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Abstract

Powder compaction is a production method commonly used in the manufactur-

ing industry today. In order to minimize costly experiments and to optimize serial

production of details several methods to analyze the powder compaction process are

developed and used. One method is to use micromechanical analysis where the local

description of contact between two individual particles is of great importance. In

this dissertation a visco-plastic contact law has been used and further developed in

order to understand the powder compaction process at packing, low relative density

compaction up to high relative density compaction.

In order to relax some assumptions from previous theoretical studies simulation

with the discrete element method (DEM) was performed. Up to 10.000 spherical

particles were used in packing and early compaction simulation. It was found that

rearrangement of particles is one of the major densification mechanisms in the early

phases of compaction. At die compaction this effect of rearrangement was shown

to be more pronounced than predicted from theoretical analyses. It was also found

that the size ratio of particles is of importance when the number fraction of small

particles in the compound is high.

The finite element method has been used for numerical analyses to investigate

the local contact problem between two particles when self-similarity no longer pre-

vail. Based on the numerical results a suggestion for an approximate compliance

relation was made. With this approximate formula the local compliance behaviour

between two dissimilar particles was analysed. These findings are directly applicable

to simulations with the discrete element method.

Finally, an investigation using the finite element method to evaluate the range

of the accuracy for theoretical and approximate compliance formula has been

done with compounds of different regular lattices. It was found that the range

of accuracy is much dependent on the number of contacts within the lattices,

specially new forming contacts during the compaction.

Keywords : Micromechanical modelling, Composite powders, Discrete element

method
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Dissertation

This dissertation contains an introduction to the subject and the following appended
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O. Skrinjar and P.-L. Larsson, Acta. Mat., 52:1871-1884, 2004.

Paper III

Local Contact Compliance Relations at Compaction of Composite Powders,
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Chapter 1

Introduction

Powder Metallurgy (PM) is a manufacturing method that has gained interest over

the last decades as an economic and fast method to produce different mechanical

parts as for instance structural components, self-lubricating bearings and cutting

tools. The process in it self is not a new process. The ancient Egyptians (around

3000 B.C.) used the method to compress ferrous metal powder to tools [1]. The

Inca indians produced jewelery and other artifacts by powder compaction. Today,

just the European market for powder compaction related activities in 2003 had a

turnover of 6 billion euros with an estimated increase of 6% per year. The PM-

manufacturing process has become a great industrial potential for companies to

gain market advantages over other companies using conventional manufacturing

methods. One main reason for this is that the details are pressed into near-net

shape with little or no machining. This leads to cost savings and a rapid method

that is also suitable for mass production. Also the effects on the environment are

less compared to other methods since more than 97% of the raw material is used.

1.1 Process overview

The process of manufacturing parts with the PM-method can be summarized in

three simple steps:

1. Mixing the metal powder or powders with/without a suitable lubricant.

2. Pressing the mixture in a die, to obtain a so called green compact. The

compression has to be sufficient so adhesion will keep the green compact

together for safe handling.

3. Sintering, i.e. heating the green compact in a protective atmosphere up to

60-90 % of the melting point of the main constituent. During this process

the particles will weld together and gain interparticle strength. If the minor

constituent is melted then the sintering step is called liquid phase sintering.
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1.2 Powder

There are several reasons to use powder and of course powder compaction. Some

materials can not be used in other manufacturing methods, and of course, be-

cause the powder compaction method is proven to be a more economicly favourable

method than other manufacturing methods.

One type of material that is used in powder compaction are materials with

a very high melting point, so called refractory metals, where casting would not

be economic because of the high melting point. Material in this category are for

example tungsten, molybdenum and tantalum.

Another category of materials used in powder compaction are composite materi-

als that can not easily be mixed in other manufacturing methods or handled in post

operation due to its constituents. Example of such categories are copper/tungsten,

silver/cadmium and different types of cemented carbides.

Structural parts with a porous structure, like filters and bearings, are easy to

manufacture with powder compaction.

The main bulk material used in powder compaction manufacturing method is

ferrous metals used for structural parts. Also other materials can be summarized

in this category, iron based metals, copper, brass, bronze, aluminum and some rare

metals as beryllium and titanium. Finally some special high duty alloys such as

nickel and cobold alloys are used in powder compaction processes.

The material powders mentioned above are manufactured in different ways de-

pending on the mechanical behaviour. The methods to manufacture powder can be

summarized as:

• Solid state reduction

• Electrolysis

• Atomization

• Mechanical comminution

• Chemical processes
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1.3 Pressing

Compaction of powder is done in a form with a desirable shape, the shape of the

final detail. Initially the form is filled with the mixed powder. The packing phase,

according to the terminology of Ashby [2], can be seen as stage 0. It was found

by Scott and Kilgour [3], that the relative density after close random packing was

near 0.64. After packing pressure is applied to the aggregate. Initially there are

interconnecting holes in the powder aggregate as the contact regions between the

particles are small. This phase is called stage I and range from a relative density

from 0.64 up to 0.80-0.90. When the interacting holes are sealing off, the last stage,

stage II is entered.

Pressing in a practical situation is commonly done uniaxially. The powder is

poured into the form by a powder-shoe and a top punch moves downward applying

an uniaxial pressure to the compound. A double movement of upper and lower

punches, i.e. both punches moves towards each other at the same time, is preffered

due to a more even and uniform density distribution. Another method of pressing

is isostatic compaction. Pressure is now applied in all directions at the same time.

This method is more costly but the density distribution is more even and uniform

through the detail. During stage 0 and I compaction the increasing density is mainly

due to rearrangement of powder particles. In the last stage, stage II, the particles

are locked up and the mechanism that control the increasing density is mostly

plastic deformation. Depending on the temperature used during compaction the

procedure is called either cold or hot compaction. The powder material is easier to

compact if the temperature is elevated but the production cost is also increased.

After pressing the powder the detail is ejected and is now called a "green body".

The mechanical strength of the green body is enough to handle it after pressing but

not enough to use it in practical situations with increasing loads. To enhance the

mechanical behaviour the powder particles needs to be welded together using heat

treatment, sintering.
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Figure 1.1: An example of a high-speed hydraulic press. (Hydropulsor, Sweden)

1.4 Sintering

The sintering process is very complicated and involves several mechanisms of mate-

rial transport, gas-solid interaction and chemical reactions during elevated tempera-

ture. If there are several materials mixed in the powder compound the temperature

may be elevated until one or more materials are melted, i.e. liquid phase sintering,

but the major constituent must be solid to secure the stability. During the sintering

shrinkage of the component may occure. Finer powder tends to shrink more and

of course a higher density results. If shrinkage occur differently in different direc-

tions problems will occur with dimension stability. Very close temperature control

is needed to optimize the final result. To be able to use the detail after sintering

some post-sintering operations may be needed like machining, milling, grinding and

drilling. Also other secondary operations are used like sizing, impregnation and

corrosion protection.

1.5 Products and applications

The manufacturing method of powder compaction is gaining interest in almost every

part of the manufacturing industry today as a competitive method compared to

conventional manufacturing methods. Depending on the material and the specific
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compaction/sintering route there are different applications for the manufactured

part. With increasing research and development of the method and availability of

analytical and simulation methods an increase of the usage of powder compaction

can be expected.

Starting with low density products (or high porosity) there are filters being

produced with low pressure or even with pressureless technology. The porosity will

be the dominating property for filters and can be in order of 15-35 % interconected

porosity. These filters can be used for gas or liquid applications.

At somewhat higher final densities there are parts used as bearings. Before filling

the die/form the powder can be mixed with suitable lubricants or after sintering

infiltrated with oil. Since the loads are higher for bearings than for filters the

final density must be higher since the density in some sense controls the overall

mechanical behaviour of the parts. Most bearings are compacted with copper-based

powder. Pure copper compacted parts are used for special conductivity applications

but for bearings often Sn, Pb and Zn are mixed in.

Sintered iron and steel are the most important mass-produced powder com-

pacted structural parts today, especially in the automotive industry, see Fig. (1.2).

Increased research efforts have lead towards prealloyed powder to stabilize an even

Figure 1.2: Sintered steel part with a complicated geometry. (Hydropulsor, Sweden)

material distribution throughout the final parts. Composition with Fe, Cr, Ni and

Mo are often used.

Magnetic metallic materials are used in different electrical applications e.g. cores

in electrical converters and also in applications within the communication technol-

ogy.

Hard metal composites consist of at least one hard compound and a binder

metal. The hard powder can be of different types of ceramics preferably WC and

TiC. The products of hard metal can be used as cutting, milling and drilling tools.

Composites based on copper and a nonmetallic material like Al2O3 or SiO2 are

used in high performance friction materials for breaks and clutches in heavy vehicles,
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aeroplanes and other heavy engines. An invention with metal-matrix composites

(MMC) combined with high strengthen carbon-fiber reinforced carbon (CFC) are

now utilized in aircraft landing gear and brakes, see figure 1.3.

Captain Olle

Figure 1.3: MMC parts in landing gear on a F-16 fighter.

Research in several countries have lead to application of pure fine grained high

density Al2O3-ceramics as medical implants often with coating of polyethylene.

The strength, lifetime, corrosion-resistant properties and, of course, the tribological

behaviour have been found to be very good for in-vivo applications.
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Chapter 2

Micromechanical Modelling

Before, or instead of, time and money consuming experiments there are several

ways of simulating the compaction process in order to optimize it. Micromechan-

ical modelling, i.e. analysis on the powder particle level, is one major method of

analysing the powder compaction process.

Several authors have contributed to the profound understanding of the com-

paction process over the years. In an early micromechanical analysis of powder

compaction, Wilkinson and Ashby [4] considered hot isostatic compaction of power

law creeping powder materials. This introductory study was followed by Fischmeis-

ter et al. [5] and Fischmeister and Artzt [6], who used theoretical and experimental

methods to derive results of substantial importance. Based on, among other things,

the achievements made in [5] and [6], Helle et al. [7] presented a complete theory for

isostatic compaction. In the following, additional progress was achieved for more

general loadings, cf. e.g. [8]-[10].

The local description of contact between two individual particles is of great im-

portance in a micromechanical analysis of compaction. The elastic behaviour of a

material is negligible in many cases of compaction since the densification process is

to a large extent due to the plastic deformation of contact between particles. Some

materials harden during plastic deformation and also creep under the influence of in-

creased temperature. These two features can be described by a visco-plastic consti-

tutive law. After studying spherical indentation of solids with different constitutive

behaviour including power law creep, plastic flow theory and general viscoplasticity

Storåkers et al. [11] and Storåkers [12] derived a formula for the force-displacement

relationship between two spherical particles indenting each other. Restricting the

analysis to visco-plastic materials with the uniaxial stress-strain relation

σ = κε1/m ε̇1/n (2.1)

where κ is the strength parameter, m is the power law parameter and n is the creep

parameter give the force-indentation relation

F = ηh1+ 1

2m
−

1

2n ḣ
1

n , (2.2)
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where h is the indentation depth. The stiffness of the spheres, η, is described by

η = 21− 1

2m
−

3

2n 31− 1

m
−

1

n

(

1 +
2

n

)

πc2+ 1

m κ0R
1− 1

2m
−

1

2n

0 . (2.3)

The strength in the contact comes from the combining strength from the two

particles as

1

κq
0

=
1

κq
1

+
1

κq
2

(2.4)

where

q =
( 1

m
+

1

n

)

