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for contributing to a pleasant and creative working atmosphere and for all our
discussions.

I would also like to mention my present and former colleagues and friends at
the Division of Solid Mechanics, for their support and for creating a pleasant
working atmosphere.

I thank all present and former colleges and friends at the Department of
Applied Physics and Mechanical Engineering for making my time pleasant
and enjoyable. I would also like to extent my gratitude to other colleagues and
friends at the University. Also, I thank my friends outside the academic world
for their support and leisure time.

I would also like to thank my parents, Erik and Cathrin, and my brothers
Magnus and Robert for their support and encouragement.

Finally, I thank Veronica for her patience, support and encouragement, es-
pecially those moments when the research project has taken most of my time.

Pär Jonsén
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ABSTRACT

In the field of powder metallurgy (PM), the production methods are constantly
developed and improved to produce components with high precision and stren-
gth. Cold uniaxial pressing of powder into a green body is a common process
in PM. During uniaxial die powder pressing, the volume enclosed between the
die and punches is reduced and the powder consolidates until a final height is
obtained or a prescribed compacting pressure is reached. Desired properties
of the green body are high strength, uniform density, no defects and narrow
dimension tolerances. In the development process of new components finite
element (FE) modelling and simulations are useful tools, especially to predict
density distributions. Today, it is desired to include prediction of fracture and
residual stress of powder compacts in modelling and simulation.

The aim of this work is to increase the knowledge of the pressing process
and its effect on green body properties. This includes a better understand-
ing of residual stress development in the green body during pressing and the
tensile fracture processes of unsintered powder. Both experimental and numer-
ical investigations have been performed to gain knowledge in these fields. An
elasto-plastic Cap model has been developed for powder pressing. To improve
modelling of strength in the green state a density dependent failure envelope
has been used. The model is implemented as a user material subroutine in
a nonlinear finite element program. An inverse method is used to adjust the
model behaviour to a water atomised metal powder. The fracture process of
powder material is studied experimentally with diametral compression test.
The properties of conventional and high velocity compacted (HVC) powder is
also studied. Methods to determine the tensile strength and fracture energy in
metal powder are presented. The test is virtually reproduced with finite ele-
ment simulations.

The residual stress field of a powder compacted rectangular bar is predicted
with 3D and 2D finite element models. The effects of kinematics, friction,
compacting pressures and die tapers have also been investigated. Numerical
results show that the thickness of the small compressive residual stress region
close to the side surface varies between 50 − 600 μm along the surface. Com-
pacting pressure, upper punch hold down and die taper geometry have all a
significant influence on the residual stress state while die wall friction has only
a small influence. The numerical results are in agreement with results from
X-ray and neutron diffraction measurements.



The diametral compression test is an established method for measurement
of the tensile strength in a brittle material. During the test a load, P , is applied
along a diameter inducing compressive stresses. Stresses are tensile perpendic-
ular to the compressed diameter. These tensile stresses act until failure. During
fracturing a large crack along the compressive loaded diameter in the centre of
the disc is visible. The crack development is studied with both experimental
and numerical investigations. The results show that both tensile strength and
fracture energy is strongly density dependent. A cohesive material behaviour
is observed in the experiments. The central crack is virtually introduced in
a finite element model and controlled with a proposed energy based fracture
model. A numerical investigation of the tensile fracture process in powder
compacts is performed and results are in agreement with experimental results.

This work has given a better understanding of residual stress development in
powder compacts. Another outcome from this work is a refined experimental
method to determine tensile strength and fracture energy of powder material.
An energy based fracture model is proposed for numerical simulations of ten-
sile fracture in powder material.



SAMMANFATTNING

Inom pulvermetallurgi (PM) utvecklas tillverkningsmetoderna ständigt för att
dels förbättra styrka och begränsa dimensionsvariationer i existerande kom-
ponenter och dels vid framtagning av nya komponenter. Den pressade kroppen
kallas grönkropp fram till dess den är sintrad. Enaxlig pressning av pulver med
stämpel och dyna till en grönkropp i rumstemperatur är den vanligaste form-
ningsmetoden. En variant av enaxlig pressning kallas höghastighetskompakter-
ing (HVC). Där används betydligt högre hastigheter än vid konventionell press-
ning. Under pressningsförloppet pressas eller konsolideras pulvret till en förut-
bestämd volym eller till ett bestämt presstryck. Förutom en grönkropp fri från
defekter är önskvärda egenskaper hög styrka, jämn och hög densitet och kor-
rekt geometri. Under utvecklingsarbetet vid framtagandet av nya komponen-
ter är datorstödda beräknings- och modelleringsverktyg som finita element-
program (FE) och CAD-program till stort stöd för att t.ex. beräkna densite-
tensfördelningen i en pressad grönkropp. I grönkroppar förekommer sprickor
och restspänningar som försämrar kvaliteten hos de färdiga komponenterna.
Det är därför av stort intresse att veta hur dessa uppkommer och hur de kan
förhindras.

Målet med detta arbete är att öka förståelsen för restspänningar och sprickors
uppkomst och tillväxt under pressningsförloppet. Arbetet omfattar både expe-
rimentella och numeriska undersökningar. En materialmodell för pulvermateri-
al har utvecklats för finita elementberäkningar av restspänningar i pulverkrop-
par. Materialmodellen är implementerad i ett FE-program och dess parametrar
kalibrerade för att beskriva ett vattenatomiserat legerat järnpulver. Uppsprick-
ningsprocessen har studerats experimentellt med diametral kompressionsprov-
ning av en rund skiva. Både konventionellt och HVC pressade kroppar har
testats. Metoder för att mäta dragstyrka och sprickenergi i pulverkroppar har
utvecklats från experimenten. Testerna har även simulerats med finita element
program.

Restspänningar i ett rätblock som pressats av pulver har beräknats med både
två- och tredimensionella FE-modeller. Olika kinematik för stämplar, fasning
av dynans kant, friktion mot verktygsväggen, mothållskraft vid utstötning samt
presstryck har undersökts. Resultat visar att tryckrestspänning uppkommer
nära rätblockets sidoyta i ett tunt lager vars tjocklek varierar mellan 50 - 600
μm. Detta resultat har även noterats vid experimentella mätningar med röntgen
och neutrondiffraktion. Presskraft, mothållskraft och dynans kantgeometri har
stor inverkan på restspänningarna medan friktionen påverkar restspänningstill-
ståndet i mycket liten omfattning.



Vid diametral kompressionsprovning av grönkroppar utsätts kropparna för
ett diametralt tryck vilket medför dragspänning centralt i skivan vinkelrätt mot
detta tryck. Dragspänningar ökar fram till dess materialet spricker. Sprickpro-
cessen har studerats för olika materialdensitet. Dragstyrkan och sprickutbred-
ningskraften visar ett stort densitetsberoende. Resultat visar också att metall-
pulvret som används i studien uppvisar ett kohesivt beteende. En sprickspets-
modell för dragsprickor i pulver har utvecklats och används i simulering av di-
ametral kompressionsprovning. Resultaten är i rimlig överensstämmelse med
experimentella resultat.

Avhandlingen bidrar med en bättre förståelse för restspänningars uppkomst
under pressningsförloppet och hur de kan påverkas vid pressning av en en-
kel geometrisk kropp. En förbättrad metod för att bestämma dragstyrka och
en ny metod att bestämma sprickutbredningskraften vid diametral kompres-
sionsprovning av grönkroppar har utvecklats. Vidare har en sprickspetsmodell
med kohesiv zon för pulvermaterial konstruerats och används vid simulering
av sprickprocessen.
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Fracture and Stress in Powder Compacts

1 Introduction

Metal forming is an ancient art and was the subject of closely guarded secrets
in prehistoric times. Today, old craft traditions have successfully been refined
and incorporated into modern automatic production lines. Unfortunately, se-
rious problems can arise if a change is made from a well known material to a
new whose characteristics are less familiar. Practical test to determine forming
conditions and tool shapes can be both expensive and time consuming. To-
day, computers and software provide many possibilities in numerous fields.
In industrial production adaptive computer control and flexible manufactur-
ing system offers possibilities to control product dimension and quality. On
the other hand this calls for a more precise definition and understanding of
the process. The use of numerical simulation and computational techniques
play an important role in engineering, especially in the development of man-
ufacturing processes. Forming of different industrial products can be accom-
plished by many different processes which often include large and permanent
deformations. Computer modelling and simulation are often used and plays an
important part in tool design and estimation of forming process conditions.

A large variety of processing methods are known for material forming, each
of which has its counterpart in the modelling, simulation and numerical anal-
ysis. Examples of simulated processes are forging, sheet metal forming, metal
cutting, extrusion, drawing, rolling, casting and moulding, heat treatment etc.
This is also true for different powder forming processes, especially cold uni-
axial die pressing, hot isostatic pressing (HIP) and sintering processes. Many
commercial nonlinear finite element (FE) codes can be used for powder press-
ing simulation as constitutive models for granular soils and powder often are
included in advanced FE codes.

1.1 Background

Powder metallurgy (PM) has since long been an attractive process technology
for both advanced and conventional materials. In a forming operation powder
is consolidated into a desired shape, normally by applying pressure. The form-
ing process can either be performed in a cold or heated state. After forming
the compacted body is in a so called green state and the compacted body is
often called green body. Excellent green body properties are important for the
quality of the final component.

Cold uniaxial die powder pressing is a common process in PM. During uni-
axial die pressing, the powder is compacted under an axial load force until
the final height is obtained or the prescribed compacting pressure is reached.
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After compaction, the axial load force is removed, but a radial force against
the die wall is still present. The green body is now ‘held’ within the die, and
must be forcibly ejected. A problem during ejection is that the green body is
weak. If the strength of the green body is too low and ejection stress high the
green body might form small cracks and weaken, which will affect the quality
of the final component. To avoid damages a uniform density and a high green
strength are desired.

Optimal kinematics for the compaction, unloading and ejection can be dif-
ficult to find. During the compaction phase a low powder flow and a uniform
consolidation are desired. Large powder flow during compaction might induce
shear cracks. The problems with large density gradients are green strength
variations and irregular shrinkage or even cracking during sintering. Undesired
residual stresses in a green body can cause problem during handling, machin-
ing and heating to the sintering temperature. For pressing of complex compo-
nent multiple punches are commonly used. Incorrect unloading and ejection of
complex components might result in cracks and high residual stresses. Smooth
tool surface finish and slight tapers at the ejection portion of the die will reduce
stresses caused by ejection. Lubricants are normally added to the powder to
reduce die wall friction. Bending stresses during ejection can be reduced by
applying pressure on the upper punch, so-called ‘upper punch hold down’.

The mechanical properties of the green body depends on the powder mix,
tool kinematics, material response, the friction effects in the contact between
the powder and the tool walls, etc. Excellent mechanical properties of the
green body are also important if machining operations are performed before
sintering. This requires a defect free green body and high green strength.
These aspects are described by e.g. German [1] and Šalak [2].

Numerical simulation of powder pressing can be an aid in the development
and design of PM parts. Numerical analysis of tool kinematics, tool force, tool
stresses, tool design, density distribution, residual stresses and crack initiation
etc., might reduce today’s time consuming trial and error methods. In many
cases numerical methods could improve the product properties, reduce cost
and increase implementation of PM components. However, there are some
difficulties preventing the accomplishment of smooth and immaculate proce-
dures for numerical simulations. These obstacles are mainly due to the non-
linear material behaviour. Powder is pressure sensitive and density dependent
which induces a complex material behaviour. To numerically reproduce this
behaviour the choice of constitutive model is critical. A better understand-
ing of the material behaviour will give advantages to other methods and allow
more extensive computer simulations.
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1.2 Objective and Scope

The objective of the work presented in this thesis is to contribute to the effort
in establishing theoretical and practical knowledge of stress, fracture and me-
chanical properties of powder compacts. The scope of the work is to develop
and explore numerical methods within die powder pressing to provide more
insight into the development of residual stresses during the pressing process.
Further, to develop experimental methods and study tensile crack initiation and
propagation in green powder compacts. The scope also includes development
of constitutive models and fracture models for powder pressing processes and
simulation of tensile fracturing.

1.3 Outline

The thesis is intended to give an introduction to the modelling and simulation
of cold die powder pressing and further, to give an insight into the develop-
ment of residual stress and fracturing of powder compacted bodies. The thesis
consists of an introductory survey and five appended papers. The introduction
gives a background and the objectives of the thesis, followed by an introduc-
tion to powder metallurgy and its history, advantages and different processes.
Further, a discussion regarding mechanical properties, experimental tests, dif-
ferent constitutive models for powder pressing, calibration of the constitutive
model, numerical modelling of powder pressing, fracture models followed by
a description of modelling of fracture. Then follows a description of the ap-
pended papers and the most important results. Finally, the thesis ends up with
a discussion and conclusions, suggestion to future work, scientific contribution
and the appended papers.

2 Powder metallurgy

Powder metallurgy includes production of powder and forming into useful
components and structures. For more then 60 years powder metallurgy has
been used to produce a wide range of engineering components. A PM manu-
facturing procedure can be characterised by three essential factors: pressure,
heat and powder properties.

2.1 Brief history

The earliest users of powder metallurgy are found in Egypt around 3000 B.C.
They produced coins, weapons and different tools from powder. At about the

3
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same time, the Incas used gold powder to glide jewellery. The modern era of
powder metallurgy starts in the early 1900s when Paul Schwarzkopf made a
tungsten filament for the electric bulb, using a powder metallurgy process. In
the 1930s several products emerged into the market, such as tungsten radiation
containers, copper-graphite electrical contacts, cemented carbides for cutting
tools and the first steel mechanical components. During the Second World War
grenade-girdles were made from iron powder. After the Second World War the
development accelerated in PM and today, it is used for manufacturing of gear
wheels, bearings, heat shields, cutting tools, electric bulb, rings, hubs, mag-
nets, bushings, hip joints, tooth crowns etc. The automobile sector accounts
for about 80% of the PM component production.

2.2 Why make parts from powder?

An attractive advantage with PM is the possibility to shape powder into a final
component with close tolerances and high quality in an economical manner.
The abilities to use a wide range of materials and to control the microstructure
and the mechanical properties are other advantages with PM. Production of
near-net-shaped components maximises the material use and minimises sec-
ondary operations like machining and sizing. There are a number of reasons
for making engineering components by PM; some of them are listed below.

• Mechanical parts are the largest group. The bulk consists of iron-based
parts, but significant tonnages of copper, brass and aluminium parts are
produced, as well as some uncommon metals such as titanium and beryl-
lium. In general, such parts do not have mechanical properties superior
to those of equivalent parts made by forging and machined from wrought
bar. They often have lower strength, but entirely suitable for the required
duty. Economics is the main advantage in this group, a PM process is
often cheaper for serial production.

• Certain metals, particularly those with very high melting point, i.e. re-
fractory metals, are very difficult to produce by melting and casting. Re-
fractory metals are often very brittle in the cast state. Common materials
are tungsten, molybdenum and tantalum.

• Manufacturing of composite materials that consist of two or more met-
als which are insoluble even in the liquid state or of metals with non-
metallic substance such as oxides and other materials.

• The use of special high-duty alloys is an area that is growing very rapidly.
High speed steels and so-called super alloys on nickel and (or cobalt) are

4
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given mechanical properties superior to those achieved by casting and
forging.

• Almost all PM materials are porous to a greater or lesser extent. Com-
ponents made with carefully controlled porosity for example serving as
filters and self lubricated bearings are usually produced with PM meth-
ods. Alternative processes often give undesired results.

2.3 Process description

A number of steps are necessary for producing parts out of powder. Fig. 1
shows the different steps in the PM route. The sequence of different production
steps are described below.

Powder production: There are several methods to produce metal powder.
The method used depends on the material and the field of application.
The most common processes are atomisation, mechanical comminution,
solid state reduction, electrolyse and thermal decomposition.

Mixing: In the mixing process powder is mixed with different lubricants and
(or) other materials. Today, powder manufactures offer a wide variety of
different powder mixes. This gives the component producer a possibility
to choose a powder with a material mix that gives the desired mechanical
properties to the final part. Normally, lubricants are added to the powder
in order to reduce die wall friction.

Pressing: The powder is shaped into the desired geometry by pressing. Dur-
ing pressing the material consolidates into a so called green body. The
strength of the green body is called green strength. The most common
process is powder pressing with rigid tools and die. Other methods are
hot isostatic pressing (HIP), injection molding, cold isostatic pressing
(CIP), powder rolling, explosive compaction etc.

Sintering: The green body is weak and to reach the final strength the indi-
vidual particles must bond together. This is called sintering. Sintering
occurs in a temperature range 60% to 90% of the melting point, often in
a controlled atmosphere. As the green body is heated an enlargement of
areas with metallurgical contact takes place by atomic diffusion. Cor-
rect sintering is of paramount importance, to ensure not only the devel-
opment of strength needed for the part to fulfil its intended role as an
engineering part, but also the desired dimensions of the part.
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Figure 1: Process description including mixing, pressing, sintering, from Höganäs AB
(internet edition: www.hoganas.com).

Optional post-sintering process: It is estimated that about 30% of structural
components made of PM requires post operations. In some cases post
operations are necessary to increase density, improve mechanical prop-
erties or to correct dimensions of the part. Usual operations are different
re-sinter and re-press stages. Methods like infiltration and impregnation
are used to fill surface-connected pores. Sizing and coining are dimen-
sion correction operations.

Methods and process steps are described in e.g. [1, 2, 3].

2.4 Die pressing

The die pressing process plays an important role in PM. The die pressing pro-
cess has different phases: die filling, powder rearrangement, compaction, un-
loading and ejection. Before the pressing process takes place a given volume
of the powder mix is filled into the die under specific conditions. The particle
shape has a major influence on the packing density of the powder. Spherical
particles pack more densely than irregular particles. The motion of the feed
shoe, the die orientation to the feed shoe motion and geometry of the die are
other important conditions for the fill density distribution. Suction fill of the
die is sometimes applied by withdrawing the lower punches as the die is filled.
The powder will then be sucked into the die and no air has to be evacuated as

6

http://www.hoganas.com


Fracture and Stress in Powder Compacts

in traditional filling. After filling the die is closed with the upper punch and
in some cases, e.g. when levels exist in the part, powder is transferred by tool
motions as the punches are moved to a start position so that it has the same
shape as the desired part. This is done without changing the volume of the die.
As the punches are moved the die wall friction might densify the powder close
to the die wall. The fill density distribution is an important initial condition
for the compacting process. If uniform density and green strength of the com-
pacted body is desired, the fill density distribution is of main importance for
the tool movements during compaction (kinematics).

During powder compaction, the enclosed volume between punches and the
die is reduced. In the beginning of the compaction phase the compacting pres-
sure on the punches are low. Large deformation of the powder volume occurs
due to particle movement and elastic contact deformation between the parti-
cles. As compacting pressure increase, plastic deformation takes place in the
contact zones between the particles. Cold welding occurs when the protective
oxide layer on the particles starts to break. The porosity in the assembly de-
creases as particles are squeezed into the remaining free space. At the end of
the compaction only small volumes remains unfilled in the die cavity. Further
consolidation is restrained by particle bonding and strain-hardening. The cold
welding that occurs during deformation at the interparticle contacts contributes
to the strength of the component. At high pressures the response is similar to
a solid material. A typical densification curve for a ferrous powder is depicted
in Fig. 2.

After the compaction phase the green body is axially unloaded. Even though
the load force is removed a radial force is present between the green body and
the die wall. The green body is ‘stuck’ inside the die and must forcibly be
ejected. The radial force and the ejection force increase with higher com-
pacting force. If lubricant is present in the powder mix the ejection force
is decreased. Lubricants will reduce die wall friction and tool wear, but the
pressure-density relation will be affected. A low lubricant content will ease
sliding of particles and increase green density. A high lubricant content will
inhibit particle compression because of occupied volume. The effects of die
wall friction are investigated by Wikman et al. [4] and Solimanjad [5].

2.5 High velocity compaction

Dynamic compaction or High velocity compaction (HVC) utilizes a shock
wave to compact powder at high strain rates. Explosives or compressed gas
can be used to compact powder. In a closed system a piston can be launched by
an explosion and produces a shock wave that gives compaction. High velocity
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Figure 2: Schematic densification curve for die pressing of a ferrous powder. In region
A, rearrangement of the particles and elastic deformation in the contacts. In region B,
contact enlargement and local plastic. As the pressure increases in region C, parti-
cles are squeezed into the remaining space and weld together, deformation is mainly
controlled by plastic deformation. In region D, bonded particles restrain further den-
sification and the response is similar to loading of a solid material.

presses using a hydraulic operated hammer is a production method for the PM
industry. With the fast hydraulic valves governed by computer systems com-
paction energy can be controlled and multiple strokes can be made with rapid
repetition. This production technique can improve the mechanical properties
of PM parts. Several investigations indicate that high-density components can
be obtained using HVC, e.g. Skoglund [6], Kumar et al. [7], Skagerstrand [8]
and Hinzmann and Sterkenburg [9]. Häggblad et al. [10] introduced a method
to characterise both rubber and titanium powder properties using a modified
split Hopkinson set-up. With this equipment strain rates up to 10000 s−1 were
obtained.

In Paper C an experimental investigation aimed at comparing the HVC and
Conventional Compaction (CC) processes in general is described. High-density
PM samples have been compacted using both HVC and CC. Great care has
been taken to compare the two processes under identical conditions, i.e. tool-
ing set up, powder material, lubricant, etc, see Paper C. Surface flatness and
tensile strength, radial springback and ejection force of the samples were stud-
ied. Also in Paper C the HVC process resulted in a higher compressibility
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compared to conventional quasi static compaction. Other characteristics are
uniform density, low ejection force and low springback. Low springback is
also found in an experimental investigation by Dorémus et al. [11].

3 Powder compacts

Powder is compressed to high densities by applying external pressure. The
compacted powder is called compact or green body. One can also say that the
powder is in a green state which means that the powder is compacted, but not
sintered. Obtaining target density and sufficient strength are primary concerns
in the compaction stage. The mechanical properties of the powder compact
are important for the quality of the final component. Desired properties of
the compact are uniform density, uniform and high green strength, no defects,
correct shape and dimensions, etc.

3.1 Green strength

In powder at fill density, voids exist between the particles and the assembly of
powder have no or very low strength. The number of touching neighbour par-
ticles also called the coordination number is low. As pressure is applied, the
first response is particle rearrangement with filling of large pores. Increasing
pressure provides a higher coordination number as new particle contacts are
formed. The particle contacts undergoes elastic deformation and at high pres-
sure plastic deformation which enlarges the contact area. At the interparticle
contacts localised deformation cause work hardening and allows new contacts
to form as the gaps between particles collapse. Maximum shearing occurs
at the centre of a contact and cold welding in the contacts take place. The
strength in a compact depends on two mechanisms: cold welding and mechan-
ical particle interlocking. Cold welding in the particle contacts contributes to
the development of strength in the compact. However, it is the mechanical
particle interlocking that contributes generally to the strength of the compact.
The strength after pressing, but before sintering, is called green strength.

A high initial packing density helps the formation of interparticle bonds.
Clean particle surfaces are desirable to aid interparticle cold welding. There-
fore lubricants which are mixed with the powder might contribute to a reduced
green strength. On the other hand lubricants are used to ease ejection and
minimise die wear. Powder compacts of spherical shaped particles like gas
atomised powders have lower green strength than compacts of irregular shaped
powders like water atomised and sponge powder. Irregular powders give a
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much higher green strength because of mechanical interlocking. However, ir-
regular powders give a lower apparent density and resist compaction to high
final density.

The strength of the compact is determined by its weakest link. Pores reduce
the strength as the cross-sectional area is reduced. Pores acts as stress concen-
trators and cracks are often initiated there. Green strength is therefore directly
related to the density of a compact.

3.2 Residual stress

Residual stresses or internal stresses are stresses in an unloaded component
or assembly of parts. The internal state of stress is caused by thermal and/or
mechanical processing of the parts. Common examples are bending, rolling or
forging operations. Welding is one of the most significant causes of residual
stresses and typically produces large tensile stresses whose maximum value is
approximately equal to the yield strength of the materials being joined, bal-
anced by lower compressive residual stresses elsewhere in the component. A
residual stress system is self-equilibrating, i.e. resulting forces and moments
produced by the system must be zero. To better visualise residual stresses it is
sometimes helpful to picture tension and compression springs to represent ten-
sile and compressive residual stresses. While this is an aid to understanding, it
must be kept in mind that residual stresses are three-dimensional.

There exist a number of methods to measure residual stresses. The meth-
ods are often divided into two different types of tests; destructive and non-
destructive techniques. For the methods based on destruction of the residual
stress state of equilibrium, residual stresses are measured from the relaxation
of the material. Example of destructive methods are hole drilling and ring core
methods. Non-destructive methods like X-ray and neutron diffraction tests
are based on the relationship between crystallographic parameters and resid-
ual stress. The lattice plane in a crystalline material can be used as an inherent
strain gage when determining residual stresses, see Fig. 3. In a stress free
material the lattice interplanar distance is equal, d0 for all family planes inde-
pendently of position, while the interplanar distance changes as the material
is loaded. Changes in the position of the lattice diffraction peaks are related
to strains by Bragg’s Law, see Lu [12]. The physical principles of residual
strain measurements by X-ray and neutron diffraction are identical. However,
X-ray diffraction method generally penetrates a material surface a few μm and
measure the residual strain close to the surface. Neutrons have the ability to
penetrate material several mm allowing bulk or volume measurements of resid-
ual stresses. More information regarding residual stress measurement can be
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found in e.g. [12].

��
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Figure 3: The lattice plane distance varies with the stress direction, here two grains
subjected to a tensile stress, such that d1 < d2.

Residual stresses can also be found in green bodies retained from close die
compaction. Generally, during compaction and ejection, residual stresses can
be generated in the compact. The failure of a component is not only due to ex-
ternal loading. A residual stress field might influence the sintering process and
induce dimensional distortions and variations in mechanical properties within
the final component which might cause failure. Luukkonen and Eriksson [13]
measured residual stresses in unsintered rectangular bars formed with uniaxial
close die compaction using X-ray and neutron diffraction techniques. They
found that the residual stress varies with thickness of the compact. On the
surface which was in contact with the die wall, stresses determined with the
X-ray diffraction method were in compression up to about 50 MPa. Neutron
diffraction was used to measure stresses inside the surface to a dept of 1 mm.
The mean thickness of the compressive region was estimated to 200 μm, which
corresponds to two or three layers of powder grains. Inside the compressive
region stresses were tensile up to about 30 MPa.

Residual stress measurements of green bodies are unusual and require ex-
pensive equipment and specialists knowledge. Measurement of green com-
pacts can help to improve component properties as changes in tool design and
kinematics often can improve the residual stress distribution. Schneider et al.
[14] measured residual stresses and provided a residual stress field across a
synchroniser hub in the green state using neutron diffraction. This complex
shaped green PM component was retained from close die compaction using
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seven independently controlled punches. The study of this component pro-
vided radial, axial and hoop stress as a function of position within the com-
ponent. A conclusion of the study is that both high tensile and compressive
stresses can be developed during pressing of a complex component.

3.3 Fracture in powder compacts

Separation or fragmentation of a solid body into two or more parts, under the
action of stress, is a common definition of fracture, which is a result of crack
initiation and propagation. The manufacturing of a green compact can vary
from part to part depending of shape etc, although most compacts are pro-
duced in several process stages. Cracks can be formed or initiated at any point
during the pressing process, but are primarily formed during the compaction,
ejection, and handling operations prior to sintering. According to Zenger and
Cai [15], cracks in powder compacts during pressing can be classified when
the inter-particle bonds are broken and/or the inter-particle bonds were not
formed during compaction. The main cause of broken inter-particle bonds is
the pulling apart of powder particles which have been locked together during
compaction. This process is caused by tensile forces, lateral shear forces, or a
combination of these.

During powder fill and transfer stages typical reasons for cracks are air en-
trapment and inadequate powder transfer. Even if a crack due to air entrapment
arise during compaction the problem starts in the powder fill stage. As the cav-
ity is filled with powder, air can be trapped between particles. When powder
is compacted interparticle bonds can break as the trapped air tries to escape
under pressure. Insufficient vertical powder transfer in a levelled tool is an-
other source of cracks as regions of partly compacted powder have to move
relatively to each other and cause shearing zones.

During compaction the main source of cracks are the tools. Improper tool
design can cause large density variations. Large powder flow and non simulta-
neous densification during compaction can be caused by unsuitable tool kine-
matics. During unloading the compact becomes slightly larger than the die
and the expansion during ejection can cause failure in the green compact. Im-
proper unloading of the punches in a multiple tooling system can cause tensile
stress as portions in the compact are left unsupported. As the compact begins
to emerge from the die improper die tapers can cause lamination cracks on the
surfaces which are in contact with the die. Poor tool surface finish can cause
tensile stress on the compact during ejection, e.g., when the compact is ejected
upwardly, cracks might be formed on its upper surface. In Fig. 4 example of
common types of cracks in PM parts are shown.
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Figure 4: Example of different types of cracks in an axi-symmetric PM part.

The material composition of the powder mix is of major importance with
regard to crack formation. Contamination of the powder such as surface oxi-
dation will weaken the interparticle bonds. The part geometry such as a sharp
corner will hinder particle flow and help to generate shear cracks, and will in
general act as stress raiser.

To avoid cracks in green compacts are important since most cracks in the
final component originates in the green state. There are different origins or
causes of cracks as the pressing process has numerous variables and the pre-
vention of cracks has no simple solution. High density with a high green
strength, lubrication to the die wall, smooth tool surfaces, die tapers, applied
external pressure from the upper punch during ejection are some features that
generally prevent fracture and cracking of green compacts. Another approach
can be to exploit numerical modelling and simulate the pressing process since
many causes of fracturing can be discovered there.

3.4 The diametral compression test

The difficulties associated with performing a direct uniaxial tensile test on low
strength material have led to a number of different indirect methods for as-
sessing the tensile strength. The diametral compression test, also called the
Brazilian disc test, is a bi-axial test and considered to be a reliable and accu-

13



Pär Jonsén

rate method to determine strength of brittle and low strength material. The
test has been used to determine the tensile strength of concrete, rock, coal,
polymers, cemented carbides and ceramics and other materials. Jaeger and
Cook [16] found that measurements are very reproducible and in reasonable
agreement with values obtained in uniaxial tension for rock material. For a
powder material no extensive machining to a specialised shape is needed as
the material can be formed directly to a desired geometry. During the test, a
thin disc is compressed across a diameter under increasing load to failure. The
compression induces a tensile stress perpendicular to the compressed diameter,
which is constant over a wide region around the centre of the disc. The tensile
strength is calculated on the assumption that failure initiates at the point of
maximum tensile stress, see e.g. Fairhurst [17].

Doubts about the mechanism of failure in this test have been raised, and
it has been suggested that failure starts by shear failure in the region of high
compressive stress near the contact. To overcome this problem the load can be
applied to the circumference of the sample as a pressure p over a small arc 2α.
This will decrease the likelihood of failure by shear fracture at the contact but
has almost no effect on the stresses in the body, see Paper D and the following
section. The influence of the sample diameter, D, and the thickness, t, on the
failure stress was studied by Dorémus et al. [18]. According to this study the
ratio t/D ≤ 0.25 ensures plane stress conditions. The diametral compression
test has been used by Coube [19] and Riera et al. [20] to characterise powder
pressed material. By considering plane stress condition, the test is exploited to
determine the hydrostatic stress component p, and the deviatoric stress com-
ponent q, corresponding to failure and yield locus of compacted powder at
different densities.

3.5 Stress field in diametral compression tests

A theoretical basis for stress analysis of a disc subjected to two concentrated
diametral forces assuming plane stress have been postulated by Timoshenko
and Goodier [21]. This has also been done by Frocht [22] which illustrated
that the stress state in a point on the surface of the disc can be calculated using
three general equations
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Figure 5: The diametral test using point load.

σx(x, y) =
2P
πDt

− 2P
πD

[
x2(R − y)

(x2 + (R − y)2)2
+

x2(R + y)
(x2 + (R + y)2)2

]
(1)

σy(x, y) = − 2P
πDt

− 2P
πD

[
(R − y)3

(x2 + (R − y)2)2
+

(R + y)3

(x2 + (R + y)2)2

]
(2)

τxy(x, y) =
2P
πD

[
x(R − y)2

(x2 + (R − y)2)2
− x(R + y)2

(x2 + (R + y)2)2

]
(3)

where P is the applied load, t the thickness of the disc, D the diameter,
σx and σy normal stresses in the directions perpendicular and parallel to the
loaded diameter, respectively and τxy is the shear stress, see Fig. 5.

The equations above assume a point load on a thin disc. To prevent failure
close to the contact the force P can be distributed over a small area of the
circumference. Hondros [23] presented a theory for the case of a pressure p
applied over two diametrally opposite arcs of angular width 2α, see Fig. 6.
Hondros showed that stresses along the principal diameters in a circular disc
with radius R are given by the following relations:
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Figure 6: The diametral test using distributed load.

Stresses along the vertical diameter (OY)
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τxy(0, y) = 0

Stresses along the horizontal diameter (OX)

σx(x, 0) =
2p
π

[
(1 − x2

R2 ) sin 2α

1 + 2x2

R2 cos 2α + x4

R4

− arctan

(
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(6)

σy(x, 0) = −2p
π
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R2 ) sin 2α
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R2 cos 2α + x4

R4

+ arctan

(
1 − x2

R2

1 + x2

R2

tan α

)]
(7)

τyx(x, 0) = 0

where x and y represents the position of the stress point along the diameters.
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With this theoretical approach the compressive stress at the point of the load
y = R is finite. In the centre of the disc σx(0, 0) can be found by substituting
y = 0 into Eq. (4):

σx(0, 0) =
2p
π

[sin 2α − α] (8)

substituting P = pαDt and Eq. (8) becomes

σx(0, 0) =
2P

παDt
[sin 2α − α] (9)

for small α, sin 2α ≈ 2α

σx(0, 0) =
2P
πDt

(10)

by evaluating Eq. (1) for x = 0 it is shown that in the middle of the disc
both the theories give equal stress, also see Paper D. Fahad [24] showed that
the finite element solution agrees with the theory for the point load case [22].
Fahad also showed that a good correlation exists between Hondros solution and
the finite element solution for angles up to 2α = 22.90◦. The FE analysis also
showed that the compressive stress close to the loaded arc was significantly
lower than for the point load case.

3.6 Characteristics of fracturing process in diametral tests

The load versus displacement response is of major interest in the diametral
compression tests and Fig. 7 shows a typical result from a test. The charac-
teristics of all curves are similar even though the forces are different as the
strength is highly dependent on the density.

In Figs. 7 and 8 the load response of the test is described in the various
stages. Stage 1 illustrates the initial nonlinear elastic load-displacement re-
lation. The reason for this nonlinearity is not investigated here. In stage 2,
starting at point A, the powder shows a linear elastic relationship. In stage
3, the relation diverges from the linear as a crack is initiated at B. The crack
propagates moderately through the sample and the load reaches maximum at
C. In stage 4, the unstable crack growth stage, the load decreases rapidly as the
crack widens. In stage 5, beginning at D, the load increases and the behaviour
corresponds to the loading of two separate disc halves. The end of the test
occurs at E. Close to the loaded edge of the disc, shear cracks and small tensile
cracks appear. The softening effect of the load is caused by tensile cracking
which is a local and discrete process associated with cohesive stresses.
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Figure 7: A typical force - displacement curve for the diametral test. 1 - Nonlinear
elastic, 2 - linear elastic, 3 - stable crack extension, 4 - ‘unstable’ crack extension, 5 -
stable loading of two halves.
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Figure 8: Crack development during the test. The pictures are related to different
positions on the load curve in Fig. 7.
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3.7 Tensile strength by diametral compression test

The tensile strength, σf , which is the maximum tensile stress value for the
material, is here defined as the horizontal tensile stress at the initiation of the
large vertical crack in the centre of the disc. Traditionally the tensile strength
from diametral compression test is evaluated by substituting the maximum
load value into Eq. (10). For powder material the tensile strength is a den-
sity dependent material parameter. From the test performed in Paper C an D a
crack is clearly visible before maximum load is reached. In Paper D, displace-
ment and load response are recorded and the fracture process is registered with
a video camera during diametric compression.

Point B in Fig. 7 above is defined as the crack initiation point. This point is
where the linear slope of the displacement-load curve changes to a nonlinear
behaviour. The fact that the load displacement curve still continues to increase
is ascribed to cohesive behaviour of the material. The crack initiation point is
calculated in Paper D as the load value where the continued linear slope is 3%
higher than actual load value. This method would give a tensile strength which
is about 25% lower than using the maximum load.

3.8 Fracture energy by diametral compression test

Fracturing of a material is a discrete and localised phenomenon which often
shows a softening effect. Physically, the energy consumed in the fracture zone
corresponds to cracking of the material. The fracture energy Gf is the energy
required to create one unit of crack area. In fracture mechanics Gf is con-
sidered as a crack resisting parameter and a material parameter. From the load
response information retained from diametrically compressed powder discs the
total consumed energy of the test can be calculated. The dissipated energy W
required to open the central crack is of major interest and is a part of the total
energy consumed in the test. In Paper D a method to estimate the dissipated
energy part W from the total energy consumed in the test is proposed. Be-
tween Point 1 and 2 in Fig. 9 a straight line representing stable loading of a
split disc is established. The minimum value of the load after unstable crack-
ing is chosen as Point 2. Now the disc is cracked and the following response
corresponds to the behaviour of a split disc. Point 1 is then chosen as the tan-
gent point of the nonlinear elastic stage, see Fig. 9. To find the fracture energy
Gf , the energy required to fully open a crack of unit area, the total dissipated
energy is divided with the fractured area Af of the central crack. The fracture
energy is now calculated as Gf = W/Af .

To check the method an experimental investigation of the energy dissipated
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Figure 9: Calculation of the total dissipated energy, W , absorbed by the central crack,
from Paper D.

by the central crack during diametral compression test of pressed powder discs
was performed in Paper D. Load-displacement curves from diametral com-
pression test of unsplit and split discs are compared. The samples are loaded
until the central crack is initiated, then loading was stopped. After unloading
the sample is removed from the setup and split. The split sample is again at-
tached between the fixtures and gently reloaded. Load response of a disc until
crack initiation and reloading of the split disc is shown in Fig. 10. The contin-
uation of the response after crack initiation (∗) illustrate a supposed diametral
compression test response.

4 Modelling of powder pressing

Finite element modelling and simulations of powder pressing can be of assis-
tance in the design and development of PM components. Such simulations
include some critical features and aspects of nonlinear FE analysis. The press-
ing process is highly nonlinear due to the material response, large deformations
and strains, contact boundary conditions and friction behaviour. To capture
the event of pressing it is important to use appropriate models. The numeri-
cal solution of the highly nonlinear problem often demands small time steps,
giving explicit methods a computational time advantage compared to implicit

20



Fracture and Stress in Powder Compacts

0 0.05 0.1 0.15 0.2 0.25
0

0.5

1

1.5

2

2.5

3

3.5

4

4.5

5

Displacement, [mm]

F
or

ce
 P

, [
kN

]

Crack formation loading
Split disc loading
Supposed continued loading

Figure 10: Comparison between diametral compression test of split and unsplit discs.
Disc is loaded until (∗) and then unloaded and split. The dashed line illustrates a
supposed diametral compression test response, from Paper D.

methods, see Häggblad and Oldenburg [25]. However, explicit methods are
conditionally stable and will be unstable if the time step is too large.

A material model is an approximation of a real physical behaviour. Many
factors affect the accuracy of a mechanical response computation, for exam-
ple: the smoothness and stability of the response, the inadequacies and uncer-
tainties of the constitutive equation, the boundary and initial conditions, the
uncertainties in the load. The computability of nonlinear problems in solid
mechanics is investigated in e.g. Belytschko and Mish [26].

4.1 Experimental tests

A number of different constitutive models are used for powder pressing simu-
lations. Before a model is applied in a numerical analysis the material parame-
ters have to be calibrated for the actual powder mix. In order to characterise the
properties of the powder mix a number of tests are necessary. Usual tests are
for instance; triaxial-, hardness-, close die-, Brazilian disc-, uniaxial tensile-
and uniaxial compression test. Triaxial compression testing requires advanced
equipment for testing of granular material. The test allows testing of material
in different load directions and are used to estimate the shape of the yield sur-
faces, the elastic parameters and the hardening function, see e.g. Pavier and
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Dorémus [27], Sinka et al. [28] and Schneider and Cocks [29]. Close die test
are used to estimate hardening functions, diewall friction, and elastic parame-
ters, see Dorémus et al. [18]. Brazilian disc and uniaxial compression test data
are used for finding the failure envelope shape and behaviour, see Coube [19]
and Riera et al. [20]. Hardness measurements gives the maximum von Mises
stress for a solid material, see [27].

For finding green properties such as green strength and residual stress a num-
ber of tests could be applied. Bending-, Brazilian-, uniaxial tensile- and uniax-
ial compression tests can be applied to find green strength. Residual stress can
be found with X-ray and neutron diffraction, see Luukkonen and Eriksson [13]
and Schneider et al. [14]. Micro cracks can be estimated with direct current
potential drop (DCPD) method, see [13].

4.2 Constitutive models for powder pressing

An ideal mathematical model for powder pressing should be based on elements
of individual particles including different sizes, shapes and their interaction.
Discrete element modelling (DEM) takes into account the individual particles
and has been used to model powder compaction, see Cundall and Strack [30].
The motion of each particle and its interaction with neighbouring particles is
taken into account using DEM. Often large spherical particles or clusters of
spherical particles are used. A short-coming with DEM is that the method is
too time consuming for realistic simulations, see Ransing et al. [31]. However,
DEM combined with explicit time integration and parallel computing facili-
tates use of more particles, Skrinjar [32]. Another micromechanically based
model is the combined FKM-Gurson model, see Fleck et al. [33]. The FKM
model consists of macroscopic constitutive law for the plastic yielding of a
random aggregate of perfectly plastic spherical metal particles. The Gurson
model is based on the assumption that a porous material contains separated
spherical voids. The micromechanical basis of the FKM model is appropriate
for high porosity, but at lower porosity the Gurson model is more applicable.
A combination of the two models can cover the whole porosity range during
powder compaction, see Redanz [34].

Phenomenological models for powder pressing based on continuum me-
chanical principles are common in FE simulations of powder pressing. A num-
ber of constitutive models have been proposed. In soil mechanics Roscoe and
Burland [35] critical state models and modified Cam-Clay models are used
to simulate powder pressing, see Coccoz et al. [36]. Cap plasticity models
for powder compaction, which reflects the yielding, frictional and densifica-
tion characteristics of powder along with strain hardening, has been presented
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Figure 11: DiMaggo-Sandler model for granular soils in principal stress space I 1 −√
J2, f1 is the failure envelope, f2 is the moving strain hardening cap and c is the

cohesion of a powder unit (Paper B).

by Häggblad [37]. The cap model by Drucker and Prager [38] has been mod-
ified for powder compaction by e.g. Coube [19]. A hyperelastic plasticity
model for powder pressing has been developed by Oliver et al. [39]. A com-
bination of the Mohr-Coulomb and elliptical cap yield model with a Coulomb
friction law and a plasticity theory of friction was formulated by Khoei and
Lewis [40]. Further, Gu et al. [41] presented a non-associated flow rule for
a Mohr-Coulomb yield condition. A constitutive model for cold compaction
of metal powder with a non-associative flow rule has also been formulated
by Brandt and Nilsson [42]. A hypoelastic density-dependent endochronic
plasticity model stated in an unrotated frame of reference for powder com-
paction has been formulated by Bakhshiani et al. [43]. This model is based on
the endochronic plasticity theory for concrete presented by Bazant and Bhat
[44] and is extended to metal powder pressing. In the original version of the
endochronic theory proposed by Valanis [45], intrinsic time is defined as the
path length in the total strain space. Since this theory violates the second law
of thermodynamics, a new theory was formulated by Valanis [46] where the
intrinsic time is defined as the path length in the plastic strain space.

In this thesis an isotropic rate-independent cap plasticity model based on
the DiMaggio-Sandler model [47] has been used for modelling the mechani-
cal response of the powder. The yield function consists of a perfectly plastic
failure envelope fitted to a moving strain-hardening cap in the principal stress
space. The failure envelope of the original DiMaggio-Sandler model is a com-
bination of the Drucker-Prager and the von Mises yield surfaces. At low mean
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normal compressive stresses it approaches the Drucker-Prager surfaces and at
high mean normal stresses the von Mises surfaces. The cap model is shown
in Fig. 11. Plastic deformation on the cap follows an associative flow rule
and the yield functions are given by the failure envelope, f1 and the mov-
ing strain-hardening cap, f2. The model was modified with a more accurate
strain hardening behaviour in Häggblad [37]. Another modification was done
in Häggblad et al. [48], where a linear porosity dependent function was im-
plemented in the model to control cohesion. In Paper B another approach is
presented to control cohesion. An exponential function dependent on relative
plastic density fitted to experimental data refines the movement and the shape
of the failure envelope during pressing. Relative plastic density is defined as

ρp
rel = ρrel − ρe

rel (11)

where ρe is the elastic density. The density dependent yield function for the
failure envelope f1 and the moving strain-hardening cap, f2 are:

f1 =
√

J2 − [α − (a1 − exp(a2(ρ
p
rel)

a3))γ exp(βI1) − θI1] = 0 (12)

f2 =
√

J2 − 1
R

√
(X − L)2 − (I1 − L)2 = 0 (13)

where I1 is the first invariant of the stress tensor and J2 is the second invari-
ant of the deviatoric stress tensor, 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. The parameter R, which is the ratio between the hori-
zontal and vertical ellipse axes, defines the shape of the cap in the I1 − √

J2

plane and α, β, γ, θ. The function a1 − exp(a2(ρ
p
rel)

a3) controls the move-
ment of the failure surface, and a1, a2 and a3 are material parameters. This
justification also refines the development of cohesion during pressing. The
cap model is implemented as a user subroutine in the finite element software
LS-DYNA [49].

4.3 Calibration of the constitutive model

The calibration of the constitutive model is divided into three different areas:
failure envelope yielding, cap hardening and elastic properties. Data from three
different experiments have been used to calibrate the cap model. Matching of
the constitutive equations to the experimental data can be formulated as an
inverse problem. Comparison of the numerical results with the experimental
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Figure 12: General flow chart of an inverse modelling system, constructed from
Wikman [53]

data enables formulation of a nonlinear least square problem. This problem is
defined as

min
x̄

F (x̄) =
j∑

i=1

|fi(x̄)|2 = f̄T f̄ (j ≥ n) (14)

where x̄ is the vector with function parameters to be fitted and f̄ is the vec-
tor with the difference between the experimental and calculated values. The
dimension of the vector x̄ is n and j is the number of evaluation points. By
minimising the sum of squares of residuals, the unknown material parame-
ters are estimated. The inverse problem is solved with a tailor-made program
called INVSYS by Wikman and Bergman [50]. The program is based on the
subspace-searching simplex method (subplex) by Rowan [51], which is a re-
fined version of the classic Nelder-Mead simplex method [52]. Nelder-Mead
simplex is a zero-order method suited for noisy and non-smooth functions.
Inverse modelling is a powerful tool for calibrating constitutive equations to
experimental data. Fig. 12 shows the scheme of the inverse problem solved in
Paper B.
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Figure 13: Three dimensional model used in Paper A together with the two dimen-
sional plane strain model in Paper B. In the two dimensional model 1 denotes the
upper punch, 2 the lower punch, 3 the die, 4 the core and 5 the powder. From Paper B.

4.4 Modelling of residual stresses in green bodies

The residual stress state in a green body is an important factor for the quality of
the final component. Tensile stress at the surface can cause undesired variation
of material properties, cracks and damage. In [13] and [54] different stress
states are evaluated for different green body positions during pressing. The
resulted measurement showed that high compressive stresses are found on the
side surface. Neutron diffraction measurement shows that the mean thickness
of the compressive region is about 200 μm. How residual stresses develop
during a pressing cycle in a green body is significant. In Paper A, a three-
dimensional model is used to give an overview of the stress state. To resolve
the small region of compressive stress close to the side surface small elements
have been used in Paper B. To evaluate the residual state stress in a green body,
three-dimensional FE models and two-dimensional models have been used. In
Fig. 13 the FE models from the residual stress studies are shown. The influence
of die wall friction, compacting pressure, kinematics, die taper geometry and
upper punch hold down during ejection was modelled in Paper B.

Die wall friction has a strong influence on the die pressing process. In Wik-
man et al. [4] and Solimanjad [5] die wall friction effects are thoroughly stud-
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Figure 14: Residual axial stress from simulation. The highest value of compressive
stress is found close to the right hand side surface. The highest value of tension stress
is found in the banana shaped region inside the compressive region. From Paper B.

ied. The friction depend on e.g. density, contact pressure, sliding velocity,
sliding distance and surface roughness. The effects of friction between pow-
der and punch/die on the residual stress are studied in Paper B. In Fig. 14 a
varying thickness of the compressive residual stress region between 50 μm to
600 μm is shown from simulations.

Compacting pressure has also a strong influence on the pressing process.
The radial stress increases with the compacting pressure and green strength and
density distribution are also affected. The effect of the compacting pressure on
residual stress is studied in [13] and numerically in both Paper A and B. Tool
kinematics has a significant influence on the die pressing process. Improper
kinematics can be devastating for the quality of the green body and the final
component. Kinematics effects on the residual stress is studied in Paper B by
applying single sided compaction on both upper and lower punch and double
sided compaction. Upper punch hold down is used to reduce bending stress and
cracks during ejection. The effect of residual stress is significant and studied
in Paper B. As the green body is released from the die it expands. To ease the
release a taper can be added at the top of the die. In Paper B die taper geometry
is varied to reveal effects on the residual stress distribution.
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4.5 Fracture models

The energy criteria was introduced into fracture mechanics by Griffith in 1920
[55]. He proposed a surface energy per unit area S for creation of new surfaces
were the critical strain energy release rate was Gc = 2S. Later, the Griffith
theory was extended to quasi-brittle metals, which show small plastic yielding
at the crack tip, by Irwin [56] and Orwan [57]. They introduced a small plastic
zone in front of the crack tip so that Gc now includes not only surface energy
2S but also energy dissipated in the plastic zone.

�

�
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�
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�
�

�����
��&���

�
�

Figure 15: The Barenblatt model with a cohesive zone ahead of the crack tip, stress
distribution and crack geometry. The stress and displacement fields are finite and
continuous at the crack tip, from Paper E.

In linear elastic fracture mechanics stresses at the crack tip are infinitely
large. This is physically unrealistic and a nonlinear material approach is nec-
essary in order to gain a more realistic feature. For a brittle material Barenblatt
[58] postulated that the stress and displacement fields would be finite and con-
tinuous. From this he proved that cohesive forces exist and that the separating
crack surfaces close smoothly at the crack tip. He considered a brittle material
on the microscopic level i.e. cohesive forces between atomic planes and for-
mulated a mathematical equilibrium theory of brittle fracture, see Fig. 15. He
also considered a brittle material with a small cohesive zone ahead of the crack
tip. Hillerborg et al. [59] proposed the fictitious crack model to model cohesive
fracture. In this model the cohesive zone in Barenblatt’ s model corresponds
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to a microcracked zone were forces are due to effects from microcracking in
the fracture zone.

Fracturing of a cohesive material is a discrete and localised phenomenon
which often shows a softening effect that can be modelled with a nonlinear
zone ahead of the crack tip. The nonlinear zone may contain both strain-
hardening, strain-constant and strain-softening material. The fracture zone is
a part of the nonlinear zone which only contains strain-softening material. In
the nonlinear zone stresses are finite. Physically, the energy consumed in the
fracture zone corresponds to cracking of the material.

Nilsson and Oldenburg [60] showed that the energy dissipation in the frac-
ture material model was essential if accurate results were to be obtained. They
suggested a fracture model for concrete and considered the stress crack-width
relation as a softening function with the fracture energy as one parameter.

4.6 Modelling of tensile fracture in powder compacts

A number of fracture and damage models have been developed for finite el-
ement analysis. The released fracture energy can be defined as the energy
used to open a crack. Nonlinear fracture models for concrete have been pro-
posed e.g. Hillerborg et al. [59] and Nilsson and Oldenburg [60]. The model
proposed by Hillerborg is based on an energy approach dependent on tensile
strength and critical crack opening. See Fig. 16 for an illustration of the crack
model in finite element analysis. A fracture material model with a linear stress
crack-width relation [59] is

σn(w) = σf (1 − w

wc
) (15)

where σn is the tensile stress normal to the crackplane, σf is the tensile
strength, w is the crack-width and wc is the critical crack-width. This model
was applied by Jonsén and Häggblad [61] to simulate diametral compression
tests of metal powder compacts.

Linear elastic fracture mechanics is not applicable to cracking in metal pow-
der compacts because the fracture zone is large compared to the crack dimen-
sion. Also, the assumption of infinitely large stresses at the crack tip in lin-
ear fracture mechanics is unrealistic for powder compacts. In Paper E, the
diametral compression test of pressed powder discs are virtually reproduced,
validated and compared with experimental results. A three-dimensional finite
element model of the tool and the disc where the material response of the pow-
der is controlled with a Cap model is exploited in the simulations.

A fracture model controls the fictitious crack with a stress crack-width rela-
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Figure 16: Illustration of the fictitious crack for finite element analysis, from Paper E.

tion. The tensile strength is used as yield condition and limits the stress. After
crack initiation, stress as function of crack opening is controlled with a frac-
ture model. The force displacement response for different stress crack-width
relations at equivalent Gf are studied in Paper E. A density dependent fracture
model is proposed for metal powder applications. Below the model is shown
in its general form:

σn(w) =
σf (ρ)

1 + (k(ρ)w)l
with l ∈ R(1,∞) (16)

where w is the crack opening, σf (ρ) tensile strength as function of density
and σn normal stress for a crack opening normal to the crack plane. For a
general case the parameter k(ρ) is given by Eq. (16) as

Gf (ρ) = σf (ρ)
∫ ∞

0

dw

1 + (k(ρ)w)l
=

π

l sin(π
l )

σf (ρ)
k(ρ)

(17)

and for the general case k(ρ) becomes

k(ρ) =
π

l sin(π
l )

σf (ρ)
Gf (ρ)

(18)

A property of the suggested fracture model is that the derivative of the nor-
mal stress as function of the crack-width is zero for w = 0. This grants func-
tion stability at the onset of fracture. In Fig. 17 the stress distribution σx is
shown for a simulation of the diametral compression test were the crack open-
ing is controlled by the suggested fracture model with l = 3. In Fig. 17A
the stress distribution before fracture σx ≤ σf in the elastic range and B at
the maximum load point. The central crack is partly opened and maximum
stresses are found at the crack tip. The proposed fracture model in Paper E
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A. Stress distribution from simulation
in the elastic range

B. Stress distribution from simulation
at Max load
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Figure 17: The horizontal stress (σx) distribution from finite element simulation in
the elastic range and at maximum load. In the elastic range the maximum σ x is less
the tensile strength σf . At the maximum load the central crack is partly opened, from
Paper E.

is compared with experiments at two different densities 5.65 g/cm3 and 7.21
g/cm3.

5 Summary of appended papers

5.1 Paper A

Summary: This work is a study of a number of stress states during pressing
and the resulting stress field in green bodies during compaction, unloading
and ejection. The cap model is used and calibrated with material parameters
from [4]. A three-dimensional FE model is used to investigate stresses in a
12 × 6 × 30 mm compacted bar. Two different compaction pressures are ap-
plied. The numerical results are compared with X-ray and neutron diffraction
measurements [13] and show predominately good results. The only drawback
is the compressive residual stress level on the surface in contact with the die is
too low. The main reason is lack of resolution in the finite element model.
Relation to thesis: The paper investigates stress states including the residual
state during uniaxial pressing with a three dimensional finite element model.
The work performed is aimed to develop simulations tools for residual stress
predictions in green bodies.
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5.2 Paper B

Summary: This work is a study of the residual stress state and the resulting
stress field in green bodies during compaction, unloading and ejection. In this
work the material model is refined with a new failure envelope. Also, elas-
tic parameters are matched to experimental data. The inverse modelling pro-
gram INVSYS [50] is used in order to calibrate the constitutive equations to
experimental data. A two-dimensional plane strain model is used for compu-
tational efficiency. For high resolution small elements are used for modelling
the powder. A numerical investigation is performed to detect the major rea-
sons for high residual stresses at the side surface. Numerical stress levels at
the side surface shows good agreement with experimental X-ray measurements
in [13]. The simulation shows a varying thickness of the compressive residual
stress region between 50 μm to 600 μm, see Paper B. A number of different
kinematics, compaction pressures, die taper geometries are tested. The inves-
tigation shows that the major cause for high compressive stresses on the side
surface is the expansion of the adjacent material during release. Die wall fric-
tion has a low effect on the residual stresses. Smooth die taper at the ejection
portion and upper punch hold down have strong influence on the residual stress
state.
Relation to thesis: The paper is a continued investigation of the residual stress
state from Paper A and comprises an extended numerical investigation to re-
solve the residual stress and a study of different parameters and their effect on
residual stress development. The work includes development of a new failure
envelope. Aimed to increase knowledge of residual stress and understand their
development and existence in green compacts.

5.3 Paper C

Summary: This work is an experimental investigation of high velocity com-
pacted green bodies and their properties. The subject of investigation is green
body data such as density, tensile strength, radial springback, ejection force
and surface flatness. Comparisons are performed with conventional compaction
using the same pressing conditions. Cylindrical samples of a pre-alloyed water
atomised iron powder are used in this experimental investigation. The differ-
ent behaviour of HVC-pressed green bodies compared to conventional pressed
green bodies is analysed and discussed. The HVC process in this study resulted
in a better compressibility curve and lower ejection force compared to conven-
tional quasi static pressing. Vertical scanning interferometry (VSI) measure-
ments show that the HVC process gives flatter sample surfaces.
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Relation to thesis: The paper is an experimental investigation of green body
properties in compacts obtained from a HVC process in relation with conven-
tional pressed. Aimed to increase knowledge of the HVC process.

5.4 Paper D

Summary: This work is an experimental study of fracturing of green metal
powder bodies. Pre-alloyed water atomised iron powder has been pressed into
discs with different densities. Diametral compression test is used to split pow-
der pressed discs. The characteristics of the fracture development and load
response are studied in detail. Crack initiation and the tensile fracture process
of pressed metal powder discs are studied. Methods to determine the tensile
strength and fracture energy of pressed metal powder are presented. A cohe-
sive material behaviour is found in the experiments. Both tensile strength and
fracture energy are strongly dependent on density in the measured range and
presented as functions of density.
Relation to thesis: The paper is an experimental investigation of tensile frac-
ture aimed to increase knowledge of fracturing in powder material. Develop-
ment of an experimental methodology to estimate tensile strength and fracture
energy.

5.5 Paper E

Summary: This work is based on the results obtained in Paper D. A numeri-
cal study of fracturing of powder compacts is performed. A 3D finite element
model has been used to simulate diametral compression test. The force dis-
placement response for different stress crack-width relations at equivalent Gf

are studied. A general fracture model based on energy assumptions is proposed
for simulation of the discrete and localised tensile fracturing process in metal
powder. The characteristics of the tensile fracture development of the central
crack in diametrically loaded discs are numerically studied. The softening rate
of the model is obtained from the corresponding rate of the dissipated energy.
Finite element simulations of the diametral compression test are performed
with the proposed tensile fracture model, and the result agree reasonably with
experiments.
Relation to thesis: Modelling and finite element simulation based on result
from Paper D. Aimed for increase knowledge of fracture modelling and simu-
lation of tensile fracturing of powder material.
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6 Discussion and conclusion

The aim of this thesis has been to investigate residual stress development, ten-
sile fracture and mechanical properties of powder compacts. Most of the nu-
merical results have been compared with experiments. For determination of
tensile strength and fracture energy experimental methods have been devel-
oped and proposed. Even though some answers have been found there are
still many questions unanswered, some raised during this work which could be
addressed to work in the future.

The numerical simulation of powder pressing involves many challenges.
During pressing large deformations are induced into the material and the in-
crease in density affects mechanical properties significantly. The major con-
cern in the development of numerical modelling of powder pressing is to un-
derstand the different phenomena that occur during shaping to different ge-
ometries and reproduce them numerically as close as possible.

In conclusion, numerical analysis of the development of residual stresses
gives a better understanding of the factors affecting the final stress state. Com-
pacting pressure, upper punch hold down and die taper geometry have a sig-
nificant influence on the residual stress state while die wall friction has a small
influence. It is concluded that the ejection part of the pressing cycle or more
precisely the process of the powder compact release from the die is the main
reason for high residual stresses. The results obtained in the simulations agree
well with the experimental measurements in [13, 54]. High compressive resid-
ual stresses found experimentally were also found in the simulations. Resid-
ual stress measurement of more complex shaped engineering components can
help to improve component properties and develop numerical models to pre-
dict residual stress fields.

Fracture is a problem in powder pressing. The ability to numerically predict
cracks would be important for the PM industry. In this work both the exper-
imental and numerical investigations have been focused on tensile failure in
powder compacts. This includes studies of crack initiation and propagation
and determination of fracture stress and fracture energy at tensile failure. The
stress versus crack-width relation has a major influence on the load response
of simulated of diametral compression test. Also, this relation governs the rate
of dissipated energy. Fracture energy can be seen as a measure of strength of
interparticle bonds.

High speed compaction is an interesting method for high density compo-
nents. The method implies many beneficial properties to the compact. How-
ever, more experimental and numerical work has to be performed to charac-
terise the strain rate dependency.
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7 Suggestions for future work

Modelling of residual stresses in a complex component and additional experi-
ments must be developed for higher resolution as the residual stress field can
vary dramatically in two to three layers of powder grains. Future work will
include implementation of a more advanced friction model as the frictional
behaviour and its impact on residual stresses and fractures needs to be further
investigated.

Regarding fracture and crack initiation in powder compacts both numerical
and experimental investigations are important. In order to develop reliable
crack prediction methods crack criteria for different loads and densities have
to be investigated. In modelling and simulation of fracture, models must be
developed to include both tensile and shear cracks and a combination of these.
A smeared crack approach could be beneficial, see Nilsson and Oldenburg
[60] and Dahlblom and Ottosen [62] for work on fracturing in concrete. It is
also important to develop experimental methods for measurement of the crack-
width and the local stress field close to the crack in order to improve fracture
modelling.

Concerning high velocity compaction an important part is to characterise the
strain rate dependency and implement a proper material model for metal pow-
der. This could be used to numerically study and develop the HVC process,
e.g., the experiments described in Paper C could be reproduced virtually and
further analysed.

8 Scientific contribution

There are several papers in the literature that describe modelling of residual
stresses and fracturing of material. However, few papers have been found that
deals with residual stresses in green powder components. The work dealing
with simulation of residual stress development in powder pressing is unique,
to the authors knowledge, and a valuable contribution to the insight to the de-
velopment of residual stresses. Regarding fracture in green powder compacts
several papers dealing with experimental studies have been found. A few pa-
pers have been found regarding simulation of cracks during compaction. The
experimental methodology to estimate tensile strength and fracture energy is
unique. A general energy based fracture model suited for tensile fracture in
powder material is proposed. The simulation of the post-failure behaviour in
diametral compression test of powder compacts is unique. The thesis con-
tribute to increased general knowledge of material characteristics of metal
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powder and contribute to the development of modelling of powder pressing
and modelling of tensile fracturing.
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Abstract

The stress distribution in green bodies of metal powder is dependent of the process
kinematics, material response in the powder, the friction effects in the contact be-
tween the powder and the tool walls, etc. In this work, is it simulated how powder
is compacted into rectangular bars. The stresses in the green body are analysed in
different positions during compaction, unloading and ejection. A three dimensional
finite element model of powder and tools has been used to simulate the process. For
the material response, a plasticity material model is used. The model is adjusted to
a water atomised iron powder from Höganäs AB. It is observed how stresses in the
green body change during the different phases of the pressing process. The results
are compared with measurements using X-ray and neutron diffraction methods per-
formed by a research group at the Linköping Institute of Technology, Sweden [1].
The results show that an increase in compaction pressure has relatively low influ-
ence on the residual stresses. The numerical results show good agreement with the
measurements [1] regarding the stresses on the top (horizontal) surface. The exper-
imental results from [1] shows that the side surface residual stresses are high due to
friction between the green body and the die wall. Numerically this is hard to show,
as this is a local phenomenon, which occurs on the surface with a depth of two or
three layer of powder grains.

1 Introduction

Finite element methods become more and more common in powder technology.
The ability to simulate the manufacturing process will minimize the manufac-
turing costs, because, the number of tests and design changes of the product
decreases. Another advantage with simulations is that new models and ideas
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easily can be tested in the computer before building the tools, which also can
minimize the time to market a product. Experimental result used together
with simulations can be a powerful tool and give better understanding of how
a specific model/process works. In uniaxial cold pressing, powder is compacted
into a green body with an axial load. After compaction the axial load is re-
moved and a residual radial stress normal to the die wall is obtained. Under
the action of a normal stress dependent shear stress, the compact is now ‘held’
within the die, and must be forcibly ejected. The elastic expansion during the
release of residual axial and radial stresses imparted during compaction, can
cause the green body to weaken in parts and cracks might appear upon ejec-
tion, which ultimately affects the quality of the final part. It is also known
that the friction between the die wall and the compact will affect the ejec-
tion stress and that the use of proper lubrication can decrease the ejection
stress [2]. In the finite element simulations, water atomised iron powder is
compacted with one-sided compaction into rectangular bars. The whole pro-
cess including compaction, unloading and ejection is simulated. A 3D-model
of a 30 ton laboratory hydraulic press with powder has been simulated using
an explicit [3] finite element code. As the die and the punches are included in
the model, the elastic property for the whole model is included. On the upper
punch are two different kinematics applied.

2 Modelling

2.1 Finite element modelling

The modelling of the laboratory press and the powder is carried out using
a CAD program. For the numerical computations and analyses is a research
version of the explicit nonlinear finite element program LS-DYNA [4] used. The
final size of the rectangular bar that is pressed is 12×30×6 mm. However, the
geometrical shape of the press makes it possible to use symmetry condition,
which saves computation time. The size of the bar in the numerical simulation
is then 6 × 15 × 6 mm. The numerical model is shown in Fig. 1.

All the tools in the numerical model are considered linear elastic. The upper
punch, lower punch and the die have a Young’s modulus and a Poisson’s ratio
corresponding to high-speed steel. For the core of the die is the Young’s mod-
ulus and the Poisson ratio corresponding to tungsten carbide. In the computa-
tion are about 9540 under-integrated eight-node elements with one-point inte-
gration used. Hourglass control is used to avoid locking of the under-integrated
elements. Under-integrated elements save computation time [4] and makes it
possible to within reasonable computation time, include all the tools in the
model. However, increasing the density of the model materials will enlarge
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Figure 1. The symmetric finite element model at time= 0.0, total of 9540 elements.

the time steps. This must be done with caution, as undesired dynamic effects
can be evident with increase of the density [3]. This phenomenon limits the
enlargement of the time steps. The frictional shear stress τ at the contact inter-
faces is computed according to Coulomb’s friction law. The dynamic friction
coefficient is constant and set to μd = 0.10, (static friction μs = 0.12). The
cpu-time for computation the model above including compaction, unloading
and ejection phases are about 20 h on a SUN Ultra 10, 440 MHz.

2.2 Constitutive model

The plastic response of the powder is assumed to be nonlinear and is described
in a rate independent cap plasticity model for granular soils by DiMaggio and
Sandler [5]. However, this cap model has been modified for use in metal powder
simulations [2] and [6]. The yield function consists of a perfectly plastic failure
envelope fitted to a strain-hardening cap in principal stress space. Plastic
deformation follows an associative flow rule and the yield functions are given
by

f1(I1, J2) =
√

J2 − [α − (1 − V )γ exp(βI1) − θI1] = 0 (1)

f2(I1, J2, κ) =
√

J2 − 1

R

√
(X − L)2 − (I1 − L)2 = 0 (2)

where I1 is the first invariant of the stress tensor and J2 is the second invariant
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Figure 2. The powder elements in the numerical model used for stress plots.

of the deviatoric stress tensor. The value of L indicates the value of the inter-
section between the two yield surfaces and X is the value of the intersection
between the hydrostatic axis and the cap function. The ratio R defines the
shape of the cap in I1 −

√
J2 plane and α, β, γ and θ are material parameters.

The first yield function f1 is dependent on the powder porosity, V = [0, 1]
is 0 when the material is solid. The bulk modulus K is dependent on the
volumetric plastic strain while Poisson’s ratio is assumed to be constant. The
constitutive parameters for Distaloy AE with 1% Hoecht wax and 0.5% C are
from [2]. The cap model and the constitutive parameters are implemented as
a user subroutine in the finite element software LS-DYNA.

3 Numerical results

The numerical computations include compaction, unloading and ejection of the
compact. Fig. 2 shows the elements that are used in the stress plots below. For
the selected side surface elements are the longitude stress σx and vertical stress
σz plotted. The longitude stress σx and transverse stress σy of the horizontal
surface are plotted. Also, for the selected elements in the centre of the bar are
stress history plots presented during pressing. The decision to choose these
elements in the bar, is based on that the experimental stress measurements
where performed in the middle of the side surface and in the middle of the
horizontal side.
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Figure 3. Kinematics for upper and lower punches.

3.1 Initial conditions and kinematics

Water atomised iron powder from Höganäs is compacted into rectangular bars.
The fill density is ρf = 3300 kg/m3 and the fill height in the die is 13 mm. The
upper and lower punches are controlled by velocity and the displacements for
the punches are presented in Fig. 3.

The difference between the two displacements applied on the upper punch
is hard to show in distance, as the difference between the two applied dis-
placements is 0.5 mm. From here on, the difference between the different tool
kinematics will be given in the related pressures for the upper punch. The
time schedule for the different phases is presented in Table 1.

Table 1
Time schedule for the different stages in the simulation.

Process stage Start t(s) End t(s)

Compaction 0.00 1.00

Unloading 1.00 1.10

Ejection 1.10 2.10
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Figure 4. Axial pressure on the punches during compaction and unloading.

3.2 Density and Punch Pressure

To the different kinematics applied on the model are different punch pressures
related. Fig. 4 shows the axial pressure between the powder and the upper and
lower punches during compaction and unloading. Two different densification
curves with the corresponding load curves are obtained in the simulation and
shown in Fig. 5. The finale densities are 7.035 g/cm3 for the 405 MPa load
curve and 7.220 g/cm3 for the 511 MPa load curve.

In Fig. 6, the density distribution of the final bar is shown. The highest density
is found in the upper corner. As mentioned before, the compaction is one sided.
A concentration of powder particles occurs in the upper corners of the green
body, due to the movement of the upper punch and the die wall friction. The
lowest density is found in the lower corner of the bar that is in contact with
the lower punch, which is fixed during the compaction. As the lower punch is
fixed, the situation in the lower corner is opposite to the upper corner.

The axial stress on the lower punch during ejection is plotted in Fig. 7. The
highest stress in the lower punch is obtained in the beginning of the ejection,
t = 1.17 s. As is shown in Fig. 7, the difference between the two curves is
small.
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Figure 5. Densification curves, mean density of the powder during the pressing.

Figure 6. Density distributions after the ejection for the 511 MPa load.

3.3 Stress plots

After the compaction the velocity of the upper punch is reversed and the
normal compaction stress is slowly removed from the horizontal surface. The
bar is now held within the die by wall stresses. After the upper punch is
removed the ejection of the bar starts.
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Figure 7. The axial stress on the lower punch during ejection for the two different
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Figure 8. σx stress history on the side surface.

In the beginning of the ejection, the stresses in the side surface increase slightly.
However, as the velocity of the lower punch increase, the stresses in the side
surface decrease and then stabilize. Fig. 8 shows the σx stress history and
Fig. 9 shows the σz stress history for all the stages in the selected side surface
elements, see Fig. 2.
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Figure 9. σz stress history on the side surface.
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Figure 10. σx stress history on the horizontal surface.

Note that in the beginning of the ejection t = 1.10 s, σz increases from −66
to −90 MPa. After the ejection, only the residual stresses remain in the bar.
The σx residual stresses seems to be larger than the σz residual stresses. For
the horizontal surface are σx and σy plotted in Figs. 10 and 11, respectively. It
seems like the compaction pressure does not affect the σx and σy levels much
in the unloading and ejection stage.

A: 9



0 0.5 1 1.5 2
−350

−300

−250

−200

−150

−100

−50

0

Time, [s]

S
tr

es
s,

 [M
P

a]

405 MPa
511 MPa

Figure 11. σz stress history on the horizontal surface.

The stress σy for the horizontal surface seems to almost be identical for the
ejection stage. From the result above it is also shown that the stresses after
unloading is relatively high and as the bar is partly outside t = 1.88 s the die
stresses are reduced. When the bar is completely outside the die stresses seems
to be small for the elements on the horizontal surface. The stress history for
the elements in the middle of the bar is plotted in Figs. 12 and 13, for the
405 and 511 MPa load case. During the unloading of the bar, σz seems to
disappear, but, returns in the ejection stage due to the friction forces between
the green body and the die wall.

The stresses σy and σx seems almost to be equal in shape, but differ a bit in
magnitude. In the beginning of the ejection phase they decrease in magnitude
and then they stabilise. As the green body approach the end of the die wall,
the stresses decrease.

4 Comparison with experimental result

The numerical results are compared with experimental results [1] performed
by a research group at the Linköping Institute of Technology, Sweden. In the
measurements two different powders have been used: ASC100.29 with 0.8%
zinc stearate added and Distaloy AE containing 0.3% C without lubricant.
The powder Distaloy AE is based on iron powder ASC100.29 and alloyed
with 1.5% copper, 4.0%. nickel and 0.5% molybdenum. In the simulations
material parameters for Distaloy AE with 1% Hoecht wax and 0.5% C are
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Figure 12. Stress history curves for the centre elements, load case 405 MPa.
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Figure 13. Stress history curves for the centre elements, load case 511 MPa.

used. Although, the simulations are based on another powder then the two
experimental powders, all three are very similar. That is a fact that makes it
relevant to do this comparison. The stresses are measured on the horizontal
surface and the side face using X-ray diffraction. The applied compaction
pressures in the experimental work were 400 and 530 MPa. Only in the case
where ASC100.29 compressed with 400 MPa was the stresses measured with
X-ray and neutron diffraction. On the side surfaces are high residual stresses
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found with X-ray diffraction measurements, see Table 2. The results from the
X-ray and neutron diffraction showed that the compresses layer on the side
surface due to plastic deformation in the ejection stage is relatively thin, less
than 200 μm, which corresponds to two or three layer of powder grains.

Table 2
Comparing experimental and simulation residual stress measurement on the side
surface, with Höganäs ASC100.29 powder. Simulation results from 405 and 511
MPa.

Max load Stress X-ray on the Neutron diffraction Simulation

pressure surface 200 μm inside surface

(MPa) (MPa) (MPa) (MPa)

400 σx -55 32 -4

400 σz -46 18 -1

530 σx -52 Not measured -7

530 σz -36 Not measured -14

In Table 3 are the residual stresses measures for the side surface shown. The
residual stresses are larger for Distaloy AE than for ASC100.29 especially for
the 511 MPa load case.
Table 3
Comparing experimental and simulation residual stress measurement on the side
surface, with Höganäs Distaloy AE powder. Simulation results from 405 and 511
MPa.

Max load pressure Stress X-ray on the surface Simulation

(MPa) (MPa) (MPa)

400 σx -52 -4

400 σz -54 -1

530 σx -95 -7

530 σz -75 -14

The measurements on the horizontal surface are done with X-ray during the
ejection stage in three different situations called, Position 1, Position 2 and
Position 3. In Position 1 is the bar inside the die, in Position 2, the bar is
partly ejected and in Position 3 is the bar completely outside the die. The
stresses on the side surface are only possible to measure when the bar is in
Position 3, completely free. In Fig. 14 are the three situations described. The
positions corresponds to the numerical results by stresses measured at specific
time in the process, see Table 4. In Table 5 and 6 experimental and simulation
stress measurement on the upper horizontal surface at the different positions
for 400 and 530 MPa axial stress.
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Table 4
Different positions during ejection.

Position (During Ejection) Time t(s)

Position 1 1.75

Position 2 1.88

Position 3 2.10

Figure 14. Description of the three positions of the green body. Position 3 is com-
pletely free. The designation horizontal and vertical refer to the direction shown for
Position 2. For the top surface horizontal is equal to longitudinal and vertical is
equal to transversal. Figure 14 is constructed from [1].

Another finding in the experimental results is that the compaction pressure
does not affect the residual stresses much. That is also found in the numerical
results.

5 Discussion and conclusion

An interesting outcome of the current investigation is that the increase in
compaction pressure has relatively little affect on the residual stresses in the
green body. Both the measurement in [1] and our simulations show this.

From the results of the simulations an interesting behaviour is seen in Figs. 8
and 9, during the first part of the ejection phase the stresses in the middle of
the side surface increases before it reduces. For example the absolute value of
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Table 5
Comparing experimental and simulation stress measurement on the upper horizontal
surface. Experimental and simulation results for maximum pressures of 400 and 405
MPa respectively.

Stress ASC100.29 Distaloy AE Simulation

(MPa) (MPa) (MPa)

Position 1 σx -35 -32 -41

Position 1 σy -32 -37 -72

Position 2 σx -14 -7 -9

Position 2 σy -5 -2 -18

Position 3 σx -6 -3 1

Position 3 σy -10 -2 4

Table 6
Comparing experimental and simulation stress measurement on the upper horizontal
surface. Experimental and simulation results for maximum pressures of 530 and 511
MPa respectively.

Stress ASC100.29 Distaloy AE Simulation

(MPa) (MPa) (MPa)

Position 1 σx -44 -40 -33

Position 1 σy -54 -39 -78

Position 2 σx -19 0 -8

Position 2 σy -23 0 -17

Position 3 σx -10 4 4

Position 3 σy -8 0.5 0

longitudinal stress σx increase from 66 to 90 MPa before it stabilize on ap-
proximately 45 MPa. This could not be seen in the centre of the body, Figs. 12
and 13 where the stress reduces during ejection without having an initial in-
crease. The general behaviour of stress relaxation during ejection depends on
the shear compaction that occurs in the body. When the body densifies the
elastic tool forces reduces. The increase in stress initially in the ejection phase
is a local phenomenon close to the surface, which depends on the friction
forces creating higher stresses in the plane before the global shear compaction
reduces the stress.

A simplification in the simulations is the use of a constant value for the coef-
ficient of friction. In reality, the coefficient may vary, depending on the state
of the powder and on the thermo-mechanical effects introducing a rise of tem-
perature in the contact between powder and the die wall.
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Comparisons between the simulations and the experimental results show good
agreement regarding the stresses on the top (horizontal) surface, see Table 5
and 6. On the contrary the simulated stresses on the side surface Table 2
and 3 does not agree with measured surface stresses. This could be explained
with the mesh size use in the simulations. The size of the elements close to
the surface are 1 mm, according to the measurements in [1] an element size
of 100 μm is needed in order to be able to catch the stress variation close
to the wall as we using reduced integration elements (one integration point
at the centre of the element). This will be possible in the near future as our
computer capacity will be updated, but today this is not possible to do, as the
calculation times will be too long. No such dramatic stress variation close to
the wall on the top surface is seen in the experiments, as the frictional sliding
is much smaller here compared to the side surface.

We have confidence in our simulations and conclude that the simulated stresses
in the powder compact agree well with the measured ones.
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Modelling and numerical investigation
of the residual stress state in a

green metal powder body
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Abstract

Die pressing of metal powder results in a green body. After release from the die,
the green body must have enough strength to be handled, to endure transport to
a sintering furnace and heating to the sintering temperature. Drilling, turning and
milling, which are common operations in the green state, require a green body of
high strength, with no defects and excellent mechanical properties. A plane strain
finite element model is used to analyse pressing of metal powder into a rectangular
bar. The powder behaviour is described by a “cap” model, which is implemented as
a user material subroutine in the nonlinear finite element program LS-DYNA. To
improve modelling of strength in the green state a new nonlinear density dependent
failure envelope has been used. The model is adjusted to the properties of a water
atomised metal powder from Höganäs AB. To resolve the severe stress gradient at
the side surface of the green body, the smallest element size was chosen to 65 μm.
The aim of this work is to numerically capture and understand the development of
the residual axial stress in particular at the side surface. The influence of kinematics,
friction, compacting pressure and die taper are studied. Results from the numerical
study show that the thickness of the compressive stress region close to the side
surface of the green body varies between 50 μm and 600 μm along the surface.
Compacting pressure, “upper punch hold down” and die taper geometry all have a
significant influence on the residual stress state while die wall friction has only a
small influence. The numerical results are in agreement with results from X-ray and
neutron diffraction measurements.
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1 Introduction

Powder metallurgy (PM) is a processing technique that involves production
and forming of powder into components. A classical process is powder com-
paction in rigid dies. Today, powder compaction is a common method in man-
ufacturing. A major advantage of the powder compaction technique is that
near-net shape components that need little or no machining are obtained di-
rectly. This saves both time and money when parts are produced in large
numbers. Powder compaction is used for many different applications like gear
wheels, rings, hubs, magnets, bushings, hip joints, tooth crowns etc. Exam-
ples of common powder materials are metals, ceramics, tungsten carbide and
polymers. Today powder manufacturers produce a variety of different pow-
der mixes. This gives the component producer a possibility to choose a mix
and obtain desired mechanical properties. Furthermore, with PM is it possi-
ble to obtain alloys that are impossible to produce with other techniques. The
fundamentals of PM is thoroughly described in e.g. [1] and [2].

Numerical simulation is today a powerful tool in process development. Contin-
uous development of finite element (FE) codes has resulted in advanced codes
with extended computational possibilities. A wide range of processes can be
simulated such as forging, sheet metal forming, metal cutting, heat treatment,
drop tests etc. This is also true for different powder metallurgy processes, es-
pecially cold uniaxial die pressing, hot isostatic pressing (HIP) and sintering
processes. Many commercial nonlinear finite element codes today can be used
for powder pressing simulation. Determination of kinematics and tool design
are critical steps in die powder pressing. Traditionally, trial and error meth-
ods have been used to design and to adopt the highest possible performance.
FE-simulations allow manufacturing processes of new components and ideas
to be exploited before tool building. Both time and money can be saved if the
number of tests and component redesign is reduced. In practice simulation
tools can give a better understanding of different processes and phenomena in
PM. Often a combination of numerical and experimental results facilitates a
better understanding of processes.

A material model is an approximation of a real physical behaviour. Many fac-
tors affect the accuracy of a mechanical response computation, for example:
the smoothness and stability of the response, the inadequacies and uncer-
tainties of the constitutive equation, the boundary and initial conditions, the
uncertainties in the load. The computability of nonlinear problems in solid
mechanics is investigated in e.g. [3].

Cold uniaxial pressing of powder into a green body is one of the most com-
mon processes in PM. During uniaxial die pressing, the powder is compacted
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under an axial load until a final height is obtained or a prescribed compact-
ing pressure is reached. After compaction the load force is removed, but a
radial force due to the die wall will remain. The green body is now ‘stuck’
in the die, and requires ejection. A problem during ejection is that the green
body is weak and the tools are strong. If the strength of the green body is
low and ejection stress high, the green body might weaken and form small
cracks, which of course will affect the quality of the final component. Smooth
tool surface finish and slight tapers at the ejection part of the die will reduce
ejection stresses. Lubricants are normally added to reduce die wall friction. To
reduce non uniform stress during ejection, a pressure can be applied on the
upper punch, so called “upper punch hold down”. After release the green body
must have enough strength to endure transport to the sintering furnace and
heating to the sintering temperature etc. The mechanical properties of the
green body are also important if machining operations are performed before
sintering. This requires a defect free green body and high “green strength”. All
these aspects are described in [2].

This work is a study of the residual stress state and the resulting stress field
in green bodies during compaction, unloading and ejection. Water atomised
metal powder is compacted single-sidedly into a rectangular bar. Experimental
measurements [4] show that the compressive residual stress on the side surface
of the bar are quite high, but thickness of the compressed region is relatively
small, less than 200 micrometres which corresponds to two to three powder
grain diameters. In an earlier work [5] stress distributions of green bodies after
pressing were analysed with a three-dimensional model. The results showed
that the high compressive residual stress at the side surface was due to plastic
deformation during the ejection phase and could not be resolved with the
three-dimensional mesh used. In this work, the stress close to the surface is
analysed with a plane strain finite element model. For adequate resolution
small elements (65 μm) are used to model the powder. Another aim of this
work is to capture and understand the development of the axial compressive
stress at the side surface of the green body.

2 Constitutive model

Powder compaction is a highly nonlinear process. As the density increases, the
mechanical properties of the compacted body are affected. The material model
of the powder used in the calculations is based on the DiMaggio-Sandler model
for granular soils [6] which was modified with a more accurate strain hardening
behaviour in [7]. Another modification [8] comprised a linear porosity depen-
dent function which was implemented into the model to control cohesion. In
this work an alternative approach is taken to this effect. The linear, porosity
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Figure 1. DiMaggo-Sandler model for granular soils in principal stress space I1−
√

J2,
f1 is the failure envelope, f2 is the moving strain hardening cap and c is the cohesion.

dependent failure envelope is replaced with an exponential function which has
been fitted to experimental data. The latter function controls the shape of the
failure envelope during pressing.

2.1 Cap model with modified failure envelope

The yield function consists of a perfectly plastic failure envelope fitted to a
moving strain-hardening cap in the principal stress space. The failure enve-
lope of the original DiMaggio-Sandler model is a combination of 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 the von Mises surface. The cap model is shown in Fig. 1. Plastic
deformation related to the cap follows an associative flow rule and the yield
functions are given by the failure envelope, f1 and the moving strain-hardening
cap, f2

f1(I1, J2) =
√

J2 − [α − γ exp(βI1)] = 0 (1)

f2(I1, J2, κ) =
√

J2 − 1

R

√
(X − L)2 − (I1 − L)2 = 0 (2)

where I1 is the first invariant of the stress tensor and J2 is the second invariant
of the deviatoric stress tensor. The parameter κ is an internal state hardening
variable and a function of the volumetric strain εp

v. 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.

The parameter R, which is the ratio between the horizontal and vertical ellipse
axes, defines the shape of the cap in the I1 −

√
J2 plane and α, β and γ are
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material parameters. The cohesion in the original DiMaggio-Sandler model is
the difference between α and γ, see Eq. (1). The shear cohesion is the critical
shear stress of the green body at zero mean stress. For granular material shear
cohesion is often denoted just cohesion, which denotation will be adopted in
this work as in what follows. The cohesion of a compact is highly dependent on
density. In [9] two different experiments are performed on green bodies to find
a density dependent cohesion function. The movement of the failure envelope
during compaction is shown to be a nonlinear process which depends on the
density ρ. The new approach is to control the movement of the failure envelope
with a relative plastic density, ρp

rel, dependent function. Relative plastic density
is defined as

ρp
rel = ρrel − ρe

rel (3)

where ρe is the elastic density. This gives a better fit of the failure envelope at
low mean stress. The density dependent yield function for the failure envelope
is

f1(I1, J2) =
√

J2 − [α − (a1 − exp(a2(ρ
p
rel)

a3))γ exp(βI1) − θI1] = 0 (4)

where a1 − exp(a2(ρ
p
rel)

a3) controls the movement of the failure surface, and
a1, a2 and a3 are material parameters. The hardening function is chosen so
that

L(κ) =

⎧⎪⎨
⎪⎩

κ if κ < 0

0 if κ ≥ 0
(5)

and

X = L − R[α − (a1 − exp(a2(ρ
p
rel)

a3))γ exp(βI1) − θI1] (6)

The plastic volumetric strain function controls the cap movement in the stress
space and follows the expression

εp
v(X) = W [exp(D

√
|X|) − 1] (7)

where W and D are material parameters. Inside the yield surface the be-
haviour is isotropic nonlinear elastic. The bulk modulus K is dependent on
the volumetric plastic strain and written as

K =

⎧⎪⎨
⎪⎩

C1 + C2 exp(C3

√
|εp

v|) if I1 < 0

C1 + C2 if I1 ≥ 0
(8)
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where C1, C2 and C3 are material parameters. Poisson’s ratio ν is assumed to
be constant and the shear modulus G is

G =
3 − 6ν

2 + 2ν
K (9)

For the plastic flow the normality rule is used, that is

ε̇ij = λ̇
∂f

∂σij
(10)

where λ̇ is an unknown scalar.

3 Calibration of the constitutive model

The constitutive model were calibrated for the water atomised iron powder
Distaloy AE mixed with 1% Hoecht wax and 0.5% C from Höganäs AB, de-
noted Distaloy AE in what follows.

3.1 Yield surfaces

Both the elastic and the plastic properties are described in the section above.
Eqs. (2) and (4) describe the yielding of the powder and contain eight material
parameters: α, β, γ, θ, R, a1, a2 and a3. The yielding can be divided into three
different cases. In the first, yielding occurs on the hardening cap surface. As the
material yields the cap will move in the negative direction of the hydrostatic
axis and the material will densify. In the second case, yielding occurs at the
point where the cap intersects the failure surface at which the density will
be constant. In the third, yielding occurs on the failure envelope; density is
decreased and the cap will move backwards, see [6].

The cohesion increases with density. In [9] Brazilian disc tests and uniaxial
compression tests are reported. These data can be used to calibrate the failure
envelope in the model used here. In Fig. 2 the test results from [9] are presented
for the Brazilian disc tests and the uniaxial compression test. The present
failure envelope, Eq. (4) has a curvature which limits the maximum

√
J2.

By performing hardness measurement on a fully dense powder compact, the
maximum von Mises stress is found to be σe = 370 MPa, see [10]. This gives√

J2max = 213.6 MPa which causes a constraint on the calibration below. To
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Figure 2. Uniaxial compression test and Brazilian disc test for cylinder with different
densities from [9].

calibrate the failure envelope the data from [9] have been completed with data
from triaxial tests by Pavier and Dorémus [11].

Matching Eq. (4) to the experimental data is an inverse problem and the solu-
tion is obtained by adjusting the function parameters. Comparison of Eq. (4)
with the experimental data enables formulation of a nonlinear least square
problem. This problem could be defined as

min
x̄

F (x̄) =
j∑

i=1

|fi(x̄)|2 = f̄T f̄ (j ≥ n) (11)

where x̄ is a vector with function parameters to be fitted and f̄ is a vector with
the differences between the experimental and calculated values. The dimension
of the vector x̄ is n and j is the number of evaluation points. The calibration
of the failure envelope against experimental data is carried out by solving
the inverse problem for which the programming system INVSYS [12] was
used. The program uses subspace-searching simplex method (subplex) [13],
which is an improvement of the classic Nelder-Mead simplex method [14]. By
minimising the sum of squares of residuals, the unknown material parameters
are estimated. The values of the material parameters found here are: α = 210.4
MPa, β = 3.610 · 10−3 (MPa)−1, γ = 116.9 MPa, θ = 0.00, a1 = 2.799,
a2 = 5.716 · 10−1 and a3 = 25.24

The value of θ = 0.00 is due to the constraint
√

J2max = 213.6 MPa applied
to the inverse problem. This gives, X is independent of the linear I1 − term in
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Figure 3. Failure surface Eq. (4) for three different densities are represented as
three lines, ρrel = 0.44 below, ρrel = 0.95 in the middle and ρrel = 0.98 above.
Experimental data from [9] and [11] is also showed.

Eq. (6). A constant value of the material parameter R is used in the present
model. From data in [10] an estimated value for the cap surface parameter
R = 3.535 is calculated. In Fig. 3 the failure envelope is shown for three
different densities together with experimental data for a Brazilian disc test,
a uniaxial compression test and a triaxial test. It is observed that the failure
envelope moves with density. Fig. 4 shows cohesion versus relative density.

3.2 Hardening function

The plastic volumetric strain is given by Eq. (7). The hardening function is
adjusted to experimental data from [11]. The parameter W can be calculated
by using the relation

εp
v = ln(

ρ0

ρ
) (12)

where ρ0 is the fill or initial density. The apparent density and the full density
for the Distaloy AE is ρa = 3.04 g/cm3 and ρf = 7.33 g/cm3, respectively.
Full density is the maximum theoretical green density for the powder mix. In
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Figure 4. Cohesion against relative density. Experimental data from [9].

this case is ρ0 = ρa. If these values are inserted into Eq. (12) W can be found.

εp
v = ln(

3.04

7.33
) = −0.8801 =⇒

− 0.8801 = W [exp(D
√
|X|) − 1]

At full density the value of X will be very high and by using the fact that
the exponential term approaches zero for high values of X, W = 0.880118 is
obtained. By simple curve fitting the value D = −8.407 · 10−5 is found. In
Fig. 5 the hardening function is plotted together with experimental data.

If the model is calibrated for a density range of ρa ≤ ρ ≤ ρf it is possible
to start the analysis from a density level higher than the apparent density,
ρ0 > ρa. The plastic volumetric strain induced during filling can be calculated
with Eq. (12). By solving for X in Eq. (7) with the calculated value of the
plastic volumetric strain above, the start position of the cap can be found.

3.3 Elastic properties

The elastic properties for the Distaloy AE is investigated by Pavier and Doré-
mus in [10]. In the beginning of the compaction process the bulk modulus
is low, but increases with the density of the compact. Eq. (8) represents the
change in bulk modulus during compaction. The same numerical method as
for the failure surface is used to match the elastic material parameters. A
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nonlinear least square problem analogous to Eq. (11) is formulated to deter-
mine the elastic properties. Solving the problem gives the material parameters
C1 = 9.790 GPa, C2 = 19.35 Pa and C3 = 24.36 for Eq. (8). The value ν = 0.28
is used for Poisson’ s ratio. In Fig. 6 Eq. (8) is plotted together with exper-
imental values. The function in Eq. (8) do not give a good overall fit to the
experimental data. The fit is adjusted to give a good correlation to the data
points for the highest densities. This is done to adequately model the elastic
behaviour during ejection. For a better fit to experimental data a function
with another structure than Eq. (8) should be considered.

4 Finite element analysis

A 300 kN laboratory hydraulic press is used for powder compaction. The pow-
der is pressed into a green body with the dimensions 12 × 6 × 30 mm. The
pressing is modelled with a two dimensional plane strain quasi-static finite
element model and a slice in the middle of the press is simulated. The numeri-
cal computations include the compaction phase, unloading and ejection of the
green body. The final dimension of the powder model is 6 × 6 mm, due to
symmetry. In [5] a symmetric three dimensional finite element model with the
dimensions 6× 6× 15 mm was used to evaluate stresses during pressing. The
results showed predominantly good agrement with the experimental measure-
ments. A serious drawback with the three dimensional model in [5] was that
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it was unable to resolve the stress close to the surface of the model. Fig. 7
illustrates the three dimensional model in [5] and the current model. The two
dimensional plane strain model should perform correctly during compaction
and during ejection as long as the green body is entirely inside the tool. A
drawback of the model is that no deformation is allowed in the z-direction
according to Fig. 7 when the compact emerges from the die. The influence of
this drawback has been investigated by performing three dimensional simula-
tions. Results shows that the drawback gives only minor effects on the global
residual stress field.

4.1 Simulation model

The powder cap model is implemented as a user subroutine in the finite ele-
ment software LS-DYNA [15]. All tools are assumed linear elastic in the nu-
merical model. Mechanical properties for the upper punch, lower punch and
the die corresponds to high-speed steel, and the core of the die to tungsten
carbide. In the current model 20 800 four node reduced integration elements
are used.

To resolve the stress gradient close to the friction surface, small elements are
needed in the modelling of the powder. Fig. 8 shows element size from the
die wall to the mid-section of the powder. The smallest elements have a side
length of 65 μm. The powder is modelled with 2000 element. The fill density
is ρ0 = 3.30 g/cm3 and the fill height 13 mm. The fill density is assumed to be
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Figure 7. Three dimensional model used in [5] together with the two dimensional
plane strain model used here. In the two dimensional model 1 denotes the upper
punch, 2 the lower punch, 3 the die, 4 the core and 5 the powder.

Figure 8. Finite element mesh of the powder. The elements adjacent to the die have
a smallest side length of 65 μm.
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Figure 9. The taper at the top of the die wall.

constant in the whole volume. A dimensionless time schedule for the different
phases of the simulation is presented in Table 1.

Table 1
The different phases in the simulations in dimensionless time, t.

Process Dimensionless time

Start End

Compaction 0.00 1.00

Unloading 1.00 1.10

Ejection 1.10 2.10

Release from die 1.92 2.07

To better understand the development of residual stresses in green bodies dif-
ferent parameters are studied during the simulations. Die wall friction is varied
to reveal the effect on the residual stress distribution. Different compaction
pressures and kinematics are also tested. The reference simulation S1 has a
single sided action applied with the upper punch during compaction followed
by an upward unloading and ejection. Double sided action during compaction
and single sided action applied with the lower punch during compaction are
tested to observe how the kinematics during compaction affect the residual
stress. Also, “upper punch hold down” is tested to vary the ejection. In one
simulation ejection is skipped and the powder is unloaded directly by moving
the die horizontally.

A critical phase of the pressing process is the release of the green body from
the die. To ease the release a taper can be added at the top of the die. Fig. 9
shows the geometry of the taper. The die taper geometry is varied to reveal
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Table 2
Tapers used in the simulations, defined in Fig. 9

Taper x(μm) y(mm) θ(deg)

A 5 0.650 0.44

B 20 2.60 0.44

C 20 5.20 0.22

the effects on the residual stress distribution. In the simulations three different
geometries are used and values of the parameters x, y and θ are given in
Table 2. The punches are controlled with prescribed displacement to obtain
the target density in the simulation S1-S6 and S11-S17. Different coefficients
of friction will affect the maximum compaction pressure in these simulations.
In Table 3 the different simulations are presented.

Table 3
List of simulations.

Simulation Friction Compaction Case of simulation

μ Pressure (MPa)

S1 0.10 418 Reference

S2 0.05 414 Smaller friction

S3 0.15 424 Greater friction

S4 0.00 409 No friction

S5 0.00 409 Friction during ejection only

S6 0.10 418 No friction during ejection

S7 0.10 488 Compaction pressure

S8 0.10 526 Compaction pressure

S9 0.10 628 Compaction pressure

S10 0.00 613 Compaction pressure, no friction

S11 0.10 414 Double sided compaction

S12 0.10 418 Lower punch compaction

S13 0.10 418 Upper punch hold down,

88.0 (MPa)

S14 0.10 418 No taper

S15 0.10 418 Taper B

S16 0.10 418 Taper C

S17 0.10 418 Unloading without ejection
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4.2 Numerical results

As shown in Table 3, 17 different simulations have been evaluated. In Table 4
stress, density and shear strain results from all simulations are presented. The
mean value of the calculated axial residual stress σy presented in the fourth
column is taken from the surface path, see Fig. 10 for definition.
Table 4
Residual stress state for different simulations.
Simulation σy σy σy σx σx ρmax − ρmin εxy

surface

Max Min Mean Max Min Max

(MPa) (MPa) (MPa) (MPa) (MPa) (g/cm3) (10−3)

S1 11.76 −83.59 −58.49 8.55 −28.98 0.32 19.8

S2 11.74 −80.49 −53.33 8.74 −30.30 0.22 9.83

S3 11.39 −85.47 −61.25 8.73 −28.80 0.42 29.9

S4 13.18 −79.90 −55.13 12.31 −32.53 0.10 0.44

S5 12.22 −84.44 −58.42 7.63 −34.68 0.14 0.48

S6 10.32 −80.53 −54.93 11.80 −28.36 0.33 19.8

S7 15.79 −93.27 −68.67 12.93 −41.75 0.41 20.2

S8 17.74 −106.00 −73.85 14.67 −48.92 0.46 20.4

S9 23.36 −147.12 −93.65 22.29 −66.79 0.53 20.9

S10 23.86 −157.80 −93.17 23.65 −78.62 0.30 0.53

S11 11.39 −79.13 −52.97 8.64 −32.98 0.20 19.6

S12 12.64 −81.63 −56.18 8.41 −33.72 0.28 1.34

S13 9.46 −56.05 −28.39 6.14 −18.16 0.36 19.8

S14 9.91 −94.95 −68.46 8.51 −41.82 0.54 19.6

S15 11.72 −75.61 −54.51 9.96 −26.54 0.24 19.7

S16 11.05 −54.81 −39.59 10.19 −20.59 0.26 19.8

S17 4.41 −9.32 −0.145 3.85 −5.99 0.26 19.8

4.2.1 Reference simulation

Simulation S1 in Table 3 is the reference simulation. The coefficient of friction
is μ = 0.10 in the pressing cycle, the maximum axial compaction pressure
is 418 MPa and the green body is compacted with action only on the upper
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Figure 10. Different paths for measurements of the residual axial stress σy.
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Figure 11. Residual axial stress σy for Paths 1 to 3.

punch. For a smother release Taper A is added at the top of the die.

Fig. 11 shows that the thickness of the region with compressive σy is small
and is accompanied by a tensile region. Also, a thickness variation of the green
body itself along the side surface is shown. By following three different paths
inwardly from the surface, see Fig. 10, it is seen that the thickness of the
compressive region shows maximum at the middle of the side.
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Figure 12. Residual axial stress σy along the friction surface. Start point (Length =
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Figure 13. Residual axial stress σy for simulation S1. The most intense compressive
stress is found close to the right hand side surface.

Fig. 12 shows σy along the side surface. The σy is smaller at both ends of the
surface than in the middle. The maximum compressive stress on the surface
is −83.6 MPa and the mean σy is −58.4 MPa, see Fig. 12.

The σy distribution is shown in Fig. 13. The thickness of the compressive
stress region close to the surface varies between 50 μm and 600 μm. Inside
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Figure 14. Residual radial stress σx distribution for simulation S1.

the tensile region of residual axial stress the stress state is more homogenous.
As shown in Figs. 11 and 13, σy is compressive in a thin region at the right
hand side. A banana shaped region inside the thin compressive region is in
tension. The maximum tensile stress is found approximately 1 mm from the
right hand side close to the middle of the side surface. For simulation S1, the
maximum tensile stress is 11.76 MPa.

The residual radial stress σx distribution is presented in Fig. 14. The most
intense compressive stress is found at the top and the bottom of the green
body. The region of tensile stress inside the green body is inclined 45 degrees
from the lower right corner. As shown in Fig. 15, the maximum residual shear
strain εxy, which is due to wall friction, is found close to the side surface. The
minimum εxy is found in the mid part of the green body. The main part of εxy

develops during the compaction phase.

Fig. 16 shows the density distribution of the green body after unloading, at
t = 1.05 s and in the residual state. Due to wall friction and upper punch action
during compaction the highest density is found in the upper right corner. The
lowest density is found in the lower right corner. Fig. 16 shows a change of
density during ejection as the location of minimum density is slightly displaced.
This effect is due to die wall friction during ejection.

Fig. 17 shows the σy history in the middle of the green body and on the side
surface. During compaction the behaviour of the two stress histories is similar,
but different during ejection and release from the die. This is not surprising
as the side elements are more exposed to springback and friction forces during
the ejection phase. The springback in simulation S1 is about 0.18%.
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Figure 15. Residual shear strain distribution, εxy for simulation S1.
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Figure 16. Density distribution after unloading, t = 1.05 s and residual density ρrel

distribution for simulation S1.

Fig. 18 shows the σx history for the mid- and the side positions above. The
behaviour during compaction is similar, the stress levels are the same for both
locations, but different during ejection. Also, here the side surface is sensitive
to springback and friction forces during ejection.

4.2.2 Wall friction

The friction between die and tool (wall friction) has a strong influence on
the die pressing process. Wall friction effects and simulation is thoroughly de-
scribed in [16] and [17]. The coefficient of friction may depend on e.g. density,
contact pressure, velocity, sliding distance and surface roughness. This depen-
dence is not taken into account in this work where the intention is to study
the development of residual stress. The effect of friction between powder and
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Figure 17. Axial stress σy history for element in the middle and at the side surface.
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Figure 18. Radial stress σx history for element in the middle and at the side surface.

punch/die on the residual stress is studied by using different values of the
coefficient of friction (S2, S3) and also by different values during compaction
and ejection (S5, S6). Not surprisingly the maximum σy, the maximum εxy

and the density range increase with increasing coefficient of friction.

Friction free sliding (S4) during the whole pressing cycle gives a residual stress
which is relatively high (more than 90% of the stress in the reference case where
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Figure 19. Residual axial stress σy on the friction surface for two values of the
coefficient of friction, μ = 0 and μ = 0.15. Start point (Length = 0 mm) upper right
corner. End point (Length = 6 mm) lower right corner.

μ = 0.10 is assumed). It appears that a major part of the compressive residual
stress due to friction is created during ejection and only a minor part during
compaction, (S5 gives almost the same result as S1). The maximum tensile
stress in the axial direction is highest for the zero friction simulation (S4) and
decreases with the coefficient of friction.

Fig. 12 shows two σy peaks along the surface. One 1 − 2 mm from the upper
corner and the other 0.5−1 mm from the lower corner. A comparison between
zero friction and μ = 0.15 shows that friction increases the upper σy peak
but decreases the lower, see Fig. 19. The maximum σx stress correlates only
weakly with friction. The maximum tensile stress on the other hand show the
maximum value for the zero friction case.

The maximum εxy, which increases with friction, develops during compaction.
The ejection phase does not change the maximum value as shown by compar-
ison of S1 and S6.

4.2.3 Compacting pressure

The reference case (S1) has a compacting pressure of 418 MPa. To study the
influence of compacting pressure three simulations with increased pressure
were performed. Simulation S7 reached 488 MPa, S8 526 MPa and S9 628
MPa. Table 4 shows a significant increase of the residual stress. A comparable
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Figure 20. Residual axial stress σy on the friction surface with four compacting
pressures. Start point (Length = 0 mm) upper right corner. End point (Length = 6
mm) lower right corner.

large increase of the residual stress is achieved when the confining pressure is
increased from 526 to 628 MPa. Interesting is also the increase in the residual
density range. The maximum pressure yields the greatest density range, 0.53
g/cm3 compared to 0.32 g/cm3 for the reference case.

The influence of the compacting pressure on σy is shown in Fig. 20. A strong
increase of the lower peak value is noticed while the upper peak changes very
little. As a consequence the lower peak becomes dominant for compacting
pressure above 500 MPa.

The combination of high pressure and zero friction pressing is simulated in S10.
This results in a greater σy which is explained by the fact that the lower peak
is now dominant and friction decreases the lower peak as shown in Fig. 19.

4.2.4 Kinematics

Three alternative pressing kinematics are performed. The reference simulation
consists of a single sided pressing from the top followed by upward unloading
and ejection. A double sided pressing (S11), pressing from below (S12) and an
“upper punch hold down” with about 20% of the maximum compacting pres-
sure during ejection (S13). The double sided pressing shows a more uniform
density distribution and a slight decrease of the maximum compressive stress
in both the axial and radial direction.
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Figure 21. Residual axial stress σy distribution after ejection with upper punch hold
down, numerical simulation S13.
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Figure 22. To the left the residual axial stress σy distribution for a die without taper,
simulation S14 and the right for a die with Taper C, simulation S16.

A significant difference is shown when applying an axial pressure during ejec-
tion, Fig. 21, the σy distribution. The mean value of σy is reduced considerably.
The compressive region is found to be much smaller and no banana shaped
region appears inside the the compressive region.

For comparison a simulation is performed where the die is moved radially
at the same time as the upper punch is unloaded, that is, the powder is
compacted and unloaded without any ejection, see S17. The εxy distribution
is not affected and the density range is reduced slightly. The residual stress is
everywhere close to zero.
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Figure 23. Residual axial stress σy on the friction surface with different tapers.
Compare with Fig. 10, start point (Length = 0 mm) upper right corner. End point
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4.2.5 Die taper

In order to investigate the geometrical effects on the residual stress, simula-
tions with different die taper geometries are performed. The reference sim-
ulation (S1) has a taper geometry of 5 μm by 0.65 mm of the die which
corresponds to an “almost sharp” geometry. For a sharply edged corner (S14),
a taper with the same angle as for S1 but with a larger radial taper than the
springback (20 μm by 2.60 mm, S15) and an even smoother taper (20 μm
by 5.2 mm, S16) the residual stress show a very strong dependence on the
geometry of the die, see Fig. 22 for a comparison of σy for (the sharp corner)
(S14) and the die with Taper C (S16).

5 Comparing numerical and experimental results

The numerical results in this work are compared with experimental measure-
ments [4,18] of residual stress by a research group at the Linköping Institute of
Technology for a single sided compaction with an applied pressure of 400 and
530 MPa. Two powder mixes from Höganäs AB were used: ASC100.29 with
0.8% zinc stearate added to the original composition and Distaloy AE contain-
ing 0.3% C without lubricant. Distaloy AE is based on ASC100.29 and alloyed
with 4.0% nickel, 1.5% copper and 0.5% molybdenum. X-ray diffraction is used
to measure the stress on the surface and neutron diffraction inside the green
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body. The experimental results show that a high residual compressive stress
is found on the side surface. The stress inside the body was only measured
for ASC100.29 compressed with 400 MPa. see [4]. According to the neutron
diffraction measurement a compressive region with a thickness of the order of
two or three powder grains was found. The neutron diffraction investigation
used a measuring slit of 1.5 × 6.0 mm.

Table 5
Numerical and experimental results. S1 and S8 are simulations from Table 3 and
the experimental results are from [18], powder Distaloy AE.

Max load Mean σy on side

pressure (MPa) surface (MPa)

S1 418 −58

Experiment 400 −54

S8 526 −74

Experiment 530 −75

In Table 5 σy on the side surface is shown for the experimental and the numer-
ical study. The numerically calculated σy are mean values for the side surface
from Table 4 above. In Fig. 24 the numerical and the experimental results
from X-ray and neutron diffraction are presented. On the side surface high
compressive stress are found in both studies. Further, inside the compressive
region tensile stress is found in both investigations. The experimental study
shows slightly higher tensile stress inside the compressive region. The numer-
ical results shows that the thickness of the compressive stress region in the
residual state vary between 50 μm and 600 μm along the side surface. The
main difference between the powders is the alloying elements of 4.0% nickel,
1.5% copper and 0.5% molybdenum in Distaloy AE. This could explain the dif-
ferent stress levels in Fig. 24. The phenomenological behaviour of the powder
is identical in both cases.

6 Discussion and conclusions

The major aim of this work is to understand the development of residual
stress and in particular to resolve the residual stress close to the side surface
of the green body. The cap model is adjusted for refined response during pow-
der pressing. The hardening function for the moving cap surface is adjusted
to experimental data from [11]. The yielding on the failure envelope and the
cohesion are controlled with an exponential relative density function. Results
from uniaxial compression tests, Brazilian disc tests and triaxial tests [9,10,11]
have been used to evaluate the shape of the failure envelope and its movement
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Figure 24. Comparison of the experimental residual axial stress σy measurements
from [4] on powder ASC100.29 and numerical results. See Fig. 10 for definition of
Paths.

during pressing. The movement of the failure envelope is important as the
simulation not only deals with compaction but also unloading and ejection.
The stress will mainly be in the elastic region or on the failure surface, but in
addition some plastic deformation can occur. The density dependent failure
surface also enables control of the green body strength. Springback is pre-
dicted as the elastic properties are adjusted to experimental data [10]. The
constitutive model contains many parameters and the evaluation of these pa-
rameters is complex. This implies the importance of a good strategy for the
evaluation. The strategy implied here is to logically group the parameters and
find proper values for each group. A unique solution is difficult to achieve,
tests are performed for different load cases to ensure a good set of parameters.

A good resolution is found with the chosen element size of 65 μm. The time
step is proportional to element size which means that a smaller element size
gives a longer computational time. The current element size is chosen so as to
obtain adequate resolution and reasonable computation time.

Simulation S1, is closest to the experimental study. In the residual state a
region of compressive axial stress close to the side surface is found, see Fig. 13.
A banana shaped region inside the compressive axial stress region is in axial
tension. The compressive stress varies along the side surface, see Fig. 12. Two
compressive stress peaks are found on the side surface. The simulated results
in Table 5 show good agreement with the experimental results. A slight change
in density close to the side surface is also found, see Fig. 16. This is probably
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Figure 25. Axial stress σy distribution for simulation S1 at t = 2.02 s. The protrusion
due to springback is magnified 50.0 times.

due to friction forces during ejection. Neutron diffraction measurement shows
that the thickness of the compressive region is about 200 μm, see Fig. 24.
Neutron diffraction have a slit of 1.5× 6.0 mm and gives a mean value of the
region thickness. The simulation shows a varying thickness of the compressive
residual stress region between 50 to 600 μm. The results in Fig. 24 shows
qualitatively good correlation with the experimental results.

Comparison of some of the values in Table 4 for simulation S1 with S6 shows
that die wall friction has a small influence on the residual stress. The compact-
ing pressure has a stronger influence, especially for pressures around 600 MPa.
The second stress peak on the side surface seems to be strongly related to the
maximum compacting stress, see Fig. 20. “Upper punch hold down” appears
to have a remarkably strong influence on the residual stress state. Simulation
S13 has low residual stress; inside the green body the stress is uniform and
the thickness of the compressive axial stress region seems to be smaller, see
Fig. 21. No investigation to find the optimal “upper punch hold down” has
been done. A smooth die taper has a strong effect on the residual stress state,
see Table 4, and reduces the surface protrusion as the green body leaves the
die.

In order to investigate which phase of the pressing has the strongest influence
on the residual stress state, several simulations were performed. Simulation
S17 uses the same parameters as S1, but ejection is skipped and the powder
is unloaded directly after compaction. The residual stress is close to zero, see
Table 4. This shows that the major part of the residual stress develops during
ejection.

A conclusion of this work is that the main reason for high residual stress
adjacent to the side surface is the ejection part of the pressing cycle or more
precisely the protrusion that occurs during release of the powder compact. In
Fig. 25 the green body is halfway outside the die. The horizontal deflection is
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magnified 50 times to show the expansion of the green body close to the wall
during release. On the surface inside the die, the green body is in compression
and at the die edge the green body is in tension. As the green body is released
from the die the side surface of the green body is in compression, see Fig. 25.
A high tensile stress increase the risk for cracking during release.

In conclusion, numerical analysis of the development of residual stress gives a
better understanding of the factors affecting the final stress state. The results
obtained in the simulations agree well with the experimental measurements
in [4] and [18]. The high compressive residual stresses found experimentally
was also found in the simulations. On the side surface the numerical results
also agree with the experiments for Distaloy AE.
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Abstract

High velocity compaction (HVC) is a production technique with capacity to signifi-
cantly improve the mechanical properties of powder metallurgy (PM) parts. Several
investigations indicate that high-density components can be obtained using HVC.
Other characteristics are low ejection force and uniform density. Investigated here
are green body data such as density, tensile strength, radial springback, ejection force
and surface flatness. Comparisons are performed with conventional compaction using
the same pressing conditions. Cylindrical samples of a pre-alloyed water atomized
iron powder are used in this experimental investigation. The different behaviour
of HVC-pressed green bodies compared to conventional pressed green bodies are
analysed and discussed. The HVC process in this study resulted in a better com-
pressibility curve and lower ejection force compared to conventional quasi static
pressing. Vertical scanning interferometry (VSI) measurements show that the HVC
process gives flatter sample surfaces.

Key words: High velocity compaction, green strength, springback, metal powder,
compressibility

1 Introduction

A number of investigations of the High Velocity Compaction (HVC) process
have been published in recent years [1,2,3,4,5]. All publications indicate that
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high-density components can be obtained using HVC. Other characteristics are
low springback, low ejection force and uniform density. This paper describes
an experimental investigation aimed at comparing the HVC and Conventional
Compaction (CC) processes in general. Great care has been taken to compare
the two processes under identical conditions, i.e. tooling set up, powder mate-
rial, lubricant, etc. High-density PM samples have been compacted using both
HVC and CC. Geometrical properties and green strength of the samples have
been studied.

2 Experimental Procedure

In order to compare HVC with conventional quasi static compaction, the ex-
periments have been performed under the same conditions. During the differ-
ent experiments the tool set, powder material, force sensor, data acquisition
equipment and sample geometry were identical.

2.1 Die and Punch Assembly

The tool set used during the experiments consists of a top punch, bottom
punch and a die. The upper and bottom punch are manufactured of high
speed sinter steel. The die contains a shrink fit pre-tensioned hard metal insert.
The diameters of both punches were 25 mm and the radial clearance between
punches and die was 0.010 − 0.015 mm. The height of the top and bottom
punch were 80 mm and 30 mm, respectively, the height of the die 90 mm.

2.2 Metal Powder Material

The powder material used for the investigation was a press-ready mix con-
taining Astaloy Mo + 0.3% graphite (uf-4) + 0.6% Kenolube. Astaloy Mo
is a pre-alloyed water atomized iron powder with 1.5% Molybdenum, from
Höganäs AB Sweden. Kenolube is a lubricant from the same supplier. The
theoretical pore free density of this mix is 7.45 g/cm3. Green strength mea-
surements was also performed for a press-ready mix containing Distaloy AE +
0.5% graphite (uf-4) + 0.6% Kenolube with the theoretical pore free density
of 7.48 g/cm3.
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2.3 High Velocity Compaction

The High Velocity Compaction experiments were performed using a laboratory
HVC-machine with a hydraulic driven hammer. This machine has a maximum
capacity of 4 kJ. The hydraulic hammer consists of two parts: The hydraulic
piston and a weight, which is connected to the piston rod. The hydraulic oil
pressure applied on the hydraulic piston is constant and thereby also the force
accelerating the piston and the weight. The total mass accelerated was 31
kg. Due to the constant acting force, the energy level is easily adjustable by
varying the acceleration distance of the hammer, i.e. the distance between the
start position and the impact position. The level of energy can be calculated
by multiplying the accelerating force and the distance. Further, the machine
was equipped with a load-cell, located under the bottom punch. Load cell
data were acquired by a high speed measuring system, capable to measure
very sharp and short peak loads due to the impact, see e.g. [3]. The sampling
rate in this case was 200 kHz. The HVC process starts typically with a pre-
compaction, during which the powder is compacted from the apparent density
to a density of 4 − 5 g/cm3 and thereby the main amount of air is evacuated
from the cavities. During the HVC experiments the die was mechanically fixed,
i.e. the die was not floating.

2.4 Conventional Compaction

The Conventional Compaction experiments were performed using a manual
40 ton workshop press and a semi-automatic 100 ton workshop press. The 40
ton press was used for the compaction pressures up to 800 MPa and the 100
ton press was used for compaction pressure larger than 800 MPa. During CC
the compaction force was measured with the load cell also used for the HVC
experiments. The load-cell was placed under the bottom punch. By using an
amplifier equipped with a peak detector memory function, the maximum force
applied could easily be measured.

2.5 Ejection of the Green Samples

The ejection experiments were performed by using the force of the vertical
moveable table of a milling machine. This method may not be very conven-
tional, but worked very well. The die was placed on the moving table. The
head of the milling machine functioned as a mechanical stop providing the
counterforce that was applied on the top punch when the die table was moved
upwards. The counter force was measured continuously using a load-cell placed
between the punch and the milling-head. The ejection speed was set to 4.75
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mm/second and samplings rate during the measurement of the ejecting force
was set as high as 10 kHz to allow measurements of possible initial static
friction peak loads.

2.6 Diametral Compression Tests

The green tensile strength is studied by performing diametral compression of
discs. The final sample height is approximately 5 mm and the diameter is 25
mm. The experimental setup for diametral testing consists of a frame in which
two fixtures and a load cell are integrated. The load cell measures forces up
to 5 kN with an accuracy of ±0.5 N. To be able to measure the load on the
tested disc without influence of friction between pistons and frame, the load
cell was mounted between the two plates of the frame. The load under the
compressive loaded surface must be distributed so that the compressive and
shear stresses in the loading area are reduced enough to ensure tensile failure
at the centre of the disc. To this end, the load is distributed over a small arc
of a finite width; this is done with an arc radius of 12.7 mm in the fixture.

2.7 Vertical Scanning Interferometry

Profile measurements of HVC and CC pressed 25 mm circular discs have been
performed with a Wyko NT1100 using vertical scanning interferometry (VSI).
The technique uses the bright and dark pattern which is a result of the splitting
of a beam where one part is reflected against an internal reference surface
and the other of the sample. After reflection the beams recombine in the
interferometer and the patterns of constructive and destructive interference
occur. Each scanning covers an area of 3.8 × 5.0 mm2. To measure a disc
multiple scanning are performed and the results are stitch together. An overlap
of 20% is used in each scan and the pixel size is 13.14 μm in the horizontal-
plane. The vertical resolution is 3 nm with maximum error less than 0.5%.

3 Results

The impact compaction force curve was measured during each HVC experi-
ment. A single HVC compaction results in several force peaks, see e.g. [3]. This
is because the hydraulic hammer bounces on the top punch until the impact
energy dissipates. The compaction pressure is calculated according to the first
and highest force peak.
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3.1 Overall Density

In Fig. 1 the density as a function of applied pressure is shown. The HVC den-
sity curve is on the average 0.5 percent higher than the CC density curve. The
figure shows that to achieve 98.5% of the theoretical density the compaction
pressure for HVC is approximately 900 MPa. To achieve the same density
with CC a compaction pressure of approximately 1200 MPa is required i.e. a
compaction pressure difference of 300 MPa.
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Figure 1. Density vs compaction pressure for both CC and HVC.

3.2 Ejection Forces

Fig. 2 show the ejection curves that were measured of some HVC compacted
samples and conventional compacted samples. The main difference between
the two curves is the value of the static friction force during the first phase
of the ejection. This value is approximately twice as high for CC compared to
HVC. A smaller difference can be seen for the dynamic friction force during
the second phase of the ejection, but also here the ejection force of the HVC
samples is lower.
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Figure 2. Ejection curves for samples compacted by HVC and CC with different
compaction pressures.

3.3 Radial Springback

The springback was calculated by dividing the diameter of the die by the
diameter of the sample, see Fig. 3. The HVC samples have a lower springback
compared to the CC samples which also partly can be concluded from Fig. 2.
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Figure 3. Comparison of radial springback between CC and HVC.
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3.4 Green Strength

The tensile strength, σf , is the maximum tensile stress value for the material.
The tensile strength defined as the stress value when a large vertical crack in
the centre of the disc is initiated, see [6]. The tensile strength is except for
Astaloy Mo also tested for Distaloy AE. Figs. 4 and 5 shows that CC discs
have slightly higher tensile strength than HVC discs for equal density.
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Figure 4. Comparison of tensile strength vs density for Astaloy Mo.
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Figure 5. Comparison of tensile strength vs density for Distaloy AE.
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3.5 Profile Shape

The surface profile of 25 mm diameter and 5 mm high HVC and CC discs with
similar densities are compared. The pressing has a single sided action applied
with the top punch during compaction followed by a downward ejection. Both
upper- and lower side of HVC- and CC discs have a dished profile.
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Figure 6. Typical profile shape of a HVC disc, upper and lower 2d profile.
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For comparable densities the HVC discs have a flatter upper surface, about 6
μm difference in height from the centre to the edge of the disc compared to
18 μm for CC discs, see Figs. 6 and 7. On the lower surface, CC discs seem to
have a deeper dish 35 μm compared to 25 μm for HVC, but no large differences
between HVC and CC pressed discs are found regarding the lower side. For
HVC discs manufactured with high energy impact and densities close to the
theoretical pore free density the upper- and lower surface of HVC discs appear
to have a dome in the centre, see Fig. 8.
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Figure 8. Profile shape for a high density HVC disc.

4 Discussion and conclusion

To compare HVC and CC processes identical conditions were applied. The
main difference between the processes in this study is the velocity of the top
punch and the several very sharp and short peak loads during a single high
velocity impact. The first conclusion is that the HVC process in this study
resulted in a higher compressibility compared to conventional quasi static
compaction. The second conclusion is that the HVC samples need lower ejec-
tion forces and have lower radial springback compared to CC samples. Tensile
strength in green condition is slightly lower for HVC samples. Both HVC and
CC samples have dished shaped end surfaces, but the surface profile of a HVC
sample is flatter than for a CC sample. Both statements in the second con-
clusion indicate that HVC probably allows a lower lubricant consumption and
still have better ejection performance compared to CC. A part of the next
step of this investigation will be to decrease the lubricant supply until com-
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parable ejection conditions are reached and then investigate compressibility,
green strength and springback.
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Tensile strength and fracture energy of pressed
metal powder by diametral compression test

P. Jonsén ∗, H.-Å. Häggblad, K. Sommer

Department of Applied Physics and Mechanical Engineering,
Luleå University of Technology, SE-971 87, Luleå, Sweden

Abstract

A critical property in the metal powder pressing process is the strength of the
green body. Diametral compression test or the Brazilian disc test is one method
to characterise green tensile strength. Pre-alloyed water atomised iron powder has
been pressed into discs with different densities. The characteristics of the fracture
development and load response are studied in detail. Crack initiation and the tensile
fracture process of pressed metal powder discs are studied. Methods to determine
the tensile strength and fracture energy of pressed metal powder are presented. A
cohesive material behaviour is found in the experiments. Both tensile strength and
fracture energy are strongly dependent on density in the measured range.

Key words: Powder mechanics, green bodies, tensile strength, fracture energy,
tensile fracture, experimental methods

1 Introduction

Powder metallurgy (PM) is a processing technique for large series production
of components. PM is used for many different applications like gear wheels,
rings, bushings, magnets, hubs, hip joints, tooth crowns, etc. A basis in PM
is to form powder into components with sufficiently high strength. The most
common forming process is cold uniaxial powder pressing in rigid dies. During
uniaxial die pressing, the powder is compacted under an axial load until a
prescribed compaction force or a final given form is reached. After compaction
the load is removed wholly or partly. Due to a residual radial force from the
die wall the green body have to be ejected with an axial load. To obtain high

∗ Corresponding author. Tel: +46-920-491160
Email address: Par.Jonsen@ltu.se (P. Jonsén).

mailto:Jonsen@ltu.se


quality of the final product, each production step must be well controlled. The
fundamentals of PM are thoroughly described in e.g. [1] and [2].

The most important property in PM is the strength of the final component,
which is dependent on the green body properties. In turn, the green body
properties are dependent on several parameters the powder mix, filling pro-
cess, powder transfer, press kinematics, tool geometries, density distribution,
residual stress field etc. Beyond a green body free from defects, desired proper-
ties are high strength and uniform density. If the green strength is low during
unloading and ejection cracks might appear and the quality is affected. High
green strength also helps prevent green cracks during handling and heating
to sintering temperature etc. A high green strength further offers the pro-
ducer opportunities for green machining. To obtain high quality and strength
of the final component all production steps must be optimised. Even if the
green strength is high, the green body is much weaker than the final sintered
component and requires careful handling.

In order to compete with other methods low production cost is important. If
the manufacturer can control production routs and exploit the specific advan-
tages of powder materials, new markets and opportunities will arise. A better
understanding of the complex material behaviour will give advantages to other
methods and possibilities to use computer simulations more extensively. Both
time and money can be saved if the manufacturing processes of new compo-
nents and ideas can be exploited virtually. For example, tool kinematics and
design are critical steps in die powder pressing. Time consuming trial and
error methods can be replaced by time saving computer simulations.

The main stages in the powder pressing process are powder fill and transfer
stage, compaction process, axial load release, ejection, release from the die,
post-ejection and handling. Cracks can be formed or initiated at any point
during the pressing process, but are primarily formed during the compaction,
ejection, and handling stages. Fracture in powder compacts can be defined as
separation or fragmentation of a solid body into two or more parts, under the
action of stress and is a result of crack initiation and propagation. Accord-
ing to [3], cracks in powder compacts during pressing can be classified when
the inter-particle bonds are broken and/or the inter-particle bonds were not
formed during compaction. The main cause of broken inter-particle bonds is
the pulling apart of powder particles which have been locked together during
compaction. This process is caused by tensile forces, lateral shear forces, or a
combination of these.

The diametral compression test also called the Brazilian disc test is considered
to be a reliable and accurate method to determine strength of brittle and low
strength material. The test has been used to determine the tensile strength
of concrete, rock, coal, polymers, cemented carbides and ceramics and other
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materials. For a powder material no extensive machining to a specialised shape
is needed as the material can be formed to a desired geometry directly. During
the test a thin disc is compressed across a diameter to failure. The compression
induces a tensile stress, perpendicular to the compressed diameter, which is
constant over a wide region around the centre of the disc. The tensile strength
is calculated on the assumption that failure initiates at the point of maximum
tensile stress [4]. The influence of the sample diameter, D, and the thickness, t,
on the failure stress was studied in [5] for compacted metal powder. According
to this study the ratio t/D ≤ 0.25 ensures plane stress conditions, see also [6]
and [7] for other studies regarding brazilian tests on metal powder compacts.

The aim of this study is to characterise tensile strength, crack initiation, crack
propagation and released fracture energy in iron powder during diametral
compression testing of discs. To investigate the green strength development
during compaction, testing has been performed for different densities. The
energy needed to open a crack and the effect of density upon this energy is
studied experimentally.

2 Stress field in diametral compression tests

Timoshenko and Goodier [8] postulated a theoretical basis for stress analysis
of a disc subjected to two concentrated diametral forces assuming plane stress.
This has also been done by Frocht [9] who defined that the stress state at a
point in the disc can be calculated using three general equations

σx(x, y) =
2P

πDt
− 2P

πD

[
x2(R − y)

(x2 + (R − y)2)2
+

x2(R + y)

(x2 + (R + y)2)2

]
(1)

σy(x, y) = − 2P

πDt
− 2P

πD

[
(R − y)3

(x2 + (R − y)2)2
+

(R + y)3

(x2 + (R + y)2)2

]
(2)

τxy(x, y) =
2P

πD

[
x(R − y)2

(x2 + (R − y)2)2
− x(R + y)2

(x2 + (R + y)2)2

]
(3)

where P is applied load, t thickness of the disc, D diameter, σx and σy normal
stresses in the directions perpendicular and parallel to the loaded diameter,
respectively and τxy is the shear stress, see Fig. 1. Along the vertical diameter
(x = 0) σx is tensile and constant and Eq. (1) is reduced to
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Figure 1. The diametral test using point load.

σx(0, y) =
2P

πDt
. (4)

For x = 0 Eq. (2) tends to infinity along the
vertical diameter as y → R.

σy(0, y) = − 2P

πDt
− 2P

πD

[
1

(R − y)
+

1

(R + y)

]
(5)

For x = 0 and y = 0 i.e. in the middle of the disc,
Eq. (2) is reduced to

σy(0, 0) = − 6P

πDt
. (6)

Along the vertical diameter x = 0 the shear stress is
τxy(0, y) = 0.

The equations above assume a point load on a thin disc. For practical use the
load is distributed over a finite area. Hondros [10] presented a theory for the
case of a pressure p applied over two diametrally opposite arcs of angular width
2α, see Fig. 2. Hondros showed that stresses along the principal diameters in
a circular disc with radius R are given by the following relations:
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Figure 2. The diametral test using distributed load.

Stresses along the vertical diameter (OY)

σx(0, y) =
2p

π

[
(1 − y2/R2) sin 2α

1 − 2y2/R2 cos 2α + y4/R4
− arctan

(
1 + y2/R2

1 − y2/R2
tan α

)]
(7)

σy(0, y) = −2p

π

[
(1 − y2/R2) sin 2α

1 − 2y2/R2 cos 2α + y4/R4
+ arctan

(
1 + y2/R2

1 − y2/R2
tan α

)]
(8)

τxy(0, y) = 0

Stresses along the horizontal diameter (OX)

σx(x, 0) =
2p

π

[
(1 − x2/R2) sin 2α

1 + 2x2/R2 cos 2α + x4/R4
− arctan

(
1 − x2/R2

1 + x2/R2
tan α

)]
(9)

σy(x, 0) = −2p

π

[
(1 − x2/R2) sin 2α

1 + 2x2/R2 cos 2α + x4/R4
+ arctan

(
1 − x2/R2

1 + x2/R2
tan α

)]
(10)

τyx(x, 0) = 0

where y in Eqs. (7) and (8) is the distance to a stress point along the diameters.
An advantage with Hondros theory is that the compressive stress at the point
of the load y = R is finite. In the centre of the disc σx(0, 0) can be found by
substituting y = 0 into Eq. (7):
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σx(0, 0) =
2p

π
[sin 2α − α] (11)

substituting P = pαDt and Eq. (11) becomes

σx(0, 0) =
2P

πDtα
[sin 2α − α] (12)

for small α, sin 2α ≈ 2α

σx(0, 0) =
2P

πDt
(13)

this shows that in the middle of the disc both the theories are in agreement.
Fahad [11] shown that a good correlation exists between Hondros solution and
the finite element solution for angles up to at least 2α = 22.90◦. Fahad also
showed that the finite element solution agrees with the theory for the point
load case [9]. Compressive stress close to the loaded arc was significantly lower
than for the point load case.

In the middle of the sample σx is tensile, but at some point along the vertical
diameter σx changes and becomes compressive, here defined as the zero stress
point. The position of the zero stress point is dependent on the angle 2α, see
Eq. (7). In Fig. 3, the zero stress point coordinate y normalised against the
radius R along the vertical diameter versus 2α is plotted. A distribution of
the load over a larger α moves the zero stress point towards sample centre.
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Figure 3. Location of the zero horizontal stress point coordinate normalised against
the radius R along the vertical diameter versus the load angle, 2α.
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3 Experimental setup

The powder used in the experimental study is Distaloy AE added with C-UF4
0.5% Kenolube 0.6% from Höganäs AB, Sweden. Particle size range is 20−180
μm, apparent density 3.10 g/cm3 full green density 7.48 g/cm3. Samples have
been obtained from a 25 mm die and were one-sided compacted. Samples are
produced in groups of densities ranging from 4.90 g/cm3 to 7.35 g/cm3. The
target height of each sample is 5 mm or 10 mm. After pressing the mass of
each sample is measured and the density is calculated. Even if plane strain
condition is not guaranteed for t/D ≥ 0.25, 10 mm samples are used as a
complement for densities less than 5.20 g/cm3 because of low strength.

The experimental setup for diametral compression test is shown in Fig. 4. It
consists of a frame with two fixtures and a load cell. The load cell can measure
forces up to 5 kN with an accuracy of ±0.5 N. To be able to measure the load
on the tested disc without influence of friction between pistons and frame, the
load cell was mounted between the two plates of the frame. The experimental
setup is mounted into a Dartec 100 with a maximum force of Fmax = 100
kN. Previous work [11] and [12] has shown that distributing the load P over
the compressive loaded surface will reduce the compressive and shear stresses
in the loading area enough to ensure tensile failure at the centre of the disc.
To this end, the load is distributed over a small arc with a finite width; this
is done with a radius of 12.7 mm and an angular width of 2α = 14.0◦ in
the fixture which is inside the recommendations by Fahad [11]. According to
Eq. (7), an angular width of 2α = 14.0◦ corresponds to a zero stress point
located 0.806R from centre on the vertical diameter, see Fig. 3. That is, in
80.6% of the vertical diameter σx is in tension. For correct position of the
sample in the fixture an alignment tool is used. In Fig. 4b is the alignment
and fixture tool with radii shown.

After attachment, the load is gently applied to the disc and increased slowly
with a constant displacement velocity of 0.004 mm/s on the upper tool until
the disc breaks. During loading, displacement and applied force are recorded.
In order to capture the crack initiation, images of test were captured with
a video camera and related to the recorded force and displacement data. A
successful test gives a pure Mode I failure which corresponds to a rupture in
the sample along the vertical diameter and caused by tensile stress and no
damage in the material close to the loading area. Here the video camera also
serves as a tool to register a test for later checking of validity.
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a. Experimental setup for diametral
compression test.

b. Fixture tool with radii to
distribute load and alignment tool to
adjust the position of the sample.

Figure 4. The experimental setup including frame, tools with radii and load cell
mounted into the press, Dartec 100.

4 Determination of tensile strength and fracture energy

The characteristics of the load response and fracture process for a sample are
investigated. Methods to evaluate tensile strength and fracture energy of a
compacted sample with the diametral compression test are presented bellow.

4.1 Characteristics of the fracturing process

The load versus displacement relationship is of primary interest in the diame-
tral compression tests and Fig. 5 shows a typical example. The characteristics
of all curves are similar although they differ as the strength is highly dependent
on density.

In Figs. 5 and 6 the load response in the various stages of the test is described.
Stage 1 illustrates the initial nonlinear elastic load-displacement relation. In
stage 2, starting at A, the powder shows an almost linear elastic relationship.
In stage 3, the relation turns nonlinear as a crack is initiated at B. The crack
grows in a stable manner through the sample and the load reaches the maxi-
mum value at C. In stage 4, the unstable crack stage, the load decreases rapidly
as the crack widens. In stage 5, from point D, the load increases again, but
the behaviour corresponds now to the loading of two separate disc halves. The
end of test is reached at E. Close to the loaded edge of the disc, shear cracks
and small tensile cracks appear. The softening effect of the load is caused
by tensile cracking which is a local and discrete process driven by cohesive
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Figure 5. A typical force - displacement curve for the diametral test. 1 - Nonlinear
elastic, 2 - linear elastic, 3 - stable crack extension, 4 - ‘unstable’ crack extension, 5
- stable loading of two halves.

Elastic load stage 1
and 2

Crack initiation,
point B

Max load, point C End of test, point E

Figure 6. Crack development during the test. The pictures are related to different
positions on the load curve in Fig. 5.

stresses. Fig. 7 shows shear bands and tensile cracks in the loading area at the
end of the test. These damages are visibly close to the end of the test in stage
5 corresponding to Fig. 5.

The surface of the large central crack is inspected with a microscope. The crack
surface is rough and contains irregularities, the mean variation is estimated
to 100 − 200 μm. In Fig. 8 the roughness and irregularities of a magnified
central crack surface is shown. In Fig. 9 the roughness and the variations of
the surface is displayed, in some regions powder grains are visibly. During
compaction the particles are squeezed together and bonds are created. When
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Shear Band
Tensile Crack

Loading

Figure 7. Shear bands and tensile cracks at the end of the test.

Figure 8. Crack surface of the central crack in a 5 mm sample. The surface roughness
is estimated to 100 − 200 μm.
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Figure 9. Side view of a 5 mm sample fracture surface.

fracture occurs the bonds between these powder particles are broken and the
particles are teared apart as the crack grows.

4.2 Tensile strength

An interesting material parameter is the tensile strength, σf , which is the
maximum nominal tensile stress value of the material. Here defined as the
horizontal tensile stress at the initiation of the large vertical crack in the
centre of the disc. For the calculation of the tensile stress in the middle of
the disc, Eq. (4) is used, corresponding to a plane stress condition. The usual
way to evaluate the tensile strength from diametral compression test is by
substitute the maximum load value into Eq. (4).

The point where the linear slope of the displacement-load curve changes to a
nonlinear behaviour is defined as the crack initiation point, point B in Fig. 5
above. The crack initiation point is calculated here as, the load value where the
continued linear slope is 3% higher then actual load value. Taken as 3% load
deviation with respect to measurement accuracy. The point corresponds well
to crack initiation as caught by video. The fact that the load displacement
curve still continues to increase is ascribed to a cohesive behaviour of the
material. Results from the tests are presented below in results.

4.3 Fracture energy

Fracture of a material is a discrete and localised phenomenon associated with
growth of a crack. A nonlinear zone around the crack tip, see [13] may con-
tain both strain-hardening, strain-constant and strain-softening material. The
fracture zone is a part of the nonlinear zone and contains only strain-softening
material. In the nonlinear zone stresses are finite. Physically, the energy con-
sumed in the fracture zone corresponds to cracking of the material. In diame-
tral compression the energy required to open the central crack is of major
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interest. The energy required to fully open a crack of unit area is called the
fracture energy, Gf , can be used as a parameter in fracture models.

An experimental investigation of the energy consumed in the nonlinear frac-
ture zone during diametral compression test of pressed powder discs was per-
formed. Load-displacement curves of diametral compression test and already
split discs are compared. To split a sample, diametral compression was used.
The sample was loaded until the central crack was formed, then the loading
was stopped. After unloading the sample was removed from the setup and
split against a sharp edge. The split sample was attached between the fix-
tures and gently reloaded. A constant displacement velocity of 0.004 mm/s
was applied on the upper tool until the load force response starts to decrease.
Load response of a disc until crack formation and reloading of the split disc is
shown in Fig. 10. The continuation of the response after crack formation (∗)
illustrate a supposed diametral compression test response.
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Figure 10. Comparison between diametral compression test of split and unsplit discs.
Disc is loaded until (∗) and then unloaded and split. The dashed line illustrate a
supposed diametral compression test response.

Based on the result above the fracture energy was evaluated for each test with
an approximated method. In Fig. 11 an illustration of how the total dissipated
energy, W , can be calculated for diametral compression tests. Dissipated en-
ergy is the difference between total energy in diametral compression test and
energy in loading of a split disc with same dimensions and density. A straight
line between point 1 and 2 in Fig. 11 represents stable loading of a split disc.
Point 2 is chosen as the minimum value of the load after unstable cracking
where the disc is cracked and the following response corresponds to the be-
haviour of a split disc. Point 1 is then chosen as the tangent point of the
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nonlinear elastic stage, see Fig. 11.
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Figure 11. Calculation of the total dissipated energy, W , by the central crack.

To find the fracture energy Gf , the energy required to fully open a crack of
unit area, the total dissipated energy is divided with the fractured area Af

of the central crack. This give us the fracture energy Gf = W/Af assuming
fracture energy per unit area constant.
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Figure 12. Tensile strength σf as function of density for all measured discs. Inside
the figure a magnified figure of the tensile strength for low density values are shown.
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5 Results

The diametral compression test is evaluated with the methods presented above.
The experimental investigation have been performed in the density range 4.90
g/cm3 to 7.35 g/cm3. The main results from the test regarding tensile strength
and fracture energy as function of powder density are presented.

In Fig. 12 fracture stress σf versus density ρ is shown. Mean values are cal-
culated for each target density group. In the low density range 4.90 g/cm3 to
5.11 g/cm3, t = 10 mm samples are exploited as a complement to determine
tensile strength. This is because of the low strength of the samples. The tensile
strength of the powder compacts are highly dependent on density and ranging
from 0.34 MPa (lowest density) to 17.46 MPa (highest density) which is a 50
times difference. In Fig. 13, the ratio between crack initiation load and max
load for each test is presented. The value of the crack initiation load is around
75 − 80% of the max load value of a test.
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Figure 13. The ratio between the crack initiation load, Pfracture and the max load,
Pmax versus density.

In Fig. 14 fracture energy Gf as function of density ρ for each test is shown.
Mean fracture energy values are calculated for each target density group. Also
here t = 10 mm samples are exploited to complement the determination of
fracture energy for the low density range. Fracture energy of the powder com-
pacts are strongly dependent on density. Ranging from 24.9 J/m2 (lowest
density) to 1594.0 J/m2 (highest density) which gives a difference around 64
times. An experimental estimation of the crack length was performed by using
the video recording of the tests. For the diametral compression tests performed
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Figure 14. Fracture energy versus density. Inside the figure a magnified figure of the
fracture energy for low density values are shown.

in this study the crack length is estimated to 80% of the vertical diameter at
point D corresponding to Fig. 5. This is in agreement with Hondros analytical
result, see Fig. 3. Here Af = 0.8Dt is used for evaluation of Gf for all tests.
Tabulated mean value tensile strength and fracture energy data are shown in
Table 1.

Table 1
Experimental results for each density with corresponding tensile strength mean value
and fracture energy mean value.

Density ρ Tensile Strength σf Fracture Energy Gf

(g/cm3) (MPa) (J/m2)

4.90 0.33 24.9

5.11 0.60 50.7

5.65 1.53 134.0

6.24 4.07 429.6

6.54 6.15 648.6

6.90 10.76 1028.7

7.18 15.34 1396.2

7.35 17.46 1594.0
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6 Discussion and conclusions

The diametral compression test is an established method for measuring of
tensile strength in brittle material. During the test a load, P , is applied along
a diameter inducing compressive stresses. Stresses are tensile perpendicular to
the compressed diameter. These tensile stresses acts until failure. To prevent
the compact to break under compressive stress the load P is distributed over
a small arc. This is shown and concluded by [12] and [11], but also concluded
in the theoretical work from [10]. The arc distribution of the force makes it
possible to measure tensile strength in samples with relatively low strength.

An experimental study of load characteristics, tensile strength, crack initia-
tion, fracture propagation and fracture energy is performed for pressed water
atomised metal powder with densities ranging from 4.90 g/cm3 to 7.35 g/cm3

which is 65.5% to 98.3% of the theoretical full green density. The characteris-
tics of the test is shown in Fig. 5 and the fracture initiation and propagation
is correlated to the load response in Fig. 6. During a diametral compression
test a crack is visible in the sample before the maximum load is reached. A
method to evaluate the tensile strength is proposed. At the point where the
linear slope of the displacement-load curve changes to a nonlinear behaviour
is defined as the crack initiation load. This point corresponds well to initiation
of the crack caught in the video. The crack initiation load corresponds to the
tensile strength σf for the material. The fact that the load still increases is
due to the cohesive behaviour of the material. The usual way of determining
tensile strength by a diametral compression test is by evaluate Eq. (4) with
the maximum load value. This method would give a tensile strength which
is about 25% higher than using the crack initiation load, see Fig. 13. From
Fig. 12 it can be concluded that the green tensile strength σf is highly density
dependent in the whole tested range.

The surface of the central crack is rough with mean variation estimated to
100− 200 μm. During fracturing contact bonds between particles in the frac-
ture zone are broken and energy consumed in the fracture zone relates to
the tensile fracturing behaviour of the pressed powder. The energy required
for opening of the central crack in diametral compression test of pressed un-
sintered powder samples is studied here. A method to evaluate fracture energy
from diametral compression test is proposed. This method is based on experi-
mental results where diametral compression test of an entire disc and pre-split
disc is compared. The energy difference between the two tests is assumed to
be the energy required for opening of the central crack. In a diametral test
the disc is not completely split and the crack length is around 80% of the
diameter. It can be concluded that the fracture energy Gf is highly density
dependent for the studied powder mix.
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tensile fracture of metal powder compacts
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Abstract

Diametral compression test or the Brazilian disc test is commonly used to charac-
terise the tensile strength of brittle materials. A general fracture model based on
energy assumptions is proposed for simulation of the discrete and localised tensile
fracturing process in metal powder. The characteristics of the tensile fracture devel-
opment of the central crack in diametral tested specimen is numerically studied. The
softening rate of the model is obtained from the corresponding rate of the dissipated
energy. Finite element simulations of the diametral compression test are performed
with the proposed tensile fracture model, and the results agree reasonably with
experiments.

Key words: Powder mechanics, green bodies, fracture energy, tensile crack,
fracture model, finite element analysis

1 Introduction

A common process in powder metallurgy (PM) is cold uniaxial compaction
with rigid tools and die. The main stages in the pressing process are pow-
der fill and transfer, compaction, axial load release, ejection, release from the
die, post-ejection and handling. Cracks can be initiated during all stages, but
are primarily formed during compaction, ejection and handling. Fracture in
powder compacts can be defined as separation or fragmentation of a solid
body into two or more parts, under the action of stress and is the result of
crack initiation and propagation. According to [1], cracks in a green PM com-
pact during powder pressing are characterised by broken inter-particle bonds
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and/or never formed inter-particle bonds during compaction. The main cause
of broken inter-particle bonds is the pulling apart of powder particles which
have been mechanically locked during compaction. The pulling apart of pow-
der particles is caused by tensile forces, lateral shear forces, or a combination
of these two. Prediction of shear crack formation using a softening material
law for powder pressing have been performed in [2]. A mesh size independent
smeared crack approach using a fracture energy dependent softening modulus
is proposed in [3].

The diametral compression test, also called the Brazilian disc test, is consid-
ered to be a reliable and accurate method to determine strength of brittle
and low strength material, see [4] and [5]. The test has been used to measure
the tensile strength of concrete, rock, coal, polymers, cemented carbides, and
ceramics. For powder material no extensive machining of specialised shape is
needed as a powder material can be pressed directly to a desired geometry.
During the test a thin disc is compressed to failure across a diameter. The com-
pression induces tensile stresses, normal to the compressed diameter, which
are constant over a region around the centre of the disc. In [6], the fracturing
process during diametral compression test is characterised for water atomised
metal powder. The main results are tensile strength and fracture energy as
functions of density.

Powder material is pressure sensitive and density dependent which induces
a complex material behaviour. To numerically reproduce this behaviour the
choice of constitutive model is critical. A better understanding of the material
behaviour will give advantages to other production methods and allow more
extensive computer simulations. Numerical analysis of tool kinematics, tool
force, tool stresses, tool design, density distribution, green strength, residual
stresses and crack initiation etc. might reduce today’s time consuming trial
and error methods.

The aim of this work is to model tensile cracking and crack propagation in
metal powder compacts during loading. A fracture model for powder material
based on energy principles is proposed and used in finite element simulations
of the fracture process and compared with experimental tests.

2 Fracture process in diametral compression tests

In [6] diametral compression tests are performed for an iron based metal pow-
der with a density range of 4.90 g/cm3 to 7.35 g/cm3. The samples was 25
mm in diameter with a thickness of 5 mm and 10 mm. To avoid fracture at
the loading point the load was distributed over a small arc. The load versus
displacement response in the diametral compression tests is shown in Fig. 1
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Figure 1. A typical force - displacement curve for a diametral test, from [6]. 1 -
Nonlinear elastic, 2 - linear elastic, 3 - stable crack extension, 4 - “unstable” crack
extension, 5 - stable loading of two halves.

Elastic load stage
1 and 2

Crack initiation,
point B

Max load, point C End of test,
point E

Figure 2. Crack development during the test, from [6]. The pictures are related to
different positions on the load curve in Fig. 1.

from [6].

The load response of the test is described in several stages, see Figs. 1 and 2.
Stage 1 illustrates the initial nonlinear elastic load-displacement relation. In
stage 2, from point A, the powder shows a linear elastic relationship. In stage
3, the response diverges from the linear as a crack is initiated at B. The crack
propagates moderately through the sample and the load reaches maximum at
C. In stage 4, the unstable crack growth stage, the load decreases rapidly as
the crack is widened. In stage 5, from point D, the load increases again and
the behaviour corresponds to the loading of two separate disc halves. The end
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of test is reached at E. Close to the loaded edge of the disc, shear band and
small tensile cracks appear. The decreasing load is caused by tensile cracking
which is a local and discrete process driven by cohesive stresses. Timoshenko
and Goodier [7] postulated a theoretical basis for the stress state of a circular
disc subjected to two concentrated diametral forces assuming plane stress. In
the centre of the disc the stress can be described with the following relation:

σx =
2P

πDt
(1)

σy = − 6P

πDt
(2)

where P is applied load, t thickness of the disc, D diameter, σx and σy normal
stresses in the directions perpendicular and parallel to the loaded diameter.
Tensile strength is calculated at point B using Eq. (1). Hondros [5] presented
a theory for the case of a pressure p applied over two diametrically opposite
arcs. He also showed that this theory agrees with Eqs. (1) and (2) in the centre
of the disc. Fahad [8] performed a finite element analysis of both arc and point
loading and showed that a good correlation exists between the solutions for
angles up to at least 2α = 22.90◦ for stresses in the centre of the disk.

