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Abstract 

Cutting tool inserts, for instance used in steel machining, have the requirement to be tough 

and are therefore most often manufactured out of cemented carbides, using powder 

metallurgy. Manufacturing components with powder metallurgy has its advantages in high 

productivity and good net shape. The powder is spray dried and compacted to half its 

sintered volume. Because of friction between the powder and the pressing tool, the density 

after compaction is uneven, leading to uneven shrinkage during sintering. To get the right 

shape after pressing and sintering, the pressing tool must often be compensated, which is 

both expensive and time consuming. By doing computer simulations of the manufacturing 

process, the shape after sintering can be predicted and used to compensate the pressing tool 

before it is manufactured, thus saving both time and money. Also cracks and porosity in the 

powder blank can be predicted with such simulations. 

This thesis studies mechanical modelling of powder compaction in general and compaction 

of cemented tungsten carbide powders in particular. Because of the amount of powder 

granules in a typical geometry, the mechanical behavior is modelled with a continuum 

approach, using the finite element method (FEM). Accuracy is important in the present 

application and therefore a detailed elastic-plastic material model with a density dependent 

yield surface of Drucker-Prager CAP kind is used. 

For accurate material modelling it is important to include relevant features and to exclude 

unimportant physical effects. In Paper A sensitivity studies are therefore performed in 

order to conclude which properties in the material model that have a significant influence on 

the result. The studies show that anisotropy can be disregarded in the current application. 

In Paper B the effects from creep and compaction speed are studied. It is concluded that 

creep has no influence on the density after compaction, which also is confirmed by density 

measurements using a neutron source in Paper D. The compaction speed on the other hand 

influences the friction coefficient between powder and pressing tool, lower at increased 

speed. In Paper C frictional behavior is scrutinized experimentally with the aid of an 

instrumented die. The friction coefficient is determined and analyzed, and it is shown that it 

depends on the normal pressure. 



 

 

 

The sensitivity studies in Paper A show that measurements of the local density are needed 

in order to determine and verify material properties. Since the analyzed powder contains 

tungsten (W), which has a high atomic number, a polychromatic beam of thermal neutrons 

is needed. In Paper D it is shown that the local density can be measured with 3D imaging 

and a thermal neutron source.  

From the results and conclusions in the above-mentioned papers, a material description for 

powder compaction is suggested. This description is implemented in FEM in Paper E and 

applied to reverse engineering in order to determine important material parameters. 

Experiments in a pressing machine with a pressing method that includes multiple unloading 

steps is used. The material description with the determined parameters is verified with 

density measurements using a neutron source.  

  



 

 

 

Sammanfattning 

Inom skärande bearbetning av exempelvis stål, där skärspetsen måste vara hård och 

hållfast, används oftast hårdmetallskär, tillverkade med pulvermetallurgi. Att tillverka 

komponenter med pulvermetallurgi har fördelen att hög produktivitet nära den slutgiltiga 

formen kan uppnås. Pulvret sprejtorkas och kompakteras till halva den sintrade volymen. 

Eftersom det uppstår friktion mellan pulver och pressverktyg är densiteten i det pressade 

ämnet ojämn och därmed krymper ämnet ojämnt under sintring. För att få rätt form efter 

pressning och sintring måste därför pressverktyget ofta kompenseras, vilket är både dyrt 

och tidskrävande. Genom att göra datorsimuleringar av framställningsprocessen kan 

formen efter pressning och sintring istället predikteras, och pressverktyget kan 

kompenseras före tillverkning, vilket sparar både tid och pengar. Även sprickor och 

porositet efter pressning kan förutsägas med sådana simuleringar. 

I denna avhandling studeras mekanisk modellering av pulverkompaktering, generellt och 

specifikt för hårdmetall. På grund av mängden granuler i en typisk skärgeometri modelleras 

de mekaniska egenskaperna med en kontinuumansats och finita elementmetoden (FEM). 

Eftersom noggrannhet är viktig i denna applikation, används en detaljerad elastisk-plastisk 

materialmodell med en densitetsberoende Drucker-Prager CAP flytyta. 

Grundläggande för relevant materialmodellering är att inkludera viktiga egenskaper och att 

utelämna oviktiga fysikaliska effekter. I Artikel A görs därför känslighetsanalyser för att 

undersöka vilka delar i materialmodellen som har en signifikant påverkan på resultatet. 

Slutsatsen är att anisotropi inte behöver modelleras för denna applikation. 

I Artikel B studeras effekten av kompakteringshastighet och kryp. Slutsatsen är att kryp 

inte har någon inverkan på densiteten efter pressning, vilket också valideras med 

neutronmätningar i Artikel D. Presshastigheten påverkar däremot friktionskoefficienten 

mellan pulver och pressverktyg, lägre vid högre hastighet. I Artikel C analyseras 

friktionsbeteendet experimentellt med hjälp av en instrumenterad dyna. 

Friktionskoefficienten bestäms och analyseras, och slