measuring
the density of the latter specimens because of lamination and cracking
which most likely occurred during unloading and extraction of a
sample and might contribute to an underestimation of the density.
The relative standard deviation of the closed die experiments spans
between 1% and 2.5%, while the relative standard deviation for the
other densities spans between 0.4% and 1.7%.
The relative density versus normalised pressure were estimated
using Eq. (4) and are shown in Fig. 5. The pressure needed to produce

Fig. 6. Experimental pressure–density relationship together with semi-empirical
Eq. (4) and 95% conﬁdence intervals. ( isopressed, ο closed die, x least square
estimated value) in log–lin scale.

▪
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Fig. 7. Results from the Brazilian disc test. Tensile strength versus relative density
together with 95% conﬁdence intervals ( isopressed, ο closed die).

▪

increases with density but there is a deviation toward smaller than
proportional strength above 0.85 relative density. A reason for this
may be that the samples were closed die pressed and not isostatically
pressed. Another reason may be the increased ﬂaw density because of
larger specimen diameter and height.
The same trend of the relative standard deviation was seen for the
UCS as for the tensile strength, in that it did not increase with density
but appeared rather independent of density. It spanned from 1% to a
maximum value of 11.4%. The maximum value was calculated for the
lowest density and can be used as a measure of the variation for this
test. According to the Brazilian disc test the variation does not increase
with density. The relative standard deviation at the lower densities is
therefore assumed to be applicable at high pressures. However, there
are uncertainties in the data obtained from the closed die specimens,
since indications of partial fracturing have been observed in the
specimens with the two highest densities. This would of course yield
lower UCS. Also, the calculated relative standard deviation from the
two highest densities is smaller than 11.4%. The height–diameter ratio
of the uniaxial specimens would ideally be 2. A lower height–diameter
ratio of the specimens yields a higher strength and it has also shown
that there is a specimen size effect [42]. However, small deviations
from ratios equal to 2 do not contribute to the strength to a great
extent.
4.4. Cohesion and friction angle
The cohesion and friction angle can be calculated from the
Brazilian disc and the UCS results as shown in the deviatoric plane
in Fig. 9. The dotted straight lines are obtained by linearization of the
test results from both tensile strength and UCS using values at the

▪ isopressed,

Fig. 9. Brazilian disc test and UCS results visualized in the deviatoric plane. (
ο closed die).

same density. An extrapolation to zero pressure gives the cohesion. It
is found that the cohesion increases with density, Fig. 10. The slope of
the dotted lines in Fig. 9 yields an estimate of the friction angle, which
was found to be between 64° and 68° and it is independent of the
density. In Fig. 11 the friction angle is plotted versus relative density
together with a straight line representing the mean value. Han et al.
[41] determined the friction angle for microcrystalline cellulose of 70°,
with a slight decrease with density. Brinckmann et al. [40] found the
friction angle for NaCl to be 69°. Given that the same procedure to
determine the friction angle was used and even though the materials
are quite different, these results are very similar
4.5. Elastic modulus
The elastic modulus estimation procedure, using the uniaxial
compressive test (for low relative densities) and the closed die test
(for high relative densities) has earlier been described in Section 2.5.
Young's modulus as a function of relative density, for both the up
ramp and down ramp values in uniaxial testing, is shown in Fig. 12.
It can be seen from Fig. 12 that the Young's modulus increases with
density. This has also been shown by Han et al. [41] and Brinckmann
et al. [40]. It is noted that there is a deviation on the curve at relative
densities above 0.8. This is probably due to a combination of the
change of compaction method (to closed die) and the material
becoming anisotropic. For the two highest values of Young's modulus
(Δ marked), it was not possible to measure the density because of
specimen lamination at ejection. The densities were instead estimated
by linear extrapolation. The relative standard deviation for the up

Fig. 8. Results from the uniaxial test. UCS versus relative density, including 95%
conﬁdence intervals ( isopressed, ο closed die).

▪

▪

Fig. 10. Cohesion versus relative density. ( isopressed, ο closed die).
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▪

Fig. 11. Friction angle versus relative density. ( isopressed, ο closed die. — mean value).

Fig. 14. Experimental bulk modulus together with Eqs. (18) and (19), the Krief Eq. (3)
and the modiﬁed Krief Eq. (8). See also Figs. 12 and 13. (
isopressed, ο closed die, Δ
closed die extrapolated values).

▪•

using the assumed Poisson's ratio equal to 0.25. In Fig. 13, the
experimentally determined bulk modulus is plotted together with the
estimated bulk modulus using Eqs. (18) and (19).

K = KsI

 ðρr −1Þ
Ps ð1−ρc Þ
P0

K = KsIII
Fig. 12. Young's modulus versus relative density. Results from uniaxial test include both
up and down ramp estimates together with 95% conﬁdence intervals. Relative densities
isopressed, ο closed die, Δ
above 0.9 have been estimated by linear extrapolation. (
closed die extrapolated values).

▪•

ramp and down ramp spanned from 0.5% to 9.0% and 0.5%–7.3%,
respectively. The maximum values were obtained for the lowest
densities.
4.6. Porosity equations
The bulk modulus rather than the Young's modulus is used in
constitutive models. In the assessment of the semi-empirical
equations the Young's modulus was recalculated to bulk modulus

 ðρr −1Þ
Ps ð1−ρc Þ
P0

ð18Þ

ð19Þ

Eq. (18) is valid for 0 b P b 2.2 GPa and Eq. (19) for P N 2.2 GPa. Both
equations are based upon Eq. (5), but the solid bulk modulus KsI refers
to Calcite I and KsIII to Calcite III. The P0 and Ps values are obtained with
least square method as described in Section 4.1.
Eqs. (18) and (19) are in good agreement with the experimental
data, but the Krief Eq. (3) does not ﬁt data at all. Probably this
equation is originally adjusted to ﬁt rock data. However, by modifying
the Krief Eq. (3) to include the pressure–density relationship, Eq. (8)
is obtained. This equation is shown in Fig. 14 together with the bulk
modulus and the other Eqs. (3), (18), (19). Eq. (8) is seen to ﬁt
experimental data reasonably well. The values of P0 and Ps are set to
9000 MPa and 50 MPa, respectively, and ρc = 0.67.
5. Conclusions
This investigation has provided relationships between density on
the one hand and elasticity and strength properties on the other for
Calcite powder mix. The result show that strength and Young's
modulus increase with density. A friction angle has been calculated
and it does not vary signiﬁcantly with density. A semi-empirical
equation, based on the pressure–density relationship, describing the
density dependence of the bulk modulus, has also been proposed. This
equation describes the increase in bulk modulus with density
reasonably well. Further, the mechanical properties have been studied
for use in constitutive modelling. Future work will aim at their
application in numerical simulation of the compaction process of
Calcite powder mixes.
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a b s t r a c t
Numerical simulation of manufacturing processes with working conditions at high pressure (above 1 GPa)
requires constitutive data of the powder for the whole range of pressure and density. Most of the test apparatuses
commonly used to obtain such data are only working in the lower pressure regions. Because of the absence of
high-pressure data, many parameters have to be guessed or extrapolated. A material used in high-pressure
applications is Calcite (CaCO3). The material can be used as an insulator in high-pressure capsules it is also a
common material in the earth core. An apparatus often used to generate high pressure during compaction is the
Bridgman anvil apparatus. In this work experimental tests with a Bridgman anvil set-up using Calcite powder
discs with different thicknesses were done. A nonlinear elastic-plastic cap model was developed to model the
behaviour of powder material from low pressure and loose state to high pressure and solid state. The constitutive
model was implemented in a ﬁnite element code. The constitutive data were identiﬁed by optimization of
experimental data. Validation was done by numerically reproduce the mechanical behaviour of uni-axially
pressing Calcite to different pressure (up to 5 GPa) including unloading. The load–displacement curves, density
distribution and the surface displacement were measured and compared to the ﬁnite element results. The results
of the compaction simulations agree reasonably well with the experimental results.
© 2010 Elsevier B.V. All rights reserved.

1. Introduction
The use of High Pressure High Temperature (HPHT) equipment
varies: in mineral physics research the equipment is used for
investigation of the earth's interior; and in industry, it commercially
produces synthetic diamond and other polycrystalline products. The
common denominator for almost all high-pressure systems is the use of
capsules where a granular material encloses the core material. The
capsules are often made of materials like pyrophyllite, salt, graphite,
limestone and zirconium oxide.
There are several different techniques used to produce high pressure.
Explosives compaction [1] is one of the more unusual techniques. It can
produce very high pressure, estimated up to 90 GPa. Other systems that
are more common in research and industry are the closed die (piston
cylinder), girdle/belt [2], multi-anvil, toroidal devise [3] and cubic
presses [4]. These systems usually reach pressures up to 5–6 GPa, but
even higher pressures can be obtained [5–7]. Equipment that is known
to generate high pressures is the Bridgman anvil apparatus [8–11].
Bridgman anvil apparatus has been used to measure the bulk
modulus of various materials. Sato et al. [12] investigated NaCl, MgO,
CaO and LiF using X-ray diffraction methods at pressures up to 15 GPa in
a Bridgman anvil high-pressure apparatus. The Bridgman anvil

⁎ Corresponding author. Sven Berg, Luleå University of Technology, Division of Solid
Mechanics, SE-971 87 Luleå, Sweden. Tel.: +46 934 17120.
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apparatus has also been utilized to determine the shear strength of
different materials. Already in the beginning of the 1970s, Okai and
Yoshimoto [13,14] measured the shear strength of Pyrophyllite. Later,
Sigalas et al. [15,16] measured the shear strength of Pyrophyllite and
Talc, before and after ﬁring. The shear strength as a function of
temperature and pressure for several oxide powders was also explored
using the Bridgman anvil apparatus [17]. However, these investigations
were mainly focusing on determining material properties, not modelling and simulation, which is the purpose of this paper.
Finite element (FE) modelling and simulation can be of assistance in
design and development of new products. These simulations require
some critical features and aspects of nonlinear FE analysis. The pressing
process is highly nonlinear due to the material response, large
deformations and strains, contact boundary conditions, and friction
behaviour. Therefore, it is important to use appropriate models in order
to numerically reproduce the event of pressing. The numerical solution
of the highly nonlinear problem often demands small time steps, giving
explicit methods a computational time advantage compared to implicit
methods [18]. However, explicit methods are conditional stable and will
be unstable if the time step is too large. Many papers are published on
modelling and simulation of industrial powder metallurgy (PM)
processes [19]. The same type of modelling methods can be used in
simulations of Calcite powder pressing.
The aim of this paper is to develop a constitutive model for highpressure compaction of Calcite (CaCO3) powder. A constitutive model
was calibrated using material data determined from experiments [20].
The compaction of CaCO3 powder discs, with two different thicknesses,

0032-5910/$ – see front matter © 2010 Elsevier B.V. All rights reserved.
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was simulated using the FE method. Corresponding experiments were
carried out using the Bridgman anvil apparatus. Results from simulations were compared to measured experimental results.
2. Theory
In this section, the constitutive model and some background to the
Bridgman anvil high pressure equipment is described.
2.1. Constitutive model
Powder compaction is a highly nonlinear process. Nonlinear
relations are needed in both the elastic and the plastic part of the
constitutive model.
2.1.1. Nonlinear elastic model
The elastic properties of Calcite powder was investigated by Berg
et al. [20]. It was found that the Young's modulus increased with
increasing density. In this investigation the function for the bulk
modulus was ﬁtted to the experimental values of the plastic
volumetric strain using the following expression
p

K = Ks

� �ρc ðexpðabsðev ÞÞ−1Þ
ð1−ρc Þ
P1
;
P2

ð1Þ

where K is bulk modulus, Ks is the solid bulk modulus, P1 and P2 are
parameters that will be optimized to experimental data, epv is the
plastic volumetric strain and ρc the initial relative density. A second
elastic parameter is needed to describe the material elastically
according to Hooke's law. In this work, the Poisson's ratio is used. It
is assumed constant.
2.1.2. Yield surface
One essential feature of a constitutive model for powder compaction
is that it has to be able to yield with pressure. Cap models have that
feature. There are different types of cap models where the shear-failure
surface function is written in slightly different forms, for example
Drucker–Prager cap and DiMaggio–Sandler cap model [21–24]. The
DiMaggio–Sandler model contains two surfaces. A shear failure surface
(f1), providing dominantly shearing ﬂow and a cap yield surface (f2) that
provides yield in pressure. L is the point of intersection between the two
yield surfaces and X the point of intersection between the hydrostatic
axis and the cap function (see Fig. 1). The shear cohesion, c, is the critical
shear stress of the material at zero mean stress. The original yield
surfaces of DiMaggio–Sandler are written as:
f1 ðI1 ; J2 Þ =

pﬃﬃﬃﬃ
J2 −½α−γ expðβI1 Þ + θ I1 � = 0;

ð2Þ

f2 ðI1 ; J2 ; κÞ =

pﬃﬃﬃﬃ 1 qﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
ð X−LÞ2 −ðI1 −LÞ2 = 0;
J2 −
R

ð3Þ

where I1 is the ﬁrst stress invariant and J2 is the second deviatoric stress
invariant. Further, are α, β, γ and θ material parameters. The eccentricity
parameter R is the ratio of the horizontal to vertical ellipse axes. It
deﬁnes the shape of the cap in the plane of the stress tensor ﬁrst
invariant versus the square root of the second deviatoric invariant. The
internal state hardening parameter κ is normally taken as a function of
the plastic volumetric strain. It allows the yield surface to grow or shrink.
The shear failure envelope (f1) of the DiMaggio–Sandler model is
modiﬁable so that it can combine the yield surfaces of Drucker–Prager
and von Mises respectively. At low mean normal compressive stress,
the Drucker–Prager surface is approached and at high mean normal
stress, a von Mises surface is approached. [25].
In this work the relative density is divided into an elastic and a
plastic part such that the plastic relative density is deﬁned as
p

e

ρr = ρr −ρr :

ð4Þ

Since the movement of the shear failure envelope during compaction
is non-linear and dependent on density, a movable shear yield surface is
introduced. The expression for the relative density dependent yield
function presented here is
f1 ðI1 ; J2 Þ =
�

pﬃﬃﬃﬃ
J2 −½α−AðρÞγ expðβI1 Þ−θI1 � = 0;

� � p �a ��
AðρÞ = a1 − exp a2 ρr 3 ;

ð5Þ
ð6Þ

where A(ρ) controls the movement of the yield surface and a1, a2 and
a3 are material parameters (see also [26])
2.1.3. Hardening function
The internal state hardening variable controls how the cap yield
surface moves in stress space. It is chosen so that
L = κ:

ð7Þ

In this work, the cap movement is based upon a function between
the plastic volumetric strain and the cap intersection with the
hydrostatic axis, called hardening function:
p

εv = f ð X Þ:

ð8Þ

Eqs. (8), (3) and (7) then implicitly deﬁne the internal state
hardening variable κ as a function of plastic volumetric strain. The plastic
volumetric strain is given by the differential relation:
p

p

p

ε̇v = ε̇v if ε̇v ≤ 0; or κ b I1 and κ b 0
otherwise

p
ε̇v

= 0:

ð9aÞ
ð9bÞ

Eq. (9) together with Eq. (7) limits the shrinking of the cap to L = 0.
The relation between the plastic volumetric strain and density is:
p

εv = ln

�

�
ρ0
;
ρp

ð10Þ

where ρ0 is the initial density and ρp is the current plastic density.
Berg et al. [20] found an expression that is based upon the
evolution of the relative plastic density, ρpr , with hydrostatic pressure
after unloading:

Fig. 1. DiMaggio-Sandler model, f1 is the failure envelope, f2 is the moving strainhardening cap and c is the cohesion.

P = Ps
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p
� �ðρr −1Þ
Ps ð1−ρc Þ
:
P0

ð11Þ
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In Eq. (11), P0 is a low pressure corresponding to (and
approximating) a density, ρ0, just above the bulk density and Ps is
the pressure that corresponds to full density, ρs. This gives ρc = ρ0/ρs
as the initial relative density. Substituting Eq. (11) into Eq. (10) yields
a relationship for the plastic volumetric strain versus pressure

p
εv ðP Þ

� �
9
P
>
>
ln s
=
P0
� � :
= ln ρc � �
>
P
P >
>
>
: ln
;
−ρc ln
P0
Ps

ð12Þ

� �
8
9
P
>
>
>
>
ln s
<
=
P0
�
�
� :
= ln ρc �
>
−X
−X >
>
>
: ln
;
−ρc ln
3P0
3Ps

ð13Þ

8
>
>
<

By assuming this relation along the hydrostatic axis Eq. (8) the
hardening function can be deﬁned as

p
εv ð X Þ

2.2. High pressure equipment
To achieve high pressure a Bridgman anvil apparatus was used. It is
a simple design with two opposite ﬂat surface where a pre-compacted
powder specimen is mounted (see Fig. 2). The apparatus gives high
pressure and, depending on the thickness of the specimen, highpressure gradients due to the ﬂow of the powder compact.
An illustration of how the pressure distribution in a circular disc is
inﬂuenced by the applied load and the initial disc thickness is shown
in Fig. 3. In Fig. 3a the pressure distribution at increased load using a
constant disc thickness is shown. The load governs the pressure
distribution; a low load yields a ﬂat pressure distribution (curve (1)).
An increased pressure promotes the ﬂow of the disc and the plateau is
decreased (curve (2)). Eventually the ﬂow reaches the centre of the
disc (curve (3)). If the disc is compressed even more the result will be
a larger pressure peak. In Fig. 3b the initial disc thickness (hi) is varied
at constant load. As the disc thickness is increased the pressure

Fig. 3. Illustration of the pressure (mean stress) distribution in a powder compact,
compressed in a Bridgman anvil apparatus as a function of , a) Load: increasing load
from curve 1 to 5, b) Initial disc thickness: changing from thin (i) to thick (iv) [11].

distribution will change, from curve (i) towards (iv). The critical disc
thickness (hc) is where the ﬂow reaches the centre, curve (iv).
Compressing a disc that is thicker than hc will only result in an
outward ﬂow until this critical value is reached. Watasuki et al. [11]
found the critical thickness of marble to be
hc
= 0:063;
D

ð14Þ

where D is the anvil diameter. Marble is a calcite variant; accordingly,
this can be used to assess the ﬁnal thickness in the present
investigation.
3. Materials and method
In this section, the preparation of the material used in the
experiments, high-pressure equipment and simulation models is
presented. The calibration of the constitutive model in terms of yield
surface, elastic model and hardening function is also described.
3.1. Experimental procedure

Fig. 2. Experimental ﬁgure of Bridgman anvils, support rings and specimen.

3.1.1. Powder mix and experimental preparation
The powder used in this work was spray-dried CaCO3 (CALCIPUR®
5–OG) with a small amount of wax and Polyvinyl alcohol (PVA) added
as lubricant. The mean particle size of the non-spray-dried powder
was 5.7 μm with a top cut at 25 μm. The moisture level of the powder,
when pressed, was 0.66%. The discs used in the experiments were
manufactured in a closed die, using a pressure of 50 MPa. The discs
were pressed to a diameter of 79.7 mm and to two different heights,
12 mm and 4 mm. The initial average thickness and density of the
specimens used in the Bridgman anvil experiments can be seen in
Table 1. The full density of Calcite is 2710 kg/m3 and the full density of
the lubricated powder is 2600 kg/m3.
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Table 1
Sample disc data for high-pressure experiments.
Run no.

Initial thickness [mm]

Density [kg/m3]

Coordinate
system

Load [MN]

R1
R2
R3
R4
R5
R6
R7
R8
R9

3.87
3.87
3.82
12.28
12.39
12.60
12.38
12.41
12.48

1781
1773
1771
1768
1754
1724
1764
1749
1742

Yes
Yes
No
Yes
Yes
Yes
Yes
Yes
Yes

3
5
5
3
5
3
5
3
5
Fig. 5. Bulk modulus for the calibrated function, Eq. (1) and the experimental data [20].

A coordinate system was printed on the top surface of the powder
discs. The coordinate system was measured using a light microscopy
before and after pressing. This made it possible to calculate the surface
displacement of the discs after compaction. The coordinate systems
were used to plot the results and are called “initial radius”, which
refers to the initial position in the coordinate system.
3.1.2. High pressure equipment
The Bridgman anvil set-up consists of two parallel opposed
circular anvils of tungsten carbide containing 6 wt% Cobalt. The
anvil has a face diameter of 80 mm and an 18° taper. The anvils are
supported by steel binding rings to a pressure of 200 MPa. The
assembly is placed between the ram and the top plates of a 5 MN
press. The motion of the ram was monitored by means of three dial
gauges graduated to 0.01 mm, allowing estimation to ±0.01 mm. Two
of them were located opposite to each other and the third placed 90°
to the others. The thickness measurements were determined from the
two opposite gauges, while the third measured the tilt of the anvils.
The relation between oil pressure and press load was found by using a
calibrated load cell. This removes the inﬂuence of ram friction. The
calibration of load cell had an accuracy of ±0.5%. The dial gauge
readings had to be corrected for press deformation with increasing
load. To do this, a series of calibration runs were undertaken using a
thin Molybdenum disc between the two anvils. The load was
increased in small steps up to maximum 5 MN and the dial gauge
reading as a function of load was recorded. The load cycle used for
both calibration and actual experimental runs can be seen in Fig. 4.
The load was ramped up to 3 or 5 MN in 5 min and was held at that
load for 1 min before it was ramped down in 5 min. The compaction,
caused by creep, during the 1 min ramp was removed when
comparing the experimental and simulated thicknesses.
3.1.3. Density measurements
The density, after unloading, of the compacted powder discs were
measured using Archimedes principle. Small pieces were taken from
the discs at different radiuses and measured. A density versus radius

relationship was established and used for validation of the model. The
measurements had a relative error of about 1%.
3.2. Model calibration
3.2.1. Elastic properties
Eq. (1) was ﬁtted to two different experimental bulk moduli, see
Fig. 5. One was obtained from the down-ramp and the other from the
up-ramp of uniaxial experiments [20]. Additional measurements of
the densities at high pressures (using closed die equipment) have
been included into the experimental data. The parameters P1 and P2
were found through least square optimization and were as follows:
P1d = 5759.3, P2d = 5.3760, P1u = 6164.9 and P2u = 0.7974. In the
following simulations, the down-ramp values, lower index d, will be
used together with a constant Poisson's ratio of 0.25 [20].
3.2.2. Yield surface
In Berg et al. [20] a yield surface for CaCO3 was reported. It was found
that f1, had an angle between 64° and 68°, in the q-P plane (von Misespressure plane). Utilizing a non-linear least square method, described
by Jonsén and Häggblad [26], an optimization of the failure envelope to
experimental data was done. The optimized values of the parameters in
Eqs. (5) and (6) are as follows: α = 1144 MPa, β= 6.928E-10 (MPa)-1,
γ = 374 MPa, θ = 0.43, a1 = 4.06, a2 = 0.086 and a3 = 8.2.
3.2.3. Cap eccentricity parameter R
The cap eccentricity parameter, R, is deﬁned as the ratio of major to
minor axes of the elliptic cap. It governs the shape of the cap. There are a
number of reported results from triaxial testing concerning the R-value of
Limestone. Chu and Brandt [27] tested Limestone (95% calcite, 5% quartz)
with an average bulk density of 2300 kg/m3. They obtained an R-value of
4. Coelho et al. [28] reported an R-value of 6.3 for Limestone with a
porosity of 20–30%. Using a triaxial press they found an R-value of 6.3.
Fossum et al. [29] investigated the Salem Limestone mechanical
properties. The Limestone had porosity between 12 and 18%, and the Rvalue was measured to a mean value of 5.63. The R-value has not been
measured in this investigation but is found by exploiting a best-ﬁt
procedure.
3.2.4. Hardening function
For the sprayed dried CaCO3 powder, the initial density is
ρ0 =1000 kg/m3 and the theoretical full density is ρs =2710 kg/m3.
This gives an initial relative density ρc =1000/2710. Utilizing Eq. (10) and
inserting ρp =ρs the plastic volumetric strain at full density is obtained:
p

εv = ln

Fig. 4. Load cycle for Bridgman anvil experiments. Five minutes up ramp and down
ramp and a one minute plateau.



1000
= −0:9969;
2710

ð15Þ

In Fig. 6 the plastic volumetric strain as a function X can be seen.
Least square method was used to obtain the best-ﬁt value for Ps and P0.
The values 3Ps = 33097 MPa and 3P0 = 0.5932 MPa were obtained. It
can be seen that the hardening function, Eq. (13), deviates from the
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Table 2
Simulation time schedule.
Process

Start

End

Anvil support
Loading
Unloading

0.0 s
0.1 s
0.5 s

0.1 s
0.5 s
1.0 s or unloaded

powder compacts were modelled using 280 elements. The dimensions
and densities of the compacts were as follows:
• Thickness= 3.87 mm, dia.= 79.7 mm and density = 1780 kg/m3.
• Thickness= 12.40 mm, dia. = 79.7 mm and density= 1750 kg/m3.

Fig. 6. The hardening function Eq. (13) together with experimental data.

experimental data as the curve levels off at about X = 2500 MPa. At
higher loads, the hardening function overestimates the plastic
volumetric strain. This might be less of an issue, since the uncertainty
of these measured values is larger, but it might affect the ﬁnal density.
Chtourou et al. [30] did a sensitivity analysis of cap model parameters
in terms of ﬁnal density. The application was metal powder
compaction. They found that the hardening function parameters are
the most inﬂuential ones.
3.3. Simulation model
The ﬁnite element (FE) model was axisymmetric and had reduced
integration elements with 1964 nodes. In Fig. 7 the axisymmetric
model of the Bridgman anvil and a 12 mm powder disc is shown. The
black dot speciﬁes the location of the displacement measurement.
Due to symmetry, only half of the thickness of the disc was modelled.
All numerical simulations in this work were carried out using the
explicit FE code LS-DYNA V971 together with a user deﬁned material
subroutine of the constitutive model.
The tooling was modelled as elastic-plastic using a material model
corresponding to tungsten carbide containing 6-wt% Cobalt. The

Concentric rings that were press ﬁtted on to the anvil supported
the anvils. A 200 MPa pressure applied to the outer diameter of the
anvil simulated this support. The simulations were done according to
the time schedule presented in Table 2.
The ﬁrst step was 0.1 s long and only included the support of the
anvil. The second step accommodated the loading and continued for
0.4 s. The third and ﬁnal step is the unloading. It was assigned 0.5 s
and continued until the disc was unloaded. To reduce calculation time
a mass scaling was introduced by increasing the density 1000 time.
A phenomenon that appeared during the simulations was disc
extrusion. A part of the disc that extrudes might come into a state of
tension and fall apart. To simulate this, a procedure was implemented;
where all elements with a density below 1500 kg/m3 were removed
as the simulation progressed.
3.3.1. Simulation inputs, outputs and validation
Since neither, the friction between powder compact and carbide
tooling nor the R-value was known, except for the values of Limestone
found in the literature, a Coulomb friction law with a constant coefﬁcient
of friction was assumed. An assessment of the missing parameters was
conducted. Accordingly, 18 simulations were done to scan the friction
coefﬁcient and R-value, see Table 3. A best-ﬁt procedure was completed
to ﬁnd the parameters. For this purpose the error of the simulation
results were minimized regarding:
• Load–displacement relations produced experimentally.
Other outputs from the simulation investigated are:
The pressure proﬁle at maximum load.
The density distribution of the compact.
Surface displacements.
The deformation of compact.

•
•
•
•

Table 3
Simulation matrix for best-ﬁt procedure.

Fig. 7. Two dimensional axisymmetric model showing Bridgman anvil and 12 mm
specimen. Black dot representing the location of the measured displacement.

Run name

Initial thickness [mm]

Friction coefﬁcient

R-value

Load [MN]

r4f10
r4f20
r4f30
r8f10
r8f20
r8f30
r12f10
r12f20
r12f30
r4f10
r4f20
r4f30
r8f10
r8f20
r8f30
r12f10
r12f20
r12f30

3.87
3.87
3.87
3.87
3.87
3.87
3.87
3.87
3.87
12.4
12.4
12.4
12.4
12.4
12.4
12.4
12.4
12.4

0.1
0.2
0.3
0.1
0.2
0.3
0.1
0.2
0.3
0.1
0.2
0.3
0.1
0.2
0.3
0.1
0.2
0.3

4
4
4
8
8
8
12
12
12
4
4
4
8
8
8
12
12
12

5
5
5
5
5
5
5
5
5
5
5
5
5
5
5
5
5
5
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4. Results and discussion
From the evaluation of the simulation matrix, the coefﬁcient of
friction between powder compact and carbide tooling was found as
well as the Cap eccentricity parameter. This resulted in a friction
coefﬁcient of μ = 0.2 and a Cap parameter of R = 8. These two values
are reasonable, when comparing with data from the literature [27–
29]. In the following sections, a number of different experiments are
presented. The results of the experiments are important when
developing a working HPHT-system (gasket and capsule). However,
the main purpose of these experiments is to validate the numerical
model.
4.1. Load versus disc thickness
The simulated load versus displacement for 5 MN loaded 4 mm
and 12 mm discs were compared with the experiment. Unloading was
also included in the load cycle. A comparison between experimental
and simulated loading–unloading curves during compaction of the
powder discs is shown in Fig. 8. It can be seen that the experimental
results vary. This variation can be due to uneven density distribution
in the powder disc caused by the manufacturing process. It can also be
caused by random cracking and friction variations that occur from run
to run. The simulation, of the 4 mm disc, has a load-displacement
relation close to the experiments (see Fig. 8a). The simulation shows a
lower load than the experiment for the ﬁrst 1.25 mm of compaction.
An explanation to the low load can be a too low Young's modulus at
the lower densities. Another reason can be the deviation of the
hardening function compared to the experimental points, as shown in
Fig. 6. For the 12 mm disc, the simulation resembles the experimental
force–displacement response well; this is shown in Fig. 8b. It can be
noted that the load increase starts earlier in the compaction stage for
the 4 mm disc compared to the 12 mm disc. The increase of load for
the 12 mm disc is very small the ﬁrst 3–4 mm of compaction. An
explanation to this behaviour can be sliding, either within the powder
and/or between the anvil and the powder. The magnitude of the
friction coefﬁcient and internal friction will govern the sliding

Fig. 8. Force versus thickness a) 4 mm disc and b) 12 mm disc, at 5 MN loading.

Fig. 9. Comparison of experimental versus simulated, 4 mm disc, thickness after
unloading and the thickness at maximum load. Experiments having a 95% conﬁdence
interval.

behaviour seen in the model. In the experimental case, random
cracking of the disc can be an explanation to the sliding behaviour. In a
HPHT perspective the load–thickness response is an important
property. Often a certain load–thickness response is desired; this is
done by changing thicknesses of the material in the HPHT-capsule.
4.2. Loaded and unloaded disc thickness
In this section, an investigation of the thickness after unloading
and the thickness at maximum load is conducted. The unloaded
thickness gives information about the spring-back of the material and
is important for the balance of the HPHT-system. The mean values and
a 95% conﬁdence interval were calculated from the experimental runs.
In Fig. 9 the results for the 4 mm specimens are shown. The
thickness after unloading and the thickness at maximum load for 3
MN has a mean value and variation equal to 2.845 ± 0.16 mm and
2.607 ± 0.09 mm, respectively. For maximum load, 5 MN, the
thicknesses were 2.684 ± 0.16 mm and 2.365 ± 0.14 mm, respectively. Comparing the experimental values to the simulated, the
simulation results are within the conﬁdence intervals of the
experiments. The simulated thicknesses are slightly below the mean
value of the experiments in both loaded and unloaded case. The
results for the 12 mm disc are shown in Fig. 10. The thickness after
unloading and the thickness at maximum load for 3 MN was equal to
5.683 ± 0.55 mm and 5.210 ± 0.57 mm respectively. In the 5 MN case
the unloaded and loaded thicknesses were 5.140 ± 0.37 mm and
4.540 ± 0.42 mm respectively. Again, comparing the experiments to
the simulation it can be seen that the results from the simulation are
within the conﬁdence intervals of the experiments. The simulated
thicknesses are slightly above the mean values of the corresponding
experiments.
Using Eq. (14) and inserting anvil diameter 80 mm, a ﬁnal critical
thickness, hc, equal to 5.04 mm is obtained. This value is within the
measured thicknesses of the experiments.

Fig. 10. Comparison of experimental versus simulated, 12 mm disc, thickness after
unloading and the thickness at maximum load. Experiments having a 95% conﬁdence
interval.
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Fig. 11. The unloaded surface displacement as a function of initial radial coordinates.
Experiments compared to the simulations in the 3 MN loaded case for both 4 mm and
12 mm powder compacts. Experiments including a 95% conﬁdence interval.

4.3. Radial surface displacement
A coordinate system was printed on the top surface of the powder
compact. The movement of the coordinate system was measured after
unloading of the compact. This yields an estimate of the surface
displacement, shown in Figs. 11 and 12.
All the displacement data from the different directions of the
coordinate systems of all the discs with the same thickness and load
have been averaged and a 95% conﬁdence interval was calculated. The
compacted discs radial surface displacement after unloading in the 3
MN case is shown in Fig. 11. For the 4 mm compact, it can be seen that
the experimental values appear to increase proportional to the radius.
The displacement covers a range from 0 to about 0.6 mm. The
simulated displacements correspond well to the experiments and are
within the conﬁdence interval. However, a large increase in the
displacement appears at the outer radius. The experimental data for
the 12 mm compact shows that the radial displacement spans from 0
to 6 mm (see Fig. 12). The variation of the results are however quite
large, especially for the largest radius. The conﬁdence interval of the
outermost experimental point is not shown in the ﬁgure because of its
large variation, 90%. The model predictions of the displacements are
within the experimental conﬁdence intervals.
In the 5 MN load case, the experimental values increase
approximately linearly with the radius (see Fig. 12). The simulated
displacements are lower and outside the conﬁdence intervals.
However, for the outermost experimental point, at radius 30 mm,
the simulated displacement is inside the conﬁdence interval. For the
12 mm compact, the experimental values span from 0 to 8 mm. The
model prediction is close to the experiment but slightly lower for
small radiuses and higher for large radiuses. The conﬁdence interval
for the outermost experimental point is left out because of its large
variation (70%). In the experiments, the radial movement of the
material increase with radius and at the outer rim the powder discs

Fig. 12. The unloaded surface displacement as a function of initial radial coordinates.
Experiments compared to the simulations in the 5 MN loaded case for both 4 mm and
12 mm powder compacts. Experiments including a 95% conﬁdence interval.

Fig. 13. A 12 mm powder disc showing radial cracks and coordinate system after unloading.

fell apart. This phenomenon contributes to the large measurement
variation at the outmost radius, approximately at a radius of 25 mm.
In the simulation this appears as a large increase of displacement and
a large decrease in density. A possible source to the deviation between
the simulations and experimental results is the cracking of the disc
(see Fig. 13). However, this was not observed for the 4 mm discs,
which only had cracks at the outer most radiuses. Another possible
reason for the deviations is the friction. Probably the friction between
powder compact and carbide tooling varies throughout the compaction; depending on e.g. contact pressure, density and sliding distance.
In Fig. 13 the radial cracks of an unloaded 5 MN pressed 12 mm disc
is shown. The cracks arose during the unloading stage. To investigate the
crack phenomenon the principal stresses in the simulation model was
examined and compared to the tensile strength of the material. The
simulation showed that the hoop stress was negative (in compression)
during the whole loading phase and became positive during unloading.
In Fig. 14 it is shown that the maximum principal stress, after unloading,
occurs at a radius of about 10 mm (initial radial coordinate). At about
7 mm radius, the maximum principal stress exceeds the tensile strength
of the material. For the 4 mm discs, the simulation showed that the
maximum principal stress was lower than the tensile strength, except at
a radius of 30–35 mm, where the stresses were similar. This radius
corresponds to cracking at the outer radius. Since no crack model was
included in the simulation, this can be used as an approximate value of
the crack propagation. In order to model the post crack behaviour a
possible approach is to use a fracture energy based constitutive model
developed for tensile fracture of metal powder compacts [31].

Fig. 14. Maximum principal stress as a function of initial radial coordinate after
unloading and Calcite powder strength due to density variation.
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Fig. 15. The simulated pressure distribution in centre line of the disc as function of
initial radial coordinate. Initial thickness equal to 4 mm and load set to 0.315, 0.815,
2.14 and 5 MN.

4.4. Pressure proﬁle
From the numerical results, it is possible to explore the pressure
distribution (mean stress) in the disc during the compaction. This was
done at four different load levels (0.315 MN, 0.815 MN, 2.14 MN and 5
MN). According to Fig. 3a the pressure distribution of a thin disc
should be ﬂat. In Fig. 15 the simulated pressure distribution for a
4 mm disc using different loads is shown. The disc has a ﬂat pressure
distribution at all times and is in good correlation to the theoretical
curves in Fig. 3. The maximum pressure in the centre of the disc is
1319 MPa. A small increase of pressure with radius can be seen. It is
1431 MPa at radius 20.5 mm.
The pressure distribution of a thick disc is, according to theory in
Section 2.2, supposed have a plateau at low loads and as the load is
increased a pressure peak will appear. In Fig. 16 the simulated
pressure distribution in the 12 mm and 5 MN case is shown. It shows
that the pressure build up is larger and that the pressure gradient is
larger than in the 4 mm case. At 2.14 MN the load has reached a
pressure equal to 2180 MPa and at full load the pressure is 4645 MPa.
Comparing the simulated pressure proﬁles to the theoretical proﬁles
in Fig. 3b it can seen that the simulation shows similar features.
If this material were to be used as a gasket, the thin disc would not be
able to withhold the pressure inside a HPHT-process assuming the
pressure to reach 4.5 GPa or above. However, using a thick disc and
letting it extrude generates the pressure needed to encapsulate pressure
in a HPHT-process.
4.5. Density distribution and powder shear ﬂow
As the powder disc is being compacted, it starts to ﬂow outwards.
It is believed that the powder exhibits shear ﬂow within the powder
compact and not just sliding at the surface towards the anvils. If this
shear ﬂow could be quantiﬁed experimentally, it would yield an
important contribution to the assessment of the simulation. The shear

Fig. 16. The simulated pressure distribution centre line of the disc as function of initial radial
coordinate. Initial thickness equal to 12 mm and load set to 0.315, 0.815, 2.14 and 5 MN.

Fig. 17. Deformation and relative density, after unloading, as a function of initial radial
coordinate for the 4 mm disc at 3 MN. a) Contour plot of density, b) Density versus
radius for simulation and experiment.

ﬂow has not been determined experimentally in this investigation,
but it is possible to explore the shear ﬂow in the simulations. This can
be done by examining mesh deformations. In Fig. 17a the simulation
results, after unloading, for the 4 mm disc and 3 MN case can be seen.
The contour plot shows the mesh deformation and relative density of
the disc. It can be seen that the 4 mm disc does not shear; this was
expected since it is thin and will mainly be compacted and
compressed. The maximum relative plastic density is 0.843 to 0.816
in most of the disc, except for the outer part. In Fig. 17b a comparison
between experimentally measured density and simulation is shown.
It shows that the experimental data and the simulation are in good
agreement. The density has a plateau where it is more or less constant
and at about 25 mm radius the density is decreasing.
Results from the 4 mm disc simulation after compaction to 5 MN
are shown in Fig. 18. In Fig. 18a it can be seen that the mesh distortion
is very small. The maximum relative plastic density is 0.873 to 0.841 in
a large part of the disc, except for the outer part. This is an increase in
density compared to the 3 MN case. Fig. 18b shows that the
experimental data and the simulation are following the same trend
as was seen for the 3 MN case, Fig. 17b. The density has a plateau
where it is more or less constant and at about 25 mm radius the
density starts to decrease.
In Fig. 19 results from the 12 mm disc simulation after compaction
to 3 MN are shown. Fig. 19a shows that the mesh is distorted. This
implies that there exists material shear ﬂow within the disc. The
maximum relative plastic density in the centre part of the disc is
0.917. The density gradient in the disc is larger than in the 4 mm case.
In the centre part the relative density spans from 0.917 to 0.881 over a
radius of 0 to 10 mm. Fig. 19b shows that the experimental data and
the simulation are comparable. No plateau is seen and the density is
decreasing with radius throughout the disc.
In Fig. 20 the results from the 12 mm disc simulation after
compaction to 5 MN are shown. In Fig. 20a it can be seen that the
12 mm disc has a distorted mesh, similar to the 3MN case (Fig. 19a). The
maximum relative plastic density in the centre part of the disc is 0.934,
slightly higher than in the 3 MN case. The density gradient is large, but
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Fig. 18. Deformation and relative density, after unloading, as a function of initial radial
coordinate for the 4 mm disc at 5 MN. a) Contour plot of density, b) Density versus radius
for simulation and experiment.

comparable to the 3 MN case, Fig 19b. In the centre part, the relative
density spans from 0.934 to 0.898 over a radius of 0 to 10 mm. In terms
of density versus radius, the experiment and the simulation correspond
well as can be seen in Fig. 20b. The densities versus radius comparisons
of the simulations show the same trend as for the experiments.
5. Conclusions
A constitutive model for high-pressure compaction was developed.
The model was implemented in a ﬁnite element code and used in
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Fig. 20. Deformation and relative density, after unloading, as a function of initial radial
coordinate for the 12 mm disc at 5 MN. a) Contour plot of density, b) Density versus radius
for simulation and experiment.

simulations of compacting CaCO3 powder in a Bridgman anvil apparatus.
The compaction simulations were validated against several experimental
results. Compressive mean stresses up to 5 GPa were reached inside the
powder compact according to the simulations. In conclusion, the results
obtained in the simulations agree well with the experimental measurements. Further, thin discs with small radial extrusion generate a plateau at
a low pressure level while thick discs with large radial extrusion generates
a pressure peak at a high pressure level. This shows that FE-results can be
used to engineer pressure peaks needed for HPHT-systems. The unloaded
thicknesses of the simulation agreed well with experiments. Since the
spring-back is important to most HPHT-systems, the numerical model can
be used to evaluate spring–back effects. The density distributions
correlate to the reached pressure levels for both thin and thick discs.
The exploration of the pressure distribution showed that the
simulation had a similar shape given by theory [11]. A detailed
measurement of the pressure distribution would improve the
validation of the model. The mesh deformation showed the 12 mm
disc was shear-distorted more than the 4 mm discs. Investigations
into the internal deformation of the powder compact would be
valuable and it would also improve the validation of the model.
In the simulations, the friction coefﬁcient is assumed constant. It is
likely that the friction coefﬁcient is dependent of load and sliding
distance. The same reasoning is probably true for the R-value (cap
eccentricity parameter in the constitutive model). Therefore, a further
investigation into R-value and the friction between anvil and compact
is valuable. It is also concluded that further investigations into the
hardening function and elastic properties are required at high
pressures for even better agreement between experiments and
simulations.
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a b s t r a c t
High Pressure High Temperature (HPHT) equipment is used for commercially produce synthetic diamond
and other polycrystalline products. The common denominator for almost all high-pressure systems is to
use capsules where a powder material encloses the core material. In this work, the properties of CaCO3 powder up to ultra-high pressure have been studied using an instrumented Bridgman anvil apparatus. Bismuth
phase transformations were used as ﬁx point calibrant. Three different parameters were studied, density,
moisture and diametral support dependence on the load–thickness and pressure build-up. The experiments
are done such as they can be used as validation and calibration of constitutive models for ﬁnite element simulations of the HPHT-process. The results show that increasing the density of the powder compact increases
the load needed to reach maximum pressure. In addition, the residual stresses in the compact seem to delay
the phase transition on the down-ramp. Moisture content within 0.5%–1.2% does not signiﬁcantly inﬂuence
the compaction properties of the discs. Diametral support increases the phase transition load.
© 2011 Elsevier B.V. All rights reserved.

1. Introduction
High pressure sintering is a means of improving properties of the
material, either through alternative sintering aids becoming effective
at higher pressures or through improving intergranular bonding.
Another example is the technology of sintering various nano-powders
into compacts. For example, nano-powders composed of MgAl2O4,
γ-Al2O3 or SiO2 requires high sintering pressure, up to 8 GPa [1–3].
Materials like theses are now being commercialized and the modelling
of press systems and press component materials at high pressures is
therefore to be increasingly important in the near future.
A common apparatus used for producing high-pressure products
is the girdle/belt [4], see Fig. 1. The material to be sintered (5) is
encapsulated by a series of different materials (3), making up a
capsule. Besides the capsule, there is a gasket (4) withholding the
pressure throughout a press run. The gaskets are placed between
the die (1) and the anvils (2) to avoid the lateral extrusion of
the capsule material. During the compression phase, the material
undergoes plastic deformation, see Fig. 2, leading to extrusion of
the gasket material. The same behaviour is seen in the Bridgman
anvil apparatus when a powder compact is compressed.
Shear strength is a critical property of the gasket material. It
should be sufﬁciently low, in order to allow anvil movement, but at
the same time be high enough to keep the capsule material from

⁎ Corresponding author. Tel.: + 46 93417120.
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extruding. The gasket thickness and mass is of importance for
the optimization of the system. If the gasket is compressed too little,
the anvil tip will support much of the pressing force and insufﬁcient
force is applied to the gasket. In this case, the gasket may not hold the
pressure leading to compressional blowouts. If the gasket is
compressed too much, the anvil side will support an excessive
amount of press force. As a result, more press force than normal
is needed to attain the required pressure inside the capsule. In this case,
when the press force is reduced, the gasket will be decompressed too
fast and a decompressional blowout may occur [5]. Others have
investigated gasket behaviour [6], i.e. Dustan [7], theoretically,
investigated the pressure distribution of a diamond anvil gasket. It
was found that only small anvil-gasket friction is required to support
the high-pressure.
The gasket material is typically Pyrophyllite, Talc or some other
mineral. Sometimes the gasket set-up also includes a steel shim or
rubber grommet, which increases the range of movement of the
anvil.
An apparatus that has been used to investigate the properties and
behaviour of various materials is the Bridgman anvil apparatus
[6,8,9]. These investigations have been done on so-called pressure
transmitting materials. Sigalas et al. [10–12] investigated the shear
strength of Pyrophyllite and Talc but also the pressure and temperature
dependence for several oxide powders. The Bridgman anvil apparatus
functionality gives high pressure, large pressure gradients and
extrusions of the compressed material closely resembles an extruding
gasket and has therefore been used to investigate high-pressure
materials.

0032-5910/$ – see front matter © 2011 Elsevier B.V. All rights reserved.
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displacement curves of the powder compacts. The instrumentation
is done so that it can be used to calibrate constitutive models.
2. Materials and method
In this section the investigated material, experimental set-ups and
basic principles are described.
2.1. CaCO3 powder mix
The powder was spray dried CaCO3 [17], also called Calcite, which
is the main constituent of Limestone. The full density of single crystal
Calcite is 2710 kg/m 3. Before spray drying a small amount of wax and
Poly Vinyl Alcohol (PVA) was added to the powder as lubricants to
allow pressing of powder compacts to higher density. The moisture
level of the powder, when pressed, was 0.70% ±0.025%. Together
with the lubricants, this gave a theoretical full density of
2600 kg/m 3. A Scanning Electron Microscopy analysis showed that
some large granules had formed during the process of spray drying,
mostly due to the formation of agglomerates, see Fig. 3.
2.2. Diametral support material

Fig. 1. Schematic of the belt system: Die (1), anvil (2), capsule (3), gasket (4) and
(5) material to be sintered.

One problem with high-pressure is the difﬁculty in determining
the absolute pressure. Depending on system, this can be done using
different techniques. For example if a Diamond Anvil cell is used,
there are several ways i.e. X-ray diffraction, optical absorption,
Raman spectroscopy among other [13]. Currently one of the most
useful methods is to use ﬁxed points calibrants like, Bismuth (Bi),
Thallium and Barium to mention a few [14]. The International Association
for the Advancement of High Pressure Science and Technology (AIRAPT)
has made recommendations for an International Practical Pressure Scale.
The ﬁrst recommendations were made at the 8th AIRAPT Conference [15]
and more were published at the 10th AIRAPT Conference [16]. For
simulations, the pressure calibrants can be used to either calibrate
the model or verify it.
The purpose of this study was to investigate the compaction
properties for a CaCO3 powder mix up to ultra high-pressure
(10 GPa) and how these properties affect the gasket behaviour.
Different parameters of the powder are investigated, i.e. initial density
and internal moisture. A set-up, supporting the outer diameter of the
compact, commonly used for gaskets in the belt apparatus was also
investigated. The experimental results are in terms of pressure instrumentation in the Bridgman anvil apparatus together with load–

Fig. 2. A zoom-in of the belt system gasket extruding as the anvil penetrate the die.

To investigate the inﬂuence of diametral support of the powder
compact a nitrile rubber o-ring, acquired from Trelleborg Sealing
Solutions was used. It had an inner diameter of 40 mm, a thickness of
5.0 mm. The material properties of the o-ring are shown in Table 1.
2.3. Experimental preparation
A single side acting closed die was used to compress the powder.
The die was made of hardened steel and had an inner diameter of
40.0 mm. The diameter of the tungsten carbide piston was
39.95 mm. A 70 tonne press was used for compaction in the range
of 0–550 MPa yielding powder compact densities between 1800 and
2300 kg/m 3. The relation between oil pressure and press load was
measured by using a load cell with an accuracy of ± 0.5%.
The diameter of the cylindrical specimens was 40.2 ± 0.1 mm and
height was 5.02 ± 0.03 mm. Three different densities were produced;
the 95% conﬁdence interval of the densities was 9 kg/m 3;
• ρ1 = 1785 ± 8 kg/m 3; at load 60 kN ; mass = 11.35 g
• ρ2 = 2177 ± 9 kg/m 3; at load 400 kN; mass = 13.95 g
• ρ3 = 2285 ± 10 kg/m 3; at load 690 kN; mass = 14.66 g
The “standard” moisture level used for the most samples was
0.70%, but some samples were also produces with 0.50 ± 0.025% and

Fig. 3. SEM picture of spray dried granules. Large particles have formed due to clustering
and there are possible cavities in granules (arrow).
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Table 1
O-ring material properties.

Table 2
Instrumentation test matrix ρ1 = 1785 kg/m3, ρ2 = 2177 kg/m3 and ρ3 = 2285 kg/m3.

Density
(kg/m3)

Hardness
(Shore A)

Tensile strength
(MPa)

elongation at
break (%)

100% modulus
(MPa)

Test
No.

Moisture
content (%)

Density
(kg/m3)

Diametral
support

Instrumented
radius (mm)

Repetitions

1220

70 ± 5

14.4

337

4

1
2
3
4
5
6
7
8
9
10
11
12

0.70
0.70
0.70
0.70
0.70
0.70
0.70
0.70
0.50
1.20
0.70
0.70

ρ1
ρ1
ρ2
ρ2
ρ2
ρ3
ρ3
ρ3
ρ2
ρ2
ρ2
ρ2

No
No
No
No
No
No
No
No
No
No
Yes
Yes

0
9.67
0
8.03
10.01
0
7.76
10.12
0
0
0
9.71

3
1
3
1
1
3
1
1
3
3
3
1

1.20 ± 0.025% moisture to allow investigating its inﬂuence on the
pressure generation. The powder moisture was measured before the
discs were produced using Mettler PE360 balance with an addition
of a moisture analyser, the Mettler LP16. In total 24 CaCO3 discs
were manufactured and prepared for instrumentation. Holes were
made, for Bi-wires, using a 0.70 mm drill. One instrumentation per
sample was done. The discs were compressed in the Bridgman press
immediately (within an hour after powder pressing) after the necessary
instrumentation preparations had been done.
Most of the measurements were directed at measuring the mean
stress, from now on called pressure, in the centre of the discs (radius
zero). However, the powder compact pressure at about 8 and 10 mm
radius was also measured to obtain a pressure distribution by combining
the Bi-phase transitions of 7.7, 2.55 and 2.70 GPa and the pressure at
outer diameter of the disc, see Fig. 4. Where the load of the centre
pressure and the pressure at a radius did not exactly match, a linear
interpolation was done. Table 2 shows the measurement matrix of the
conducted experiments.
2.4. High pressure equipment and instrumentation set-up
The Bridgman anvil set-up consisted of two parallel opposed circular
anvils of tungsten carbide containing 6-wt% Cobalt. The anvil had a face
diameter of 80 mm and an 18° taper, see Fig. 5. Steel binding rings
support of the anvils; the support radial stress was 200 MPa. The
assembly was placed between the ram and the top plates of a 5
MN press. The motion of the ram was monitored by three dial
gauges graduated to 0.01 mm, allowing estimation to ± 0.01 mm.
Two of them were located opposite to each other and the third oriented
90° to the others. The thickness measurements were determined from
the two opposite gauges, while the third measured the tilt of the anvils.
The relation between oil pressure and press load was measured with a

calibrated load cell, which removes the inﬂuence of ram friction. The
calibration of the load cell had an accuracy of ±0.5%. The dial gauge
readings had to be corrected for press deformation with increasing
load. The load cycle used for experimental runs can be seen in Fig. 6.
The load was ramped up to 0.5 MN in 5 min, up to 2.0 MN in 5 min
and ﬁnally up to 4.0 MN or 5 MN in 2 min and 3 min respectively. The
unloading step was 5 min. The 5 MN load was used for the diametral
support experiments and the 4 MN load for the other experiments.
The main purpose of the pressure measurements was to estimate
at what load a certain pressure was obtained. A simulation model can
then be compared and adjusted to ﬁt that value, if needed. The pressure
instrumentation was done using ﬁxed calibration points in terms of a
0.5 mm diameter Bismuth wire (99.999% purity) acquired from
Novakemi AB. The Bi-wire was in contact with the Bridgman anvils
when loaded. The length of the wire varied between 5.5 and 7 mm.
The rate of change in resistance associated to the Bi I-II (phase
change) at 2.55 ± 0.006 GPa, Bi II-III (phase change) at 2.70 GPa
[16] and Bi V-VII (phase change) at 7.7 ± 0.2 GPa [13] was detected
using a power source and a voltmeter. The anvils were fed a one
Ampere constant current (accuracy 0.01–0.03%) using an Oltronix
B60-1T power supply. The voltage was measure using a Keithley 2000
multimeter with an accuracy of 0.002% and resolution of 0.1 μV. The
instrumentation set-up can be seen in Fig. 5. The temperature was
measured using a PT100 (accuracy ± 0.15 °C) placed at the outer
diameter of the lower anvil nose. The phase transition pressure was
adjusted accordingly.
3. Results and discussion
The data output from the instrumentation was in the form of
load–displacement curves together with resistance traces. In Fig. 7 a
typical resistance trace is shown, where the three phase changes during
the up-ramp and three phase changes during the down-ramp can be
identiﬁed. It is likely that the Bi wires did not experience uniform
hydrostatic condition as they are compressed. As a result of the
non-uniform pressure, there might have been variation of load
from the start to the end of the phase change. The highest pressure
was probably at the surface of the powder compact, because of the
high axial stress and this is most likely where the phase change
started. The load associated to the different phase changes were
calculated as the average of the start and end value. Table 3 shows
the mean values of the load values at pressure phase changes during
up-ramp and down-ramp.
3.1. Density dependence

Fig. 4. The three locations of drill holes on the powder disc used for pressure
instrumentation. Where centre of disc is radius = zero.

In this section, the inﬂuence of initial density of the powder compact
on load–thickness and pressure generation will be investigated.

Please cite this article as: S. Berg, et al., Experimental characterization of CaCO3 powder for use in compressible gaskets up to ultra-high pressure, Powder Technol. (2011), doi:10.1016/j.powtec.2011.09.035

91

4

S. Berg et al. / Powder Technology xxx (2011) xxx–xxx

Fig. 5. Experimental set-up for pressure measurements using a power supply (5) and voltmeter (6) connected to the Bridgman anvils (1) passing through the holders (3), supporting
rings (2) and the sample (4) with holding a Bi-wire (7).

3.1.1. Load versus thickness
The load–thickness curves are a fundamental output when analysing
the compaction of a material. It gives a basic understanding regarding
the investigated materials behaviour during the compaction and
compression stages. In addition, the main output for validating a
simulated compaction process.
The load versus displacement for the three different densities, ρ1,
ρ2, and ρ3 were compared and the minimum disc thickness for each
density was determined within a 95% conﬁdence interval. As the
density increase the disc thickness was reduced and a minimum
value was found at maximum load, see Fig. 8. It was also shown
that the powder compact with lowest initial density had a small initial
elastic part as compared to the compacts with higher initial densities.
The reason for this behaviour is that a denser disc is closer to the full
density value and do not plastically deform at small loads, thus
generates higher load as the shear strength restrains the outward
ﬂow. A higher initial density yields a steeper load increases and a
thicker the disc. Obviously the closer the initial density is to the full
density the more compaction resistant the disc becomes (fewer
pores).
In Table 4, the minimum disc thickness (at maximum load) and
disc thickness measured after unloading can be seen with a 95%
conﬁdence interval. The minimum disc thicknesses indicate signiﬁcant
differences between the initial specimen densities. The absolute value
of the springback was around 0.78 mm for all three discs. This gave
the ρ1-disc the largest springback in relation to the thickness.
3.1.2. Pressure at loading and unloading
The pressure during compression and decompression is an indication
of the shear strength (friction angle) of the material but also of the

friction between anvil and powder compact. The frictional forces
result in a pressure gradient within the powder compact. The
more the disc extrudes the pointier will the pressure distribution
be. Thus, the peak pressure will be reached faster.
In Figs. 9 and 10, the load required to reach the phase transition
pressure during up-ramp and down-ramp is shown. In Fig. 9, it can
be seen that the load required reaching the transition pressure
increased as the density of the powder compact increased. A
probable cause of this behaviour is that the shear strength and
cohesion of the powder compact increased with density. The increased
strength would then reduce the outward ﬂow, thereby reducing the
central point pressure build-up. The sample behaves more like a solid
disc. The relatively low inclination of the pressure curve between
2.55 GPa and 2.70 GPa may be due to the volume loss of the Bi-wire.
The down-ramp values in Fig. 10 show that the phase changes occurred
at lower loads compared to the up-ramp. The hysteresis was probably
due to residual stresses in the powder compact, with higher residual
stresses giving lower phase change loads during the down-ramp. The
non-hydrostatic condition of the Bi-wire may also have had an effect
on at which pressure the transition occurred on the up-ramp. However,
this non-hydrostatic condition is not believed to affect the signiﬁcance
of the results.
All the discs were compacted to the same load, 4.0 MN, and thereby
to different ﬁnal pressures. The differences in ﬁnal pressure can make
a quantitative assessment about the transition loads, for the downramp, as a result of specimen densities difﬁcult. However, it can be
stated that all the differences between the densities were signiﬁcant
as indicated by the conﬁdence intervals. Adding mass to the disc
changed how the disc extruded and build pressure.

Fig. 7. Typical resistance traces from the experiments.

Fig. 6. Load cycles for the instrumented runs.
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Table 3
Load values (in kN) for pressure phase transformations during up-ramp and downramp.
Test
No.

Up-ramp
2.55 (kN)

Up-ramp
2.70 (kN)

Up-ramp
7.7 (kN)

Downramp 2.55
(kN)

Downramp 2.70
(kN)

Downramp 7.7
(kN)

1
2
3
4
5
6
7
8
9
10
11
12

997
3138
1326
2417
4000*
1451
3150
4000*
1391
1318
1523
4114

1200
3611
1529
2890
–
1721
3710
–
1644
1525
1754
4772

2977
–
3773
–
–
3916
–
–
3916
3828
4294
–

274
2780
373
2065
4000*
460
2715
4000*
454
404
378
3353

408
3170
540
2597
–
645
3360
–
643
572
555
4188

1809
–
2704
–
–
3056
–
–
3043
2829
2864
–

* Starting load at phase transition.

3.2. Inﬂuence of moisture content
In this section the inﬂuence of moisture content of the powder
compact on load–thickness curves and pressure generation will be
investigated.
3.2.1. Load versus thickness
The load versus displacement for the 3 different moisture level,
0.50%, 0.70%, and 1.20% and initial density of 2177 kg/m3 were compared
and the minimum disc thickness for each moisture level was determined
with a 95% conﬁdence interval. The loading–unloading curves during
compaction of the powder discs are shown in Fig. 11. The variation
within each moisture level was too large to differentiate between
the compaction curves. In Table 5 the minimum disc thickness (at
maximum load) and disc thickness measured after unloading can be
seen. In this data there is no statistically signiﬁcant difference between
the minimum disc thicknesses as a result of moisture variation. However,
when powder was compacted in the closed die it was seen that less load
was required to compact a more moist powder. This effect was not seen
in the Bridgman anvil either because the moisture had more effect on
compaction of loose powder or perhaps due to further reduction of
interparticle and particle–die wall friction. It may also be because the
Bridgman anvil has too large run-to-run variation to resolve the
differences.

Table 4
Data for minimum thickness (Tmin) at full load and the maximum thickness (Tmax) after
unloading with a 95% conﬁdence interval.
Test No.

Density

Tmin (mm) loaded

Tmax (mm) unloaded

1
3
6

ρ1
ρ2
ρ3

1.810 ± 0.006
2.286 ± 0.035
2.382 ± 0.029

2.59 ± 0.036
3.06 ± 0.029
3.16 ± 0.023

transition pressure was similar for all the three moisture levels.
The disc with the lowest moisture content appeared to need the highest
load, while the 0.70% and 1.20% did not differ a lot. The phase changes
during the down-ramp occurred at a lower load compared to the
up-ramp. Again, the lower moisture level appeared to require slightly
higher load at the phase transition, but the differences between the
moisture levels were not signiﬁcant as shown by the conﬁdence
intervals in Figs. 13 and 14.
More runs would be required to provide enough statistics to verify
the indicated moisture dependence. It can be concluded that the
moisture level is not one of the most important factors for the internal
load generation.
3.3. Effect of diametral support
In this section, the inﬂuence of diametral support of the powder
compact on load–thickness and pressure generation will be investigated.
As diametral support, a nitrile rubber o-ring was used. To investigate the
load carrying capacity of the o-ring, it was compressed in the Bridgman
anvil apparatus. The o-ring started to carry load when it had been
compressed for about 70–80% of its initial thickness (5 mm). At
200 kN, the o-ring thickness was 1 mm. This means that it should not
signiﬁcantly interfere with the load measurements as these small thicknesses is not reached.

3.2.2. Pressure at loading and unloading
In Fig. 12 the load required to reach the phase transition pressure,
in the Bi-wire, during up-ramp and down-ramp is shown. For the
up-ramp, it can be seen that the load required to reach the phase

3.3.1. Load versus thickness
Supported and non-supported discs were compared using the
load versus displacement curves. The minimum disc thickness at full
load and after unloading was determined within a 95% conﬁdence
interval. The loading–unloading curves during compaction of the
powder discs are shown in Fig. 15. It can be seen that the supported
discs had a steeper increase in load compared to the unsupported
discs. As the load capacity of the o-ring was negligible, the increase in
load was probably the effect of the diametral support from the o-ring.
Table 6 shows the minimum disc thickness (at maximum load) and
disc thickness measured after unloading. As can be seen there were
signiﬁcant differences between the two conﬁgurations both for loaded
and unloaded Tmin and Tmax. The springback of the disc seemed to be
unaffected by the diametral support and was about 0.8 mm.

Fig. 8. Load versus thickness for the three different initial densities; ρ1 = 1785 kg/m3,
ρ2 = 2177 kg/m3 and ρ3 = 2285 kg/m3.

Fig. 9. The up-ramp load–pressure data, the phase changes as a function of load for the
three different initial densities, ρ1 = 1785 kg/m3, ρ2 = 2177 kg/m3 and ρ3 = 2285 kg/m3
with a 95% conﬁdence interval.
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Table 5
Statistic data for minimum thickness at full load and the maximum thickness after
unloading, with a 95% conﬁdence interval.
Test No.

Moisture content (%)

Tmin (mm) loaded

Tmax (mm) unloaded

9
3
10

0.50
0.70
1.20

2.317 ± 0.034
2.286 ± 0.035
2.309 ± 0.025

3.08 ± 0.026
3.06 ± 0.029
3.08 ± 0.029

Besides the measurement in the centre of the discs, the pressure of
the up-ramp was also measured at initial radiuses of approximately

8 mm and 10 mm, see Table 2. These partitions were chosen estimating
that the lower phase transformation would occur at the same press load
as the 7.7 GPa phase change in the centre of disc. The results from this
instrumentation would then yield an approximate pressure distribution
in the disc.
In Fig. 17, the pressure distribution, in the discs, is shown when
the centre of the disc was at 7.7 GPa. Fig. 17a is plotted versus initial
radial coordinate and Fig. 17b is plotted versus the ﬁnal radial coordinate
(measured after unloading). The outward radial displacement is a result
of disc extruding. After unloading, the displacement was around
2–3 mm at radius 8–10 mm. In Fig. 17a and b, the general trend of the
pressure distribution for the different powder compacts was similar,
but the peak pressure was reached at difference loads. Due to the
increased shear strength of the high-density discs it was expected
that the pressure proﬁle would have been less pointy than for the
lower density disc. This may be true comparing the discs at the
same load level but it seems that when the same centre pressure is
reached the discs have extruded similar and then the pressure
proﬁles are similar.
The measured pressure distribution is in agreement with the ﬁndings
by Wakatsuki [18] and by Berg et al. [19]. The compact with the highest
density deviated most from the other. For those samples the 2.7 GPa
pressure transition was reached a bit further in (radially). As have
been shown before (for example Fig. 10.) there is a loss in load as the
phase change at 2.55 GPa to 2.70 GPa occurs. This might explain the
deviation of the measurement. In addition, the outward ﬂow of the
discs bends the Bi-wire, which moves the centre radially outward.
This effect would be more pronounced for a wire placed at a larger
initial radial coordinate. The errors were estimated to be around
±200 MPa at a pressure around 2.5 GPa and 7.7 GPa.
Further, it is reasonable to believe that the actual radial coordinate
at peak pressure was between the measured initial and ﬁnal radial
coordinates. In addition, the mean stress at the outer diameter has
been approximated (ﬁnal load divided by initial area of disc) to a
low value around 100 MPa and slightly higher for the supported disc.
More pressure points would be required to resolve any differences
between the pressure distributions.

Fig. 11. Load versus thickness for three different moisture contents; 0.50%, 0.70% and
1.20% using initial density ρ2 = 2177 kg/m3.

Fig. 12. The up-ramp and down-ramp load–pressure data, the phase changes as a function
of load for the three different moistures, 0.50%, 0.70% and 1.20% using density
ρ2 = 2177 kg/m3 with a 95% conﬁdence interval.

Fig. 10. The down-ramp load–pressure data, the phase changes as a function of load for the
three different initial densities, ρ1 = 1785 kg/m3, ρ2 = 2177 kg/m3 and ρ3 =2285 kg/m33
with a 95% conﬁdence interval.

The reason for this behaviour was that the o-ring restrained the
outward ﬂow; acting as a shear strength increaser. At unloading, it
appears that diametral support did not signiﬁcantly affect the springback. In Fig. 15, phase transformation load-points have been added.
This shows the difference between diametral support and unsupported
conﬁguration in terms of pressure generation per unit thickness for a
given thickness.
3.3.2. Pressure versus loading and unloading
The pressure generation for the two different conﬁgurations was
investigated using the Bismuth pressure instrumentation. In Fig. 16
the load required to reach the phase transition pressure during upramp and down-ramp can be seen. For the up-ramp the loads required
to reach the phase transition pressure were signiﬁcant different for the
two conﬁgurations. The supported set-up required higher loads to
reach the pressures than the non-supported set-up. The reason for
this result was that the support acted as an increase in shear strength.
The increase in load (needed to reach reference pressures), using
diametral support, was about 14% and is independent of load level.
The down-ramp pressure values show that the phase changes during
the down-ramp occurred at a lower load compared to the up-ramp.
There was no statistically signiﬁcant difference between the set-ups
indicating that the diametral support did not affect the down-ramp.
3.4. Pressure distribution estimation
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Table 6
Statistic data for minimum thickness at full load and the maximum thickness after
unloading, including a 95% conﬁdence interval.

Fig. 13. Statistic data for pressure transition loads, during up-ramp, for the different
moisture contents, with a 95% conﬁdence interval.

Test No.

Diametral support

Tmin (mm) loaded

Tmax (mm) unloaded

3
11

No
Yes

2.263 ± 0.03
2.382 ± 0.028

3.06 ± 0.029
3.21 ± 0.038

gasket material. During the unloading, it is a necessary that the
gasket keeps its pressure so it can seal the capsule pressure. Within
the range of the experimental plan, moisture content did not
signiﬁcantly affect the pressure build-up in the discs.
Adding a diametral support to the gasket conﬁguration further
increases the load required to reach the pressure. It also increases
the pressure generation per unit thickness and therefore matches
a stiffer capsule compared to a gasket without support. The diametral
support may also be beneﬁcial reducing boundary effects, like breakages of the gasket. However, the support does not help decreasing
the spring back when ramping down. The general behaviour of a
gasket material is captured using the Bridgman anvil but may not
be directly transferable to a various high-pressure system, depending
on e.g. tooling surfaces.

4. Conclusions
A Bridgman anvil apparatus has been used to compress pressure
instrumented CaCO3 powder compacts. It has provided load–thickness
data and single pressure data points up to 7.7 GPa.
It has been shown that
Fig. 14. Statistic data for pressure transition loads (same as in case of Fig. 13), during
down-ramp, for different moisture contents, with a 95% conﬁdence interval.

3.5. Implications for gaskets
The high-density disc generated more pressure per unit thickness
but less pressure per unit load compared to the low-density disc
(Figs. 8 and 9). However, as the disc reaches the compression stage
(steep increase in load starts) the increase in pressure is similar.
Increasing the initial density of a disc increases the stiffness and
thereby the ﬁnal thickness. A high-density gasket should be
matched to an initially stiffer capsule, while the low-density gasket
should be matched to an initially soft capsule. The high pressures
at low loads during the down-ramp are a positive property for a

Fig. 15. Load versus thickness for the two different set-ups; diametral support and
unsupported using initial density ρ2 = 2177 kg/m3. Phase change at the centre of the
disc (2.55, 2.70, 7.7 GPa) for diametral supported disc ■, unsupported disc ▲.

• Compact density/mass affects the pressure transition load and
load–displacement behaviour. The transition load increases with
increasing density.
• Moisture content within the range of 0.50–1.20% does not signiﬁcantly
inﬂuence the phase transformation load or the load–displacement
behaviour.
• Diametral support increases the phase transformation load.
• Higher initial density of the powder compact and diametral support
generate higher-pressure per unit thickness.
• The obtained data are sufﬁcient for validation of FEM simulations.
These results are signiﬁcant for design of a gasket in a highpressure system. In general, high-density gaskets match with stiff
capsules while low-density gaskets match with soft capsules. Adding
diametral support makes the gasket behave stiffer.

Fig. 16. Up-ramp and down-ramp load–pressure data, the phase changes as a function
of load for the diametral supported and unsupported discs using initial density
ρ2 = 2177 kg/m3. Results include a 95% conﬁdence interval.
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Fig. 17. Experimental pressure data points for the different densities and the diametral
supported disc. Approximate pressure distribution when the peak stress, in the centre,
is 7.7 GPa (during the up-ramp). a) Initial radial coordinate. b) Final radial coordinate
(unloaded disc).
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Abstract
During powder compaction processes friction has an influence on the
components final shape and properties. It is therefore important to
understand how the friction affects the process. As little is known,
simulation models of the powder compaction process often involve a
simplified description of the friction behaviour.
In this study, a universal tribometer has been used to investigate the
frictional behaviour of contact interfaces between a carbide counter surface
and CaCO3 powder compacts with different densities. Both static and
dynamic friction properties were measured at different conditions to build a
fundamental foundation for friction modelling of powder compaction
simulations.
This study can be seen as a step towards more advanced friction model
for powder compaction simulation. Numerical models that are more accurate
can give better results for example regarding the evolution of density and its
distribution within the powder compacts. It is therefore important to
understand how the friction affects the powder compaction process. This
study shows that increasing the powder compact density decreases the
dynamic friction coefficient but that the static friction coefficient remains
constant.
Keywords: Adhesion, Stiction, Friction Test Methods, Solid Lubrication Friction, Static
Friction, Stick-Slip, Unlubricated Friction, Carbides, Powder, Tungsten, Packing Seals,
Unlubricated Wear, Powder Compact Friction
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1 Introduction

To construct or calibrate a realistic simulation model for powder
compaction often involves measurements of different parameters used in
constitutive models. Some measurements investigate the properties like
elasticity, and plasticity of the powder and tooling. However, there are also
other aspects to take into account, which will influence the simulation
largely. Frictional effects between contact interfaces during powder
compaction may influence the compaction behaviour and thereby quality of
the final product. During the manufacturing of powder components, there are
many situations where the powder compact can come into sliding contact
with either another powder compact or the tooling. Under these
circumstances, the friction of the interface will influence how the component
responds to any applied stress. Therefore, measurements of the frictional
behaviour are vital for better understand the compaction behaviour and to
create a friction model for simulation purposes.
Instrumented dies have been used to investigate the frictional effects and
calculate friction coefficient between the tooling wall and the powder
compact during compaction using Janssen-Walker theory [1, 2]. Other
methods have also been applied for example ring type load cells [3]
measuring die wall friction and the direct shear test [4], which is more
commonly used to measure the internal friction of granular material. Further
on, inversely modelling the friction using Finite elements (FE) optimizing
towards the load displacement curve is also common [5, 6].
In a simulation, the interaction between different parts is important;
contact laws and friction models control these interactions [7]. The most
widely used model for friction is the simple Coulomb friction model. This
model can be extended including stick-slip, shear stress limit, velocity
dependency to mention a few. Several authors have showed the velocity
dependence on friction coefficient of the interface between the powder
compact and the tool. Doremus et al. [8] showed that the friction coefficient
varies as a function of several parameters, e.g. sliding velocity, normal stress
and density. Modnet, et al. [4] did a “round robin” test measuring the friction
between steel powder and tungsten carbide or steel counter surfaces. It was
found that the friction coefficient decreased with normal pressure and
density.
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However most literature is concerning metal powder. Not much has been
done on the friction behaviour of minerals. In addition, measurements of
high-pressure compacts are seldom reported.
One type of high-pressure tool used for compacting powders is the
Bridgman anvil press [9-12] shown in Fig 1. In this type of press, a
cylindrical powder compact is compressed between two opposite flat
surfaces. In the centre of the press, a stick-zone is found with no slippage
between the tool and the powder compact. However, at the outer edges of the
press the powder compact is slipping between the upper and lower tool. The
higher load, F, the smaller the stick-zone in the centre will become. The size
of the stick-zone is also dependent on the static and dynamic friction
coefficient. This shows the importance of measuring both the static and the
dynamic friction coefficient and that a realistic friction model must contain
these properties.

Fig. 1. Schematic cross section of a Bridgman anvil press. Approximate
zones of stick and slip are established during the test.
Berg et al. [6] simulated the compaction of a CaCO3 powder disc in a
Bridgman anvil press using finite element modelling. To a make model that
correctly simulates this process not only the material properties had to be
known but also the friction behaviour. In this study, the friction forces
between the tooling and the powder compact was calculated by inverse
modelling assuming a coulomb friction model. However, the calculated
friction coefficient was regarded as constant in the whole powder-tool
interface.
Beste and Jacobson [13] measured the friction between cemented carbide
and different rock types, at 25C and 350C, using a pin on disc tribometer. It
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was found that the coefficient of friction was lower at the higher
temperature. Beste et al. [14] also investigated the frictional behaviour of
calcite rock, among other minerals, towards a cemented carbide tip. It was
found that the friction coefficient for Calcite rock spans between 0.2-0.27.
Bonny et al. [15] investigated carbide-to-carbide dry friction and found the
friction coefficient to increase with increasing velocity and decrease with
increasing load. Zacny and Cooper [16] investigated the friction of drill bits
(Diamond Impregnated Segments and Polycrystalline Diamond Compacts)
candidates for use on Mars. The test involved sliding the drill bits against
dry sandstone and basalt rocks under both Earth and Mars atmospheric
pressures and at temperatures ranging from subzero to over 400C. It was
seen that the friction coefficient decreased with a decrease in atmospheric
pressure, which was explained by the loss of weakly bonded water. It was
also found that the coefficient of friction increased with temperature due to
the loss of surface oxides.
Strijbos [17] investigated the influence of the particle size of the powder
and the surface finish of the counter surface (a wall) on friction. For large
particles, the friction is influenced by hardness of the powder and opposing
surface but also the surface roughness. Fine particles, smaller compared to
the surface roughness of the wall, can stick to the grooves and give powderto-powder friction. Strijbos [18] further investigated how lubrication and
grooves (parallel and perpendicular) affected the friction. Cameron and
Gethin [19] explored die wall friction for powder compaction using discrete
element modelling. It was found that a sticking layer suggested by Strijbos
[17], indeed forms. The models also indicated that the precise geometry of
the wall surface has some influence on the friction.
The present work aims regards investigating the tribological behaviour of
powder compact friction, specifically the behaviour of powder compacts in
the Bridgman high-pressure apparatus [6]. The focus is tribological
investigations on CaCO3, using carbide as opposing surface, at room
temperature. The aim of this study is to gain knowledge that will be useful
from the viewpoints of finite element as a tool to simulate powder
compaction.
Friction between powder compacts and hard opposite bodies is difficult to
measure and characterize because of several reasons. Since the powder
compact in general is much softer than the opposite surface, the deformation
can be quite large. The large deformation also implies difficulties to
calculate the nominal surface pressures between the bodies, when using e.g.
hertzian contact pressure theories.
The running in of the powder compact surface may also be difficult to
characterise, especially if a non-conformal contact is used. This is because
the large plastically deformations and the risk of inducing cracks in the
powder compact.
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The Bridgman test induces high pressure in the test sample. To be able to
describe process that take place in the Bridgman test it is also important to
measure the powder compact’s densities influence on the friction coefficient.
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2 Experimental setup

The experimental setup in this investigation describes the test equipment,
test procedure and test samples used in this work.

2.1 Test equipment
Friction tests were carried out on UMT-2 (Universal Micro Tribometer,
CETR, USA) using rod-on-flat mode, see Fig. 2. The upper specimen was
loaded against the lower specimen by means of a servomotor. The force was
maintained by servo control motors using a close loop feedback. The force
sensor accuracy was 25mN (2.5gram)

Fig. 2. Rod- on- flat test setup. Line contact perpendicular to the sliding
direction.
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2.2 Test material and specimens
The powder used in the investigation was spray dried CaCO3 also called
Calcite. Calcite is the main component in the mineral Limestone. During the
spray drying wax and Poly Vinyl Alcohol (PVA) was added as lubricants, to
remove issues (cracking and delamination) that occurred during the powder
pressing. The moisture level of the powder, when pressed, was 0.70%.
0.025%. The moisture level together with the lubricants is estimated to a
full density of 2600 kg/m3. The relative density calculations will however be
based on the higher full density value. The full density of a single Calcite
crystal is 2710 kg/m3.

2.2.1 Sample preparation
A single acting closed die equipment was used to compress the powder.
The die was made of hardened steel. The cavity diameter was 40.00 mm.
The diameter of the piston, made of tungsten carbide, had a diameter of
39.95 mm. The assembly was placed between the ram and the top plates of a
70 tonne press enabling the material to be compressed to axial pressures in
the range of 0-500 MPa yielding densities between 1800 and 2300 kg/m3.
The relation between oil pressure and press load was found by using a load
cell with an accuracy of ±0.5%. The density of a specimen was measured on
a machined part.
The diameter of the cylindrical specimens used in the friction tests was
24.5 mm (machined from 40 mm discs) and the height was 7.84  0.08 mm,
corresponding to a height–diameter ratio equal to about 0.196, see Fig. 3.
The specimen densities were measured before the discs were machined to
the smaller diameter. Thus because of chipping problems causing difficulties
in measuring the density. Four different densities were produced as seen in
Table 1. The measured densities had a percentual standard deviation of
0.45%.
Table 1 Sample densities used in the investigation.
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Fig. 3. Image of the powder compact.

2.2.2 Tungsten carbide insert
The opposing surface was a cylindrical cemented carbide piece, having a
length of 10 mm and a diameter 16.5 mm, see Fig. 4. The cemented carbide
grade had 10 % Co binding and WC-grains with a size of about 0.5-0.8 µm.
The hardness was 1600 HV. All experiments used the same carbide insert,
which was cleaned with a dry paper towel after each experiment. The surface
roughness in terms of, Ra and Rz-value was 0.15 m and 2 m. These
surface roughness values would be equivalent to a grinded surface as in
many cases are used when cemented carbides are machined.

Fig. 4. Carbide insert fastened in the holder.
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2.3 Test procedure
The test procedure applied was to investigate the influence of density on
the friction behaviour. A full matrix investigating all the aspects of different
variables (velocity, load etc.) influencing the friction has not been the intent
of this investigation. A brief pre-testing on load and velocity was conducted,
to see if these parameters had any major influence on the frictional
behaviour. This was not the case and a constant sliding velocity and load
was used during all measurements. The sliding procedure used for all sample
was as follows. The CaCO3 samples were mounted into the lower holder and
fastened. The upper carrier, containing the tungsten carbide rod, was lowered
and pressed towards the sample using a load of 250 N. The sliding speed of
the carrier during the friction measurements was 0.1 mm/s
This is a quite low speed in terms of powder compaction in general and it
is somewhat higher compared to the sliding velocity in a Bridgman anvil [6].
However, it is in the range of normal speeds of compaction velocities in
general. The 250 N is at the upper range of the test equipment and higher
loads could possible fracture the low-density samples.
To calculate the contact pressures Hertzian Contact theory was used.
However, it requires the Young’s modulus of the two test specimens. An
approximation of the mean and max Hertzian contact pressures was
calculated using the Young’s modulus measured in Berg et al. [17]. The upramp values gave the Young’s modulus for the densities U1, U2, U3 and U4 and
the Young’s modulus for the carbide insert was set to 600 GPa.
Table 2 shows both the measured Young’s modulus and the calculated
Hertzian pressures.
Table 2 Hertzian contact pressures
Density
Young’s modulus [GPa]
Mean pressure [MPa]
Maximum pressure [MPa]

U1
1.6
32
41

U2
3.6
48
61

U3
4.8
55
70

U4
6.6
64
82

When equilibrium had been found, the carrier was set into motion using a
constant velocity of 0.1 mm/s for 60 seconds giving a sliding distance of 6
mm. To detect differences in pre tensioning that can occur during the
mounting of the carbide insert, the carrier was lifted and moved forward 8
mm and was then lowered and slided 6 mm in the opposite direction. This
procedure was repeated 3 times in the same tracks, giving a total sliding
distance of 36 mm.
A fourth run was made for each test specimen, where powder was
sprinkled onto the sample, called test number 5-8 in Table 3.
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Table 3 Test matrix for friction testing.

In a powder compaction situation a likely scenario is that the powder
compact cracks, yielding loose powder onto the surfaces. Fig. 5 shows an
upper tool surface of the Bridgman apparatus after initial compaction
(loaded to 500kN and deloaded) of the powder compact. The powder on the
tool surface indicates that the powder compact breaks down into smaller
parts. During testing in the Bridgman apparatus using CaCO3 powder
compacts, it can be seen that powder sticks to the tool surfaces and have to
be removed using abrasive coated paper.

Fig. 5. Bridgman press, upper tool surface. Loose powder sticking to the
surfaces after testing.
To imitate the behaviour of the Bridgman tests in the friction
measurements experiments where the surfaces were sprinkled with loose
powder were done. The loose powder was manufactured from pressed
samples by a wear procedure grinding it against a rough surface. The powder
was spread on the samples, using a sieve of grid size 450 m, after the third
measurement according to Table 3.
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3 Calculation of coefficient of friction

The coefficient of friction,, was calculated using the ratio of the
tangential force to the normal force. The output data from the tests are
friction coefficient and carbide insert sliding distance. The data from the
third runs were used to calculate the friction. During the two first runs plastic
deformation occurred which influenced the measurements and after about 45 runs cracks started to appear which strongly influenced the measurements.
A typical result from the friction measurements can be seen in Fig. 6. It
shows that the measured friction force is not representative in the beginning
and the last part of the track. These sections of the track are not flat enough
because of the plastic deformation of the test specimen. Doing further runs
caused cracking of the specimen and increased the edge effects. Only one
third of the measurements were used to calculate the coefficient of friction.
The total measured friction curve was divided into 3 equal parts and only the
middle part was used to calculate , according to Fig. 6.
For each specimen two  was calculated each from the two different
sliding directions. A final  was calculated averaging the results from all the
repetitions on each density level.

Fig. 6. Example of coefficient of friction () versus sliding distance, edge
effects is seen at the beginning and the last part of the test.
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4 Results and discussion

The friction forces obtained from the third and fourth run was used to
calculate two different coefficients of friction. These runs were chosen
because of the plastic deformations that compacted the material and thereby
changes . An example of how the coefficient of friction changed during the
first three runs is shown in Fig. 7. As the runs proceed it can be noticed a
decrease in the initial  and an increase of  at the end. This is believed to be
plastic deformation of the specimen forming slopes at the beginning and end
of the measured track. The slopes affect the frictional behaviour, decreases
and increases respective friction forces. If the runs were to proceed, this
effect would become more prominent. A peak value of can be seen at the
start up of the first run. This was not seen at the two following runs. A
possible cause is that a pit was formed in the powder compact during the
first run. The pit is caused by the plastic deformation induced by the pressure
applied between the carbide insert and the powder compact surface.
Therefore, higher load is required to during the start up the test.

Fig. 7. Change in the friction behaviour (the friction coefficient) during three
first runs.
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4.1 Frictional behaviour of CaCO3
The density dependence on friction coefficient was investigated for two
different set-ups, with or without powder sprinkled samples. Which of these
two coefficients that is valid during a powder compaction sequence will
differ between different applications. In the case of a smooth compaction,
the non-sprinkled coefficient of friction is probably valid. During a powder
compaction where the compact break down and loose (free) powder is
exposed onto the surfaces, it is more likely that the sprinkled friction
coefficient should be used.

4.1.1 Dynamic friction coefficient
The dynamic friction coefficient was defined as the value of the third run
using the non-sprinkled set-up, test number 1-4 in Table 3. In Fig. 8, the
dynamic friction coefficient as function of density is shown. It shows that 
is decreasing with increasing relative density. This behaviour has been
shown by other authors [4, 5, 8]. The variations in terms of 95% confidence
interval are within 8-10%. It can also be seen that the measured  values
level-off toward a constant value of about 0.13 at 0.8 relative densities. The
highest friction coefficient measured is at the lowest relative density 0.66
and is  =0.19.
It was noticed that as the powder compact density increased the surfaces
became smoother and shinier. This may be one of the reasons of the decrease
in friction with increase in density. Young’s modulus increases with
increasing density, which yields an increase of the contact pressure. It has
been shown [4, 8] that an increasing normal pressure decreases the friction
coefficient on other types of powder.
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Fig. 8. Dynamic coefficient of friction for different relative densities of the
powder compact.

4.1.2 Static/sprinkled powder friction coefficient
As a measure of static  the measured sprinkled powder friction
coefficient was used. The static  was calculated using test number 5-8
according to Table 3. These samples had been sprinkled with loose powder
(same material as the powder compact) to imitate loose powder in the
compression procedure. The densities of the samples were spanning from
low density to a high density according to Table 1. These measured friction
coefficients could be seen as a stick friction coefficient since several of the
test gave stick slip behaviour.
The observed stick-slip behaviour was believed to be caused by powder
sticking to the carbide surface. To mimic this behaviour in a controlled way
powder was sprinkled onto the sample. It was seen that the sprinkled powder
gave an uneven surface, see Fig. 9, which may be the reason that instability
was induce to the system giving stick-slip behaviour. Sometimes an even
and high value of the friction coefficient was measured at levels similar to
the stick values for tests were stick-slip occurred.
In Fig. 10, it is shown that the measured  has scattered values with no
particular trend. However, it is possible that different densities have different
stick values since as the material changes properties as it is compacted to a
higher pressure. The mean static friction for all the densities is 0.23.
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Fig. 9. Powder sprinkled powder compact with powder islands.

Fig. 10. Coefficient of friction for powder sprinkled test specimens.

4.2 Density dependent friction model
A friction model based on the dynamic coefficient of friction dependence
of powder compact density (Fig. 8) can be seen in Fig. 11. A mathematical
function that could be fitted to the experimentally obtained values of  was
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used and the parameters were calculated using least square method. The
function used is as follows:

  k (  rp  1) a  1

(1)

Where k and 1 and a are fitted parameters.  rp is relative plastic density
[20]. The least square parameter was found to be k = 1500, 1 = 0.13 and a =
9.15
The density dependent model is only valid from a relative density of 0.65
to 0.85, Fig. 11. It is however very likely, looking at the trend, that an
extrapolation to higher relative densities is possible. The friction model is
only valid for “smooth compaction behaviour” and for applications like in
Fig. 1. The function will not be applicable to applications including cracking
of the powder compact. In this situation, the static values will probably be
more suitable.