3 Plasticity model

The constitutive behaviour of the powder material is governed by a Cap model
presented in [9]. To control yielding the model consists of a density dependent
perfectly plastic failure envelope and a hardening cap. The model is fitted
to experimental data for the actual powder. Plastic deformation follows an
associative flow rule and in the principal stress space the yield functions are
given by

f1(I1, J2) =
√

J2 − [α − (a1 − exp(a2(ρ
p
rel)

a3))γ exp(βI1) − θI1] = 0 (3)

f2(I1, J2, κ) =
√

J2 − 1

R

√
(X − L)2 − (I1 − L)2 = 0 (4)

where I1 is the first invariant of the stress tensor and J2 is the second invariant
of the deviatoric stress tensor. The parameter κ is an internal state hardening
variable and a function of the plastic volumetric strain εp

v. L is the point of
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intersection between the two yield surfaces and X the point of intersection
between the hydrostatic axis and the cap function. The parameter R, which
is the ratio between the horizontal and vertical ellipse axes, defines the shape
of the cap in the I1 −

√
J2 plane and α, β, γ, θ, a1, a2 and a3 are material

parameters.

4 Fracture material models

Linear elastic fracture mechanics is not applicable to cracking in metal powder
compacts because the fracture zone is large compared to the crack dimension.
Hillerborg et al. [10] proposed a nonlinear fracture model suited for numerical
analysis of crack propagation in concrete. This crack model uses ideas from
the Barenblatt [11] theory, in which cohesive forces act on the crack planes
and decrease when a crack is widening. Barenblatt proved the existence of
cohesive forces acting on the crack surfaces and that the opposite faces of a
crack close smoothly at the tip of the cohesive zone, see Fig. 3.

�

�
�

�
�

�
�

��
�� !��"�#�

�
�

Figure 3. The Barenblatt model with a cohesive zone ahead of the crack tip, stress
distribution and crack geometry. The stress and displacement fields are finite and
continuous at the crack tip.

The present crack model is an extension of the Barenblatt’s cohesive force
model to nonlinear fracture mechanics where the forces are due to macroscopic
effects from microcracking in the fracture zone. The numerical implementation
uses a discrete crack model, where the forces between the nodes in the ficti-
tious crack follows an assumed stress crack-width relation. See Fig. 4 for an
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Figure 4. Illustration of the fictitious crack for finite element analysis.

illustration of the crack model in finite element analysis. A fracture material
model with a linear stress crack-width relation [10] is

σn(w) = σf (1 − w

wc
) (5)

where σn is the tensile stress normal to the crackplane, σf is the tensile
strength, w is the crack-width and wc is the critical crack-width, see Fig. 5.
This model was applied by Jonsén and Häggblad in [12] to simulate diametral
compression tests of metal powder compacts.

Crack Width w

N
or

m
al
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tr

es
s 

σ n

w
c

σ
f

Figure 5. Fracture model with a linear stress versus crack-width relationship,
from [10].

Nilsson and Oldenburg [13] showed in an analysis of impact loading of con-
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crete structures that the energy dissipation in the fracture material model was
essential if accurate results were to be obtained. They considered the stress
crack-width relation as a softening function with the fracture energy as one
parameter in the following model.

σn(w) = σf exp (
−σf

Gf

w) (6)

where the energy required to fully open a crack of unit area Gf is defined as

Gf =
∫ ∞

0
σn(w)dw (7)

Experimental observation in [6] shows that tensile cracking in pressed metal
powder is a discrete and localised phenomenon exhibiting a softening effect
caused by decreasing cohesive stresses. A density dependent fracture model
with a potential function is proposed for metal powder applications. Below is
the model shown in its general form:

σn(w) =
σf (ρ)

1 + (k(ρ)w)l
with l ∈ R(1,∞) (8)

where w is the crack opening, σf (ρ) tensile strength as function of density and
σn normal stress for a crack opening normal to the crack plane. The model
has been studied for different values of the exponent l. For a general case the
evaluation of the parameter k(ρ) is given by Eqs. (7) and (8) as

Gf(ρ) = σf (ρ)
∫ ∞

0

dw

1 + (k(ρ)w)l
=

π

l sin(π
l
)

σf(ρ)

k(ρ)
(9)

and for the general case k(ρ) becomes

k(ρ) =
π

l sin(π
l
)

σf (ρ)

Gf(ρ)
(10)

For l = 2.0 the stress σn becomes

σn(w) =
σf (ρ)

1 + (π
2

σf (ρ)

Gf (ρ)
w)2.0

(11)
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and for l = 3.0 this stress becomes

σn(w) =
σf (ρ)

1 + (2
√

3π
9

σf (ρ)

Gf (ρ)
w)3.0

(12)

In Fig. 6 the exponential model Eq. (6) and the proposed fracture model
Eq. (8) with different values of l are shown. By varying the exponent l the
characteristics of σn can be affected. For a low value of l, the σn-function
decreases moderately from the beginning to the end of the fracture process.
With a large value of l, the σn-function is almost constant at the onset of
fracture, but decreases rapidly as the function has a larger slope. Another
feature of the potential function is that the derivative of the normal stress as
function of the crack-width is zero for w = 0, see Eq. (13).

lim
w→0

dσn(w)

dw
= lim

w→0
−σf (ρ)lk(ρ)lwl−1

(1 + (k(ρ)w)l)2
= − 0

1 + 0
= 0 (13)
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Figure 6. The exponential and the potential function models used in the numerical
investigation.

5 Finite element simulation of diametral compression

Diametral compression tests of pressed powder discs are virtually reproduced,
validated and compared with experimental results. A three dimensional finite
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Figure 7. The symmetric finite element mesh used for simulations of diametral com-
pression test of pressed powder.

element model of the tool and the disc where the material response of the
powder is controlled with a Cap model is exploited in the simulations. A
fracture model controls the fictitious crack with a stress crack-width relation.
The force displacement response for different stress crack-width relations at
equivalent Gf are studied. In the comparison with experiments two different
densities 5.65 g/cm3 and 7.21 g/cm3 are studied. In the experimental study
by Jonsén et al. [6] 25 mm diameter samples with 5 mm and 10 mm thickness
are exploited and here only t = 5 mm samples are reproduced. In Fig. 7 the
symmetric finite element mesh used in the numerical analysis containing 20
666 nodes and 17 234 brick elements is shown.

The tool is considered rigid and a small arc in the tool distributes the load
to the sample as in the experiments. Friction between the tool and the disc
is assumed constant and set to μ = 0.10. Symmetry condition is exploited to
facilitate computing. Only the upper half of the disc and half its thickness is
modelled. A third symmetry plane located in the middle of the disc is exploited
to model the fracturing. Between the two halves of powder a tiebreak contact
is active for nodes which initially are in contact. The stress is limited by a yield
condition σf and fracturing is a function of the crack-width opening controlled
by the fracture models proposed above.
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A. Stress distribution of V1 in the
elastic range

B. Stress distribution of V1 at
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Figure 8. The horizontal stress, σx, distribution for simulation V1 in the elastic range
and at maximum load. At the maximum load the central crack is partly opened.

5.1 Validation of the numerical model

A validation of the numerical model has been carried out. In this validation
the proposed fracture model Eq. (8) for l = 3 controls the fracturing which
is governed by a stress crack-width relation. The force response, crack-width,
crack length and dissipated energy are checked. In [6] a method to estimate
the dissipated part of the energy W from the total energy consumed in the test
is proposed. This method is also used to check the numerical model. Three
different simulations are performed for the density 7.21 g/cm3. In the first
simulation, V1, a fracture energy of Gf = 1489 J/m2 is used, in the second
simulation, V2, fracture energy Gf = 1638 J/m2, which is a 10% increase
compared to V1. For V1 and V2, the tensile strength is 16.0 MPa. The tensile
strength, σf = 16.0 MPa, corresponds to the force at point B in Fig. 1 using
Eq. (1). To separate the dissipated energy from the fracturing of the central
crack and the total consumed energy a simulation of two separate halves is
performed in the third simulation, V3. The fracture model is removed and
the response is from loading of two separate halves with σf = 0. In Fig. 8
the horizontal stress σx distribution is shown for simulation V1 in the elastic
range before crack initiation and at the maximum load point.

In Fig. 9 the global response from the virtual diametral compression tests
V1, V2 and V3 is shown. The response curves from V1 and V3 intersects in
the point marked (∗1) and the area enclosed by V1 and V3 is defined as the
dissipated energy W . The intersection point between V1 and V2 is marked (∗2)
in Fig. 9 and the area enclosed by V1 and V2 is ΔW the difference in dissipated
energy between V1 and V2. Dissipated energy from V1 is W = 0.1344 J and
ΔW = 0.0145 J which gives ΔW/W = 0.108.

Another approach to determine the dissipated energy is to calculate the energy
consumed in the fracture interface. Dissipated energy W can be calculated
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Figure 9. Force vs displacement response from simulation V1 with fracture energy
Gf is compared with simulation V2 with 1.10Gf . Simulation V3, loading of two
separate halves σf = 0.0 is also shown. The area enclosed by simulation V1 and
V3 is the dissipated energy W , intersection points between simulation V1 and V3 is
marked (∗1) and between V1 and V2 is marked (∗2).
incrementally from time n to time n + 1 from the fracture interface as:

W n+1 = W n +

⎡
⎣ nsn∑

i=1

ΔF slave
i × Δdslave

i +
nmn∑
i=1

ΔF master
i × Δdmaster

i

⎤
⎦. (14)

Where W n is the stored energy, nsn is the number of slave nodes, nmn is the
number of master nodes, ΔF slave

i is the interface force between the ith slave
node and the contact segment, ΔF master

i is the interface force between the ith
master node and the contact segment, Δdslave

i is the incremental distance the
ith slave node has moved during the current time step and Δdmaster

i is the
incremental distance the ith slave node has moved during the current time
step. In Fig. 10 dissipated energy as a function of tool displacement for the
central crack in simulation V1 is shown. The dissipated energy W is calculated
with this method for V1 at (∗1) and V2 at (∗2), see Fig. 9. The results from
dissipated energy calculations using the global load response method from [6]
and the contact interface method Eq. (14) are shown in Table 1. Both methods
give almost equal result of the dissipated energy for V1 and V2. The table
shows also that the 10% increase in Gf gives an equal increase in W . This is
correct as the crack surface area Af of V1 at (∗1) and V2 at (∗2) are nearly
equal.
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Figure 10. Dissipated energy W calculated with Eq. (14) as a function of tool dis-
placement for the central crack in simulation V1.

Table 1
Validation of dissipated energy W for the fracture simulations V1 and V2.

Method V1 V2 Difference

W (J) W (J) ΔW/W (%)

Global Force Estimation 0.1344 0.1489 10.8

Fracture Interface 0.1339 0.1473 10.0

Before crack initiation around 80% of the vertical diameter is loaded in tension
horizontally. During fracturing stresses are controlled and related to crack-
width w by the fracture model. As the crack opens up tensile stresses will
decrease around the centre of the disc and be more concentrated where the
crack is less opened. The crack-width is checked at the intersection point
between simulation V1 and V3, (∗1), see Fig. 9. At the crack tip most of the
energy is left and to numerically determine the crack length and relate it to a
real value can be difficult. In Fig. 11 crack length against crack-width on the
outer edge and centre of the crack surface at (∗1) is shown. The maximum
crack-width is 250 μm and the crack length is around 90% of the vertical
radius at the end of the test. Of course this value depends on the tolerance
that is used in the determination of the crack length.
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Figure 11. Central crack form in the centre of the crack surface and outer edge at
(∗1) in Fig. 9.

5.2 Results

The load response from the finite element model with a fictitious crack is
studied for different fracture models. All models have equal Gf , but different
functions for the stress versus crack-width relation. Input data to the numeri-
cal model is taken from the experimental investigation carried out in [6]. Using
equal input data as for the validation simulation V1, the density of the pow-
der is ρ = 7.21 g/cm3, the fracture energy, Gf = 1489 J/m2 and the tensile
strength, σf = 16.0 MPa for all fracture models. In Fig. 12 force versus dis-
placement for the exponential model by Nilsson and Oldenburg Eq. (6) and the
suggested potential model Eq. (8) with l = 2, 3 and 9 are shown. In Table 2 the
maximum and minimum loads with corresponding displacements from Fig. 12
are shown. A high value of l gives a larger difference in the maximum and
minimum load values of the response curve after fracture. The exponential
model have least difference in between maximum and minimum followed by
the potential function model with l = 2. The response difference is probably
due to that a low value of l will have more energy left at high w values. On
the other hand a high value of l will stiffen the response as more energy is
needed to open the crack at the beginning of the fracturing.

From the experimental work carried out by Jonsén et al. [6] two specific exper-
iments are compared to finite element simulations. In the first experiment the
measured fracture energy is Gf = 1489 J/m2 with a tensile strength σf = 16.0
MPa at the density ρ = 7.21 g/cm3, the second experimental test is carried out
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Figure 12. Comparison between different force displacement responses for the studied
fracture models.

Table 2
Maximum and minimum loads with corresponding displacement from Fig. 12. The
Exponential-model is the model proposed by Nilsson and Oldenburg Eq. (6) and
Pot-model is the suggested potential function model Eq. (8).

Model Max Load Displacement Min Load Displacement

P (kN) at PMax (μm) P (kN) at PMin (μm)

Exponential-model 3.786 127.9 3.536 148.3

Pot-model, l = 2 3.743 122.4 3.403 142.0

Pot-model, l = 3 3.787 126.1 3.399 154.3

Pot-model, l = 9 3.838 125.7 3.281 155.4

at the density ρ = 5.65 g/cm3 and the measured fracture energy is Gf = 112
J/m2 with a tensile strength σf = 1.28 MPa. The proposed fracture model
with l = 3 and l = 9 is used for both densities. In Fig. 13 the load responses
from the experimental and finite element simulations are shown for both den-
sities. The constitutive model for the powder does not include the nonlinear
elastic behaviour shown experimentally in the initial loading stage, stage 1 in
Fig. 1. This nonlinear effect arises from the geometrical nonlinearity of the
contact problem between the powder particles. The nonlinear contributions
are added to the displacements of the numerical simulations in the figures so
that the numerical results start at a nonzero displacement value.
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Figure 13. Comparison between experimental response and finite element simulations
with the proposed fracture model for l = 3 and 9 at the densities 7.21 g/cm3 and
5.65 g/cm3. The load response for the density 5.65 g/cm3 around the maximum load
is shown in the magnified plot.

5.2.1 Cut off parameter wc

According to the experimental study in [6], unstable crack widening occurs
after the maximum load, see stage 4 Fig. 1. This is not shown in the simulated
response above. Another difference between the force displacement response
from experimental tests and numerical simulation is that the minimum value
after fraction is lower in the real test then for simulated ones. The suggested
model Eq. (8) is defined for 0 ≤ w < ∞ which is unrealistic. One difference
may be that there is energy left in the simulated crack even at the end of the
test. In the fracture model proposed by Hillerborg et al. Eq. (5) the fracture
model works on a finite interval 0 ≤ w < wc where wc is a critical crack-width.
By introducing wc as a cut off parameter into the suggested model Eq. (8) the
model will be switched of at a certain crack-width and the stress σn = 0 for
w > wc.

In Fig. 14 the suggested model Eq. (8) with l = 3 and with wc as a cut of
parameter is shown. The grey area in Fig. 14 is the omitted fracture energy.
The approach to turn off the fracture model at a critical crack-width, violates
the theory described above as Gf is a physical parameter and a cut off may
decrease the value of Gf , see Eq. (7). The stress versus crack-width relation
can be compensated so that the area below the function still represents Gf . In
the comparison with experimental load response a fracture model with l = 3
is used, see Fig. 13. Below is an example where the cut off parameter wc is
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Figure 14. Fracture model with extended with a critical crack opening width wc.
The stress σn = 0 for w > wc and the grey area is the cancelled fracture energy.

included in the same model. The particle size of the powder mix is 20−180 μm
and the roughness of the fracture surface is estimated to 100− 200 μm in [6].
The value of the critical crack-width, wc is set to 150 μm and this reduces the
fracture energy Gf to 1350 J/m2 which is about 10% lower than the original
Gf . In this simulation this change in Gf is not compensated for. To compare
the effect of the cut off parameter wc an equal fracture model with no cut off
parameter (Gf = 1489 J/m2) is used in the reference simulation. In Fig. 15 the
response from finite element simulations using wc = 150 μm is shown together
with the load response from the reference simulation and the experimental test.
The response from the extended model including wc improves the load response
for the model compared to the experimental response, see Figs. 13 and 15. In
Table 3 the maximum and minimum loads with corresponding displacement
and dissipated energies for experimental and simulated diametral compression
tests with and without cut off parameter wc are presented.

Experimental dissipated energy (∗) from [6] is evaluated with a global method
and the simulated energy is calculated with Eq. (14). With the critical crack-
width, wc included as a parameter the maximum load response is unchanged,
but the minimum load is changed. Comparison of dissipated energy in Table 3
for the simulation with a cut off value and the reference simulation shows
that a critical crack-width of wc = 150 μm gives a 1.9% lower value of the
dissipated energy compared to a the reference simulation.
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Figure 15. Load response from the potential function model l = 3 with and without
cut off value wc = 150 μm compared with an experimental diametral compression
test.

Table 3
Load response from an experimental diametral compression test and the potential
function model l = 3, with and without cut off parameter. Experimental dissipated
energy W from [6] (∗) estimated with a global method. Dissipated energy W at
equal displacement (∗1) from Fig. 9.

Max Displacement Min Displacement Dissipated

P (kN) at PMax (μm) P (kN) at PMin (μm) Energy W (J)

Experiment 3.724 140.0 2.792 168.6 0.1489 (∗)
Pot-model, ref 3.787 139.1 3.399 167.3 0.1339 (∗1)
wc = 150μm 3.787 139.1 3.126 167.3 0.1313 (∗1)

6 Discussion and conclusion

The diametral compression test is an established method for measurement of
tensile strength in brittle materials such as rock, concrete, polymers, ceramics
etc. During testing a load P , applied along a diameter, induces compressive
stresses. Stresses are tensile perpendicular to the compressed diameter. These
tensile stresses act until failure. Pressed and unsintered powder compacts are
low strength material and the diametral compression test is an alternative
method as an ordinary tensile test is almost impossible to perform and results
are given with a large uncertainty, see [14].
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An energy dependent fracture model Eq. (8) together with Eq. (10) to control
dissipated energy for pressed powder is suggested in this work. A property of
the potential function is that the derivative of the normal stress as function of
the crack-width is zero for w = 0, see Eq. (13). This grants function stability
at the onset of fracture. The numerical modelling of fracture in pressed powder
is based on an experimental investigation of the diametral compression test
performed for pressed water atomised metal powder in [6]. One of the main
findings from the experimental work is that pressed powder seems to exhibit
a cohesive behaviour upon tensile loading. Experimentally determined tensile
strength σf and fracture energy Gf as functions of density are also results
from the study, see [6].

Finite element simulations of diametrically compressed discs with a fictitious
crack controlled by a stress versus crack-width relationship are performed in
this work. In the simulation tensile strength σf is used as failure condition
and limits the stress in the fracture interface. After crack initiation, damage
is governed with the energy dependent fracture model. A validation using two
different methods to calculate dissipated energy is performed. Both methods
show almost equal result regarding the dissipated energy. The difference be-
tween the methods is that the global method includes plastic and elastic energy
from the material and the fracture interface method only includes the energy
in the interface. The validation shows that an increase in fracture energy Gf

gives an equal corresponding increase in dissipated energy W .

The stress versus crack-width relation governs dissipation of crack surface
energy and thereby affects the load response, see Fig. 12 and Table 2. The
difference between the maximum and minimum load value after fracture in-
creases with the exponent l. The response difference is due to dissipation of
energy. A small value of l will have more energy left at large w compared to
models with larger values of l. On the other hand a large value of l will stiffen
the load response at the beginning of the fracture process as most of the en-
ergy is consumed early in the fracturing. In comparison with experiments the
proposed model Eq. (8) using l = 3 shows a fair agreement with the maxi-
mum load while l = 9 gives a larger maximum load. Both models gives too
high values of the minimum load compared to experiments, but l = 9 gives a
smaller value than l = 3, see Fig. 13.

A modification of the proposed model is also considered and here the fracture
model works on a finite interval 0 ≤ w < wc where the critical crack-width wc

is introduced as a cut off parameter, see Fig. 14. Using the suggested model it
is important not to omit to much energy as it affects the fracture energy Gf ,
which will be reduced. If the cut off parameter is used in the model the omitted
energy should be compensated so that Gf is unchanged. The extended model
improves the simulated load response, the maximum load is unchanged, but
the minimum load after fracture is changed, see Table 3 and Fig. 15. Using wc
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in fracture modelling has a disadvantage as the critical crack-width might be
difficult to determine.

The simulation results show that it is possible to simulate fracturing of pressed
powder. The global method to estimate the dissipated energy W and the
fracture energy Gf from a real test seems to be a good approximation. From
experiments [6] the length of the central crack is estimated to be fully open
80% of the disc diameter. In the numerical simulation the crack length is
around 90% of the disc diameter at the end of the simulation, but it is only
partly opened, see Fig. 11. Thus, the assumption of a crack length of 80%
for the determination of Gf is reasonably correct when comparing with the
simulations. In the simulated result only the fracturing of the central crack is
modelled. This gives a higher final stiffness than for a real test where shear
bands and other types of fracture appear. One possibility would be to include
effect of crack shearing in the modelling, see [15].
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