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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 high-
pressure 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 
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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. 
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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, 
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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 nano-
powder 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.  
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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 high-

pressure 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 high-
pressure 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 
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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. 

 

0
00 ln2

x
xP     (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 
0

ln
x
x

 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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x0 

x=0 P0 

R0 

 
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. 

 