Fig. 11. The mathematical function, Eq. 1, and experimental measured
friction coefficient.
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5 Conclusions

The friction behaviour between cemented carbide and CaCO3 powder
compact has been investigated using a Universal tribometer. It has provided
frictional behaviour and its dependence on density. A mathematical function
has been fitted to the coefficient of friction versus density.
It can be concluded that:
Dynamic friction is dependent on density and contact pressure. The
friction coefficient decreases with increasing density.
Static friction (imitated in these experiments by sprinkling powder onto
the contact surfaces of the powder compacts) is independent of density and
is varying between 0.20 – 0.29.
A density dependent function for the dynamic friction coefficient has
been found. This function is however only valid under certain conditions
(smooth sliding).
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Abstract
High pressure sintering, at 5-6 GPa, of different ceramic compacts has
become more common the last years. One possibility to further improve the
mechanical properties of the sintered material is to increase the sintering
pressure. If the ultra high-pressure region (8-10 GPa) can be reached, new
sintering aid can be utilized. To investigate high pressure sintering processes
numerical models can be used, but this will demand material models to give
realistic mechanical response at those pressures. As the pressures become
higher, the material density approaches its full theoretical value the elastic
part of the material properties becomes increasingly important. In this
investigation, the Poisson’s ratio was determined using ultrasonic pulse-echo
measurements. A new elastic model and an improved plasticity model were
implemented into a user-defined material subroutine in a finite element code.
To experimentally investigate the load displacement response and pressure
distribution in powder compacts during pressing a pressure instrumented
Bridgman anvil apparatus was used. Validation of the finite element model
was conducted against experimental data from pressing experiments using
two different start densities. The results show that the simulation model is
indeed capable of reproducing load–thickness curves and pressure profiles
close to the experimental curves

Keywords: Calcite, High-pressure, Cap model, FEM, Material model
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1 Introduction

High pressure sintering is a means of improving the material properties,
either through new sintering aids becoming available at higher pressures or
through improving intergranular bonding. Diamond has usually been
sintered using Cobalt metal as sintering aid. However, the metal agent causes
deterioration such as graphitization at high temperature. To overcome this
issue and obtain a thermal stable poly crystalline diamond other agents has
been studied. Commonly used agents are metal carbonates such as CaCO3,
MgCO3 and SrCO3. Ueda et al. [1] and Akaishi et al. [2] sintered diamond
using MgCO3 using pressure up to 7.7 GPa and temperatures of 2000 C.
Other have also sintered diamond using CaCO3 [3] and oxide or double
oxide compounds of iron family elements, such as FeTiO3, Fe2SiO4, Y3Fe5O1
[4]. In addition, the sintering of various types of nano-powders into
compacts has grown steadily in recent years. The nano-powder requires a
high sintering pressure, up to 8 GPa [5,6,7]. These materials are being
increasingly commercialized and the modelling of geometries and mixtures
as well as the exploration of the material properties up to very high pressures
will therefore become more and more important in the near future.
Systems have been developed to sustain pressure up to 10 GPa [8,9,10] or
more, but the development of these systems were mainly based on
experience and iterative testing designs. Numerical analysis can be of great
assistance in design and development of these systems, but the simulations
require some critical features and aspects of nonlinear finite element
modelling. The pressing process is highly nonlinear due to the material
response, large deformations and strains, contact boundary conditions, and
friction behaviour. Besides these mentioned difficulties, there is also a lack
of material data. Several procedures have been developed to exploit
experimental results for determining parameters for constitutive models
[11,12,13], but because of the difficulty obtaining the data required,
simulations of high-pressure powder compaction are scarce. Utilizing data
from experiments like Brazilian disc test, uniaxial test and closed die test,
constitutive models can be obtained and used in numerical analysis. For
example, Berg et al. [14] simulated the pressing of CaCO3 in a Bridgman
anvil high-pressure apparatus [15,16] using finite element method with a
user-defined material subroutine. Li et al. [17] simulated pressing of
Pyrophyllite in the cubic anvil type press [18] using a Drucker-Prager model.
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Information about the elastic behaviour is one set of data that is important
part of a constitutive model. To determine the Young’s modulus and
Poisson’s ratio of a material uniaxial testing is often done. An alternative
non-destructive method that generates elastic data is ultrasonic pulse-echo
measurements. It is a well know method for determining the elastic
properties of materials using two different ultrasonic velocities, a
longitudinally wave and a shear wave. This method has been used by several
authors to investigate the elastic properties of different materials. For
example, Carlson et al. [19] investigated CaSO4-based bone cement and
determined the adiabatic bulk modulus and densities as the mould settled.
Fukuhara et al. [20] investigated porous glassy alloys in terms of porosity
versus elastic parameters.
Ultrasonic’s testing is attractive because of its non-destructive nature; it
can be used in quality control of sintered materials [21]. Another feature of
ultrasonic measurements is the possibility to obtain Poisson’s ratio, which is
otherwise difficult to measure on powder compacts. Phani and Sanyal, [22]
investigated the relationship between longitudinal wave velocity and
Poisson’s ratio for a variety of porous powders. Phani [23] also found
correlations between ultrasonic velocities and pore shapes.
The purpose of this study was to further evaluate, compare and improve
the constitutive model, found in Berg et al. [14], and its parameters for a
CaCO3 powder mix.
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2 Materials and method

In this section, the investigated material, experimental set-ups and the
basic principles are described.

2.1 CaCO3 powder mix
The powder used in this investigation was spray dried CaCO3 also called
Calcite, which is the main constituent of Limestone. To ease the powder
pressing process, a small amount of wax and Poly Vinyl Alcohol (PVA) was
added to the powder as lubricants. The moisture level of the powder, when
pressed, was 0.7%. 0.025%. The moisture level together with the lubricants
gave a full density around 2600 kg/m3, compared to the full density of a
single crystal Calcite which is 2710 kg/m3. The mean particle size (d50%) of
the powder was 5.7 m and a top cut (d98%) of 25 m. A Scanning Electron
Microscopy (SEM) analysis showed that some large granules had formed,
mostly due to clustering of smaller granules, see Fig.1.

Figure 1. SEM picture including size measurements of the spray dried
granules. Large particles have formed due to clustering.
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2.2 Sample preparation equipment
The powder compacts used in the experiments were manufactured in a
closed die equipment. The die was made of hardened steel and had a cavity
diameter of 40.0 mm. The diameter of the piston, made of tungsten carbide,
was 39.95 mm. The assembly was placed between the ram and the top plates
of a 70 tonne press enabling the material to be compressed at axial pressures
in the range of 0-550 MPa yielding densities between 1750 and 2300 kg/m3.
The relation between oil pressure and press load was found by using a load
cell with an accuracy of ±0.5% at full load.

2.3 Acoustic measurement principle and set-up
The principle of the method presented in this paper is to measure the
speed of sound of a number of CaCO3 disc compacted to different densities,
and then calculate the adiabatic bulk modulus and Poisson’s ratio.
Fig. 2 shows the set-up for the acoustic measurements, with an ultrasonic
transducer mounted on the surface of a Plexiglass (PMMA) buffer. This setup was previously used by Carlson [15] and it was first introduced by
Lynnworth [24] for measurements on liquids. Alternative set-ups can be
found in van Deventer [25].
In the setup, the transducer was first used to transmit a short ultrasound
pulse with a centre frequency of 5 MHz. The same transducer was then used
as a receiver to record the reflected echoes. The signals were sampled at a
frequency of 200 MHz. Examples of received signals are shown in Fig. 3.

Figure 2. Experimental set-up [19].
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Figure 3. Measured ultrasound pulses using a shear wave transducer, (a) and
a longitudinal wave transducer, (b) The time delay between x1(t) x2(t) gives
the shear wave velocity and the time delay between y1(t) and y2(t) gives the
longitudinal wave velocity. [19]
In a measurement, the first echo, x1(t), is from the PMMA/ CaCO3
interface and the second echo, x2(t), comes from the interface between the
sample and the reflector, see Fig. 3. The time of flight of the second echo,
x2(t), and the thickness of the CaCO3 sample gives the speed of sound in the
CaCO3. Comparing the speed of sound for a compression wave and a shear
wave enables the determination of the elastic properties of the CaCO3
samples. Each sample was measured 10 times and the average time was used
to calculate the velocity.
The dynamic test is based on the compression and shear wave velocities.
The compression wave modulus, C, the shear wave modulus G and the
adiabatic bulk modulus, K, can be written as [26]:

4G
,
3
C    2 ,
G  ,
K C

(1)
(2)
(3)
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where  and  are the Lamé constants of the solid material.
In terms of longitudinal wave velocity, VL and shear wave velocity, VS,
the bulk modulus and shear modulus can be written as:


4V 2 
K   VL2  S  ,
3 

2
G  VS ,

(4)
(5)

where  is the density of the material.
Another property that is of interest is the Poisson’s ratio. It can be written
as a combination of the bulk modulus and shear modulus or using the
dependency of the wave velocities:
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Inserting Eq. (4) and (5) gives as follows:
2
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A function, Eq. (8), was least square fitted to the experimentally found
speed of sound velocities data. The function was used to determine the
elastic variables. This approach will accordingly give less squatter as the
elastic properties were calculated compared to using the measurement data.
The approximating function used was as follows

V  V0 (  rp ) b  Vmin ,

(8)

where Vmin is the minimum velocity and V0 + Vmin is equal to the
maximum velocity and b is an exponent.
The diameter of the cylindrical specimens used in dynamic testing was
40.2  0.1mm and the height 7.84  0.08 mm, corresponding to a height–
diameter ratio equal to about 0.196. Four different densities were produced
as shown is Table 1.
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Table 1. Sample densities

Three discs of each density were manufactured and the percentual
standard deviation was 0.45%. The full density velocities were inversely
calculated from a bulk modulus of 74.4 GPa and a Poisson’s ratio of 0.316.
In addition, Grady [27] found the longitudinal and shear velocity for
Solenhofen Limestone, having a porosity of 3.5% to be 5.48 km/s and 3.02
km/s, respectively. These values were also included in the calculations.

2.4 No-slip experimental set-up
A high friction Bridgman anvil set-up was used to remove the influence
of frictional slip between the tool and powder disc. This was done to
evaluate the material properties without frictional effects. The set-up was the
same as Berg et al. [14], but it was modified by placing two 8% Cobalt
carbide discs on the anvil noses, each having a thickness of 4.25 mm, see Fig
4. The carbide discs were sand blasted for a rough, sticking surface (no slip
towards the CaCO3 discs). The obtained surface roughnesses, of the discs, in
terms of Ra and Rz values were 1.84 m and 10.3 m respectively. To
prevent anvil breakages, in the case of blowouts, brass discs (with thickness
0.25 mm) were placed between the carbide discs and the anvil noses. The
maximum load was limited to 1.5 MN, since higher loads were expected to
give blowouts. Only the up-ramp of the load–thickness curves were recorded
and used.
The diameter of the cylindrical specimens was 40.2  0.1mm and height
was 5.02  0.03 mm. Two different densities were tested:



1 = 1811  2 kg/m3; at load 60 kN ; mass = 11.48 g
3 = 2289  3 kg/m3; at load 690 kN; mass = 14.66 g

The “standard” moisture level used for the samples was 0.70% 0.025.
The powder moisture was measured before the discs were produced using a
Mettler PE360 balance with an addition of a moisture analyser, the Mettler
LP16. In total six CaCO3 discs were prepared. The experiments were done
within an hour of preparing the CaCO3 discs.

128

Anvil
Brass disc
Carbide disc
Sample

Figure 4. High-friction Bridgman anvil set-up, containing protecting brass
discs and sandblasted carbide discs.
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3 Constitutive model

3.1 Non-linear elastic model
The elastic properties for Calcite powder was previously investigated by
Berg et al. [11]. It was found that the Young’s modulus increased with
increasing density. In this investigation a density dependent Poisson’s value
was found using ultrasonic measurements, accordingly the bulk modulus
values have to be recalculated. The same expression as Berg et al. [14] used,
Eq. (9), was least square fitted to the new bulk moduli values.

 exp(abs ( )) 1
p
v

c

P 
K  K s  1 
 P2 

(1  c )

,

(9)

where K is the bulk modulus, Ks is the solid bulk modulus, P1 and P2 are
parameters that will be optimized to experimental data,  vp is the plastic
volumetric strain and c the initial relative density.
For correctness of the material model, the bulk equation was changed to
take into account the influence of the elastic density on the bulk modulus, a
so-called Equation of State (EoS) [28]. This add on to the equation was
written as follows.

K tot  K


p




ln( )  1 ,
  p


(10)

where  is the current density and p is the plastic density. The bulk
modulus, K, calculated using Eq. (9) and Ktot is the total bulk modulus
including the EOS-term.

3.2 Yield surface
The constitutive model used was a cap plasticity model. It has a shear
failure envelope (f1), providing dominantly shearing flow and a strain
hardening cap yield surface (f2) that provides yield in pressure. L is the point
of intersection between the two yield surfaces and X the point of intersection
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between the hydrostatic axis and the cap function, see Fig 5. The same
approach was used as in Berg et al. [14] concerning the yield surface and
hardening function. The model was calibrated against experimental data for
a CaCO3 powder mix. The yield surface (f1) for CaCO3 was reported, by
Berg et al. [11] to have an angle of about 66, in the q-P plane (von Misespressure plane). Since the movement of the shear failure envelope during
compaction is non-linear and dependent on density, a movable shear yield
surface is introduced. The expression for the relative density dependent yield
function presented here is
f1 I1 , J 2  

J 2    A ( ) exp(  I1 )   I1   0 ,


a
A(  )   a1  exp a2 ( rp ) 3



f 2 ( I1 , J 2 ,  )  J 2 

 .



(11)
(12)

1
( X  L) 2  ( I 1  L) 2  0 .
R

(13)

I1 is the first invariant of the stress tensor and J2 is the second invariant of
the deviatoric stress tensor. Further are , ,  and  material parameters.
A() controls the movement of the yield surface (f1) and a1, a2 and a3 are
material parameters, see also Jonsén and Häggblad [29]. The optimized
values of the yield surface parameters were as follows: =1144 MPa,
=6.928E-10 (MPa)-1, =374 MPa, =0.43, a1=4.06, a2=0.086 and a3= 8.2.
The eccentricity parameter R is the ratio of the horizontal to vertical ellipse
axes. It defines the shape of the cap in the plane of the first invariant of the
stress tensor versus the square root of the second invariant of the deviatoric
stress tensor. The parameter represents the degree of influence the
hydrostatic stress component on the onset of yielding of the porous body and
may be a function of the relative density. This influence was introduced for
metal powder by the following relation for the equivalent stress value [30],

 eq2 ( I 1 , J 2 )  31 J 2   2 I 12

(14)

where  and  is function of relative density. The function should
fulfil the requirement that it approaches zero when the relative density
approaches one. By rewriting the equation to include a moving cap the
following relation can be found

 eq2 ( I1 , J 2 )  J 2   I1  L  ,
2

(15)

where  now corresponds to the eccentricity parameter R such that
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R   

1
.


(16)

By assuming a first order relation of R with relative plastic density and
fulfilling the requirement above, the following relation is proposed;

  

R  rp  r1  k rp

1
,
1   rp



(17)

where r1 is the minimum R-value obtainable and k is a constant.  rp is
the relative plastic density.
To exclude the frictional influences of the anvil faces, the loaddisplacement curves from the no-slip experiments was used to find
parameters of Eq. (17).

Figure 5. Cap plasticity model, f1 is the density dependent failure envelope,
f2 is the moving strain-hardening cap and c is the cohesion.

3.3 Hardening function
Berg et al. [11] defined the plastic volumetric strain as
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(18)

where P0 is a low pressure corresponding to a density, U0, just above the
bulk density (lowest density) and Ps is the pressure that corresponds to full
density, Us. This gives Uc=U0/Us as the initial relative density. X is the
intersection of the Cap surface and I1, see Fig. 6 and 7. This function does
not represent the experimental values at the lower pressures in a good way.
Therefore, a new function for the plastic volumetric strain was introduced.