−1

(2.5)

and the effective radius is given by

1

R0
=

1

R1
+

1

R2
. (2.6)

The indentation invariant

c2 = a2/(2R0h), (2.7)

where a is the radius of the contact area, has been shown by Biwa and Storåkers [13]

to be dependent only upon the power law parameter, m, and the creep parameter,

n. From high accuracy finite element calculations, i.e [13], the relation

c2 = 1.43e(−0.97/(m+n)) (2.8)

has been derived as first presented by Fleck et al. [14]. It should be emphasized

that the above relations are based upon small deformation theory. These findings

were then used in a theoretical analysis of hot and cold isostatic compaction of

monosized composite powders by Larsson et al. [15] followed by a study of com-

paction of composite powders by Storåkers et al. [12].

However, these theoretical studies include some approximations, such as the

movement of particles and the number of contacts per particle, and it is important

to investigate the influence on the solution from these approximations. A suitable

method for such an investigation is the discrete element method, DEM, initially

developed by Cundall and Strack [16] and used in paper I and II. Each particle is

modelled as a perfect sphere, not for necessity, and when the particles indenting

each other they will overlap, see Fig. 2.1

The overlap, h, will give the indentation force and the sum of all forces will give

a resultant force, F used in Newton’s equation of motion

ẍ =
F

m
, (2.9)
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Figure 2.1: Two particles indenting each other.

where m is the particle mass. Using a central difference scheme the speed of

each particle will be

ẋt+∆t/2 = ẋt−∆t/2 +
F

m
∆t. (2.10)

Finally the displacement of the particle is given by

xt+∆t = xt + ẋt+∆t/2∆t. (2.11)

With this method there is no problem to include friction. The friction force

will give the particles a rotating behaviour so the equation of motion has to be

complemented with rotational effects. Several investigations has been conducted by

numerous authors, cf. e.g. [17]-[19], to investigate different mathematical aspects

of this method.

The self-similarity solution, Eq.(2.2), introduced above is only valid in two prin-

cipal cases namely when the two indenting particles are described constitutively

with the same hardening, m, and creep parameter, n, or if one of the particles is de-

scribed as a rigid particle. In many practical cases of composite powder compaction

the material composition consist of two material that are described with different

power law material with the consequence that the self-similarity solution, i.e. Eq.

(2.2), is not applicable. To overcome this shortcoming an attempt to formulate an

approximate compliance formula was done in paper III for two plastic power law

materials that have two different power law hardening parameters, i.e. m1 6= m2.

Since the problem at hand is not obvious the general purpose finite element program
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ABAQUS, [20], has been used in order to evaluate the accuracy of this compliance

relation.

Both analytical and DEM results from previous investigations are applicable

to stage I powder compaction, cf. from a relative density of 0.64 up to 0.80-0.90.

The range of validity for both the analytical as well as the approximate compliance

formula from paper III was investigated in paper IV. Also here was the general

purpose finite element program ABAQUS, [20], used. Two regular lattices, where

the initial relative density was closed to the reported random close packing by

Scott and Kilgour [3], was investigated during compaction from packing density up

to solid material in order to evaluate the accuracy and range of the approximate

compliance formulae.
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Chapter 3

Summary of appended papers and division of work between

co-authors

3.1 Paper I: On Discrete Element Modelling of Compaction of

Composite Powders with Size ratio

A numerical procedure, based on a discrete element method (DEM), for analysing

cold compaction of spherical powders, is presented. In the numerical model, packing

followed by compaction of up to 10,000 powder particles is simulated. Perfectly

plastic material behaviour is assumed for convenience, but not for necessity, and as

a result, local contacts between frictionless particles are described by a linear force-

displacement relation. The numerical model is presented for the case of isostatic

compaction of spherical powders with size ratio and include applied pressure as

function of densification as well as the evolution of contacts for individual particles.

The present results are compared in detail with corresponding results from previous

theoretical, experimental and numerical studies and the validity of fundamental

assumptions made in previous theoretical analysis are discussed.

3.2 Paper II: Cold Compaction of Composite Powders with Size

Ratio

Cold compaction of composite powders with size ratio has been analysed in this

study using a discrete element method. Powder aggregates consisting of up to 10,000

particles and formed by two powder populations with known material strength and

size ratios have been compacted both isostatically and uniaxially. The particles

were assumed constitutively to be either perfectly plastic or rigid, and as a result,

local contacts between the particles were described by a linear force-displacement

relation. The results of this study include the presentation of relevant compaction

quantities as function of densification, and a detailed comparison with previous

theoretical, numerical, and experimental studies. Particular emphasis has been

placed on investigating the predictive capability of the fundamental assumptions

frequently used in theoretical analysis of compaction problems.
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3.3 Paper III: Local Contact Compliance Relations at Compaction of

Composite Powders

Local contact behaviour of composite powders has been investigated by using the

finite element method. In previous analyses of such problems it has in general

been assumed that one of the powder materials is rigid while the other deforms at

loading as in such a case self-similarity prevails. This is a very good approximation

for ceramic/metallic composites but may not be so when the composite consists

of two materials of roughly equal hardness. An approximate compliance formula

for describing this feature is proposed showing good agreement with corresponding

finite element results for representative cases.

3.4 Paper IV: On the Local Contact Behaviour in Regular Lattices of

Composite Powders

The local contact behaviour of composite powders arranged in regular lattices has

been investigated in this study with the finite element method. Numerical results

related to isostatic and die compaction of unit cells of simple cubic and body-

centered cubic lattices have been compared to previous analytical and numerical

findings describing in particular local but also global contact at powder compaction.

The finite element calculations are continued up to full density of solid material in

the unit cells.

−o−

The original proposal for the funding of this project was laid out by Prof. Per-

Lennart Larsson and prof. Bertil Storåkers. In the work of all papers there has

been a mutual agreement between Olle Skrinjar and Prof. Per-Lennart Larsson

on the aim of the investigation. The programming, numerical simulations and the

primary drafts have been accomplished by Olle Skrinjar. After the first review of the

papers there has been an ongoing process with the writing of the papers between

the authors. In paper III was Prof. Bertil Storåkers the main contributor when

improving the formula for indentation between spheres with different constituent

behaviour and he also contributed with the writing of the paper.
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Chapter 4

Final remarks and suggestion for future work

Analysis of cold compaction of composite powders has been performed. The aim

of this thesis has been to investigate different aspects of powder compaction with

numerical methods and to compare with previous theoretical analyses. Even though

some answers have been found there are still many questions, some raised during

this work, unanswered and that could be addressed in future work.

Discrete element method simulation with the approximate compliance formula

from paper III should be done to confirm the usefulness of this formula. As stated

in paper IV, macroscopic constitutive equations are often relied upon in the late

stage of compaction, cf. e.g. Gurson [21], and this approach can be correlated with

the findings in paper IV.

According to the European Powder Metallurgy Association, EPMA, there are

three interesting areas of research to be investigated:

• Modelling and simulating the entire process from powder filling, packing,

pressing, ejecting to sintering in one numerical tool.

• Cracking in details. Specially particle flow at corners.

• High speed compaction.

All of these subjects can be investigated with the DEM-method.

One drawback with the DEM-method is the geometry of the particles since

they are all intact through the simulation as shown in Fig. (2.1). This drawback

can be relaxed with a numerical method called material point method, MPM. This

method discretisizes each particle into a number of material points and allows

particle deformations during the simulation. One drawback with MPM is that it is

very computer intensive but today with parallel computer programming and very

fast processors even bigger and more demanding problems can, and will, be solved.

As final statement, the first words from the moon spoken by Neil Armstrong is

always encouraging for a powder scientist:

”The lunar module is slightly embedded into the surface, it seems to be

granular − it′s powder”
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