H vp ( X )

A( X )  B  C ,

(19)

where A and B are two material parameters that were least square fitted to
the experimental measurements, C is maximum volumetric strain. Least
square method yielded the values A=1.80 and B=0.23. The maximum
volumetric strain, C, was set to 1.15.
In Fig. 6 and 7 the plastic volumetric strain as a function of X can be seen.
It can be seen that the new hardening function, Eq. (19), now resembles the
experimental data as the curve deviates at about X=-1000 MPa. At higher
loads, Fig. 7, the new hardening is similar to the old Eq. (18), Berg et al.
[14].

Figure 6. The old hardening function [14] Eq. (18) and the new Eq. (19)
together with experimental data.
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Figure 7. The old hardening function [14] Eq. (18) and the new Eq. (19)
together with experimental data.
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4 Experimental results and discussion

4.1 Effect of density on wave velocities
The wave velocity withholds information from which the elastic material
properties are calculated. The results from the acoustic measurements
together with the velocity function, Eq. (8), in Fig. 8 show that both the
longitudinal and shear wave velocities increase with relative density. An
increase in density has a larger impact on the longitudinal wave velocity, VL,
than the shear wave velocity, Vs. The maximum variation for the experiment
was 3% using a 95% confidence interval. It can be seen that the velocity
functions approximate the experimental data well.
Eq. (8) was least squared fitted to velocity data. It rendered two different
sets of parameters describing the velocities as a function of relative density.
These two equations were used to calculate the elastic properties such as
bulk modulus and Poisson’s ratio. The values of the parameters obtained
were, V0 = 5395, Vmin = 1248 and b = 8.39 for VL. For Vs the following values
were obtained, V0 = 2614, Vmin = 836 and b = 6.90.

Figure 8. Ultrasonic sound velocities versus relative density together with
least square fitted Eq. (8). The square (▀) is the full density calcite value and
the triangle (▲) is the values from Grady [27]. Statistical variations in terms
of 95% confidence intervals are also included.
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4.2 Effect of density on elasticity parameters
The elastic constants obtained from the ultrasonic measurements were
Poisson’s ratio and bulk modulus. In Fig. 9, the experimental values for
Poisson’s ratio are shown. Even though the measured data have some
variations, the trend was however an increasing value with density.
Poisson’s ratio was calculated using Eq. (7) together with the fitted velocity
functions in Eq. (8). This gave a smooth curve running through the
experimental points. A third order polynomial function was fitted, Eq. (20),
to the measured data.

 = - 12.069  p3 + 31.699  p2 - 26.484  p + 7.1697

(20)

Other authors have seen a similar relationship between Poisson’s ratio
and density, for example Han et al. [12] and Cunningham [31] used an
instrumented die to measure the relationship between Poisson’s ratio and
density for a pharmaceutical powder.
Fig. 10 shows the dynamic bulk modulus plotted together with the upramp and down-ramp values from Berg et al. [11]. It can be noticed that the
dynamic bulk modulus coincides with the up-ramp and not the down-ramp
values. This is probably because the strains for the up-ramp were lower than
in the down-ramp, hence more like the case using ultrasonic techniques. AlShayea [32] measured the elastic properties of limestone rock using both the
static and the dynamic method. It was concluded that the elastic constants
were functions of the stress-strain level and increased with the stress-strain
level. This phenomenon is most likely seen in the measurements of the
Poisson’s ratio. At low relative density from 0.65 to 0.8, Poisson’s ratio is
below 0.10, which probably would have been higher during a loaded state.
This influences the recalculation of the bulk modulus yielding a too low
value. However, the down-ramp values were recalculated and a new least
square fitting was done yielding the parameters, P1=5754, P2=0.95, c=0.369
and Ks=74.4 for the “new bulk function”.
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Figure 9. Poisson’s ratio from experiments fitted values from equation (7).
A third order polynomial is also seen. The square (▀) is the full density
calcite value and the triangle (▲) is the values from Grady [27].

Figure 10. Ultrasonic bulk modulus calculated using equation (4), the old
[14] and new bulk modulus together with experimental values found in Berg
et al. [11] and the recalculated experimental values.
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4.3 No-slip experiment results
Initial simulation showed that the low and high-density compacts required
different cap eccentricity values (R-value), when being set to a constant. The
R-value is the ratio of the horizontal to vertical ellipse axes, in the material
model [14]. Since the R-value is a parameter that is difficult to measure, a
function for the R-value was found using inverse modelling. The R-value as
a function of relative density, Eq. (17), was implemented in the material
model. Using the high friction experiments and inversely fitting the model to
the load-displacement values gave the parameters r1=1.6 and k=-1.25. Fig.
11 shows the behaviour of the R-value as the density changes. At low
densities, the function is linear, as the density reaches 0.85 the R-value
increase faster. The function is asymptotical as it reaches one, simulating the
opening up of the cap surface. Others [12,31] have found a similar
relationship, with R-value increasing with the density.

Figure 11. Cap eccentricity (R) value as a function of relative density
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5 Finite element model

An axisymmetric finite element model with reduced integration elements
including 2261 nodes was used, see Fig. 12. Due to symmetry, only half of
the thickness of the disc was modelled. All numerical models in this work
were calculated using the explicit FE code LS-DYNA V971 R5.1 together
with a user-defined material subroutine for the constitutive model described
earlier.

Figure 12. Two dimensional axisymmetric model showing Bridgman anvil
and 5 mm specimen. Black dot representing the measured displacement
location.
The tooling was modelled using an elastic material model corresponding
to tungsten carbide containing 6-wt% Cobalt with E = 570 GPa and  = 0.22.
The powder compacts were modelled with a thickness of 5 mm, a radius of
20.00 mm and the mesh contained 600 elements. Two densities were used in
the simulation: 1750 kg/m3 and 2285 kg/m3.
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A 200 MPa pressure was applied to the outer diameter of the anvil
representing the concentric support rings fitted on to the anvil. The same
model was also used for the high friction set-up but the results were
compensated for the heights of the carbide and brass discs. This should be
sufficient since the test was done at low pressure, hence not deforming the
disc very much.
Table 2 shows the timing of the simulation. The first 0.1 seconds only
includes the support of the anvil. This is followed by 0.4 seconds of loading
and then 0.3 seconds of unloading. To reduce calculation time mass scaling
was introduced by increasing the density 1000 time.
Table 2. Time schedule

A best-fit procedure in reversed modelling was done to find the friction
coefficient. For this purpose the error of the load-displacement simulation
results were minimized compared to the experimental results. A coulomb
friction model with a constant coefficient of friction was used.
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6 Simulation results and discussion

In this section, the simulated results are compared to the experimental
results from Berg et al. [33]. A cap eccentricity function of relative density
was found using inverse modelling adjusted to the load–displacement data
from the experiments and a new bulk modulus as well as density dependent
Poisson’s ratio was implemented in the code. A slightly improved hardening
function compared to the previous work [14] was used.
The inverse modelling described in the previous section gave a friction
coefficient of =0.255. This is reasonable value, compared to data from the
literature [34] and previous experiments by Berg et al. [35]. The measured
friction coefficients for powder sprinkled samples are shown in Fig. 13.
In Berg et al. [33] CaCO3 discs, compressed in the Bridgman anvil press,
were instrumented using Bi-wire. Bismuth has three phase transitions
occurring at the isostatic pressures of 2.55, 2.70 and 7.70 GPa, where the
two transitions 2.55 and 7.70 GPa are commonly used for gauging pressure.
In the experiments, the phase transitions had a load spread, hence it did not
occur momentaneously. However, the average load at the phase transitions
was reported. From the simulation, the absolute value of the mean stress
(from now on called pressure) at the centre of the disc was compared to the
phase transition pressures.
The outputs from the simulation that were investigated and used for
validation were the absolute value of the simulated mean stress profile in the
centre and at 8-10 mm radius of the disc.
The simulated results were compared to the corresponding experimental
pressure points and the difference was calculated. For the centre point, the
simulation results at 0.33 mm radius (at y-symmetry axis) were used. For the
pressure distribution all elements at y-symmetry axis was used.
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Figure 13. Friction coefficients of powder sprinkled CaCO3 samples [33].

6.1 Low-density compact simulation
Fig. 14 shows the numerically obtained load-displacement curves
compared to the experimental measurements found in Berg et al. [33]. The
experimental results are consistent and the simulation, of the low-density
disc has a load-displacement relation close to the experiments. The
simulation shows a lower load than the experiment for the first 2 mm of
compaction, but at the end of the up-ramp the simulated response is stiffer
than the experiment. This might be caused by too low bulk modulus at the
lower densities and a too high bulk modulus at higher densities. However,
the load build-up has a complex behaviour and many of the material
parameters are dependent on each other. It can also be noted that the
simulated down-ramp has more springback than the experiment.
The model is validated against the Bismuth phase transition
measurements in Berg et al. [33]. Table 3 shows the experiment and FE
simulation results (low-density) together with the percentual error.
Compared values are the average load at the phase transition and it can be
seen that the error was -8% at 2.55 GPa (centre of the disc), and 8% at 7.7
GPa. The error for the phase transition at different radiuses varied, it was
quite large for 5 mm (-29%) and low for 10 mm (-5%).
In general, the uncertainties of the measured phase transitions are 0.06
GPa at 2.55 GPa and 0.2 GPa at 7.7 GPa [36,37] during isostatic
conditions. The uncertainty of measurements under non-isostatic condition is
probably higher and for the results at 5 and 10 mm shearing of the Bi-wire
and differences in extrusion length and sliding adds uncertainty. In addition,
only one measurement was done at each radius.
142

For the down-ramp, at 2.55 and 7.7 GPa, the errors were -25% and 37%
respectively. At the radius of 10 mm, the error was 12%. Here the
experimental down-ramp phase transitions were probably affected by
cracking that occurs during unloading.
The simulated pressure profile versus the initial radius for three loads is
plotted in Fig. 15 together with the experimental phase transition points from
by Berg et al. [33]. Further, 5% uncertainty was added to the load value of
the experimental pressure points. This seems to be inline with the error
found in Berg et al. [33]. The maximum isostatic pressure reaches about 9
GPa. Comparing the pressure profile at around 3000 kN load to the
experimental pressure points (r=0 and r=10 mm) it can be seen that the
simulated pressure is close to the experimentally measured pressure. At the
lowest load, around 1000 kN, the pressure profile is flatter than at higher
loads. Overall the main features of the simulated pressure distribution
compares well to the measurements.

Figure 14. Load - thickness curve comparison between experiment [33] and
simulation for low-density powder compact.
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Table 3. Comparison of experiment and simulation (low-density) up and
down-ramp load at Bi phase transitions.

Figure 15. Simulated pressure distribution in low-density powder disc
together with experimental phase transition points for the Bi-wire [33].

6.2 High density compact simulation
For the high-density compact, the simulation predicted the experimental
force-displacement response well, as shown in Fig. 16. It can be noted that
the load increase starts earlier in the compaction stage for the high-density
disc compared to the low-density disc. The increase of the simulated load is
large during the starting phase, probably because of differences in starting
friction and/or cohesion compared to the experiment. In addition, a powder
compact can be subjected to random cracking and there are initial powder
rearrangements even though it has already been pressed to a compact.
In table 4 the experimental and simulation results (high-density) for load
can be seen together with the percentual error. For 2.55 GPa the error was 18% and for 7.7 GPa the error was -6%. The simulated phase transition loads
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are slightly lower compared to the experimental values. The errors
comparing the phase transition at radius 5 mm was -19% and for a radius of
8 mm the error was -26%.
Again, the uncertainties of the measured phase transitions are 0.06 GPa
at 2.55 GPa and 0.2 GPa at 7.7 GPa [36,37] during more isostatic
conditions. The uncertainty of measurements under non-isostatic condition,
as in this case, is probably higher. It seems like the high-density simulation
overestimates the pressure build-up in the disc. It reaches the designated
pressure at a lower load than the experiment. This may be caused by a too
large bulk modulus or that it has hardened too much at the higher densities.
For the down-ramp, the 2.55 GPa phase transition had and error of 13%
and the 7.7 GPa phase transition error was -17%. The sign of the error was
different for the high and the low phase transition pressure. At 5 mm and 8
mm radius the errors were small, 4 % and 5% respectively
The simulated pressure profile versus the initial radius for the load is
plotted in Fig. 17 together with the experimental phase transition points from
Berg et al. [33]. The simulation of the high-density compact shows a
maximum pressure of about 8 GPa. Comparing the pressure profile at 3914
kN load to the experimental points (r=0 and r=8 mm) it can be seen that the
simulated pressure are higher than the experimentally measured pressure,
both in the centre and at 5 mm radius. At the lowest load, 1451 kN, the
pressure profile is flatter than at higher loads and it over estimates the
pressure in the centre.

Figure 16. Load - thickness curve comparison between experiment [33] and
simulation for high-density powder compact.
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Table 4 Comparison of experiment and simulation (high-density) up-ramp
load at Bi phase transitions.

Figure 17. Simulated pressure distribution in high-density powder disc
together with experimental phase transition points for the Bi-wire [33].
One possible reason for the deviation of the simulation from the
experimental results, in terms of pressure and load, is that the friction
coefficient might vary over the anvil face as a function of pressure. The
coefficient of friction may also be lower at start-up as shown by Berg et al.
[35]. In addition, the phase transition of the CaCO3 has not been taken into
account in the simulations. There are three transitions, two at about 1.5-1.8
GPa and one at 2.3-3.5 GPa [38]. The latter is the larger of the two and
coincides with the Bi phase transition at 2.55 GPa. As a result of the large
pressure gradient, the transitions probably occur gradually through the disc
and can not be seen as a step change in the load-thickness curve. In a way, it
has been taken into account in the model since the load-thickness curve has
been adjusted to fit the experiment. However, if a part of the disc transforms
when the Bi phase transition occur it could influence the pressure
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measurement and pressure distribution in the disc compared to the
simulation. It is also important to point out that a difference in starting
density gives a difference in the deformation history, which will influence
results.
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7 Conclusions

The constitutive model for high-pressure compaction found in Berg et al.
[14] has been further developed. The model is able to numerically reproduce
the pressing process of powder from low density to full density, with both
elastic and plastic density dependent properties. This model is also able to
mimic the pressing process of different load histories. In addition, the model
is able to account for pressure (mean stress) ranging from a few MPa to 10
GPa. The constitutive model was implemented in a finite element code as a
user-defined material subroutine and used in simulations of compacting
CaCO3 powder disc in a Bridgman anvil apparatus. The compaction
simulations were validated against experimental results from loaddisplacement response with the corresponding pressure from phase transition
of Bi-wires in the interior of the powder compact. Compressive mean
stresses up to 9 GPa were reached inside the powder compact according to
the simulations. The results obtained in the simulations agree reasonably
well with the experimental measurements.
The following conclusions are made:
x
x
x

The simulation reproduces the pressure distribution reasonably
close to the experimental points.
A density dependent eccentricity parameter, R() for the
hardening cap has been implemented. This improved the material
behaviour at high isostatic pressure.
An Equation of State was introduced to the elastic model, which
improved the behaviour at high density.
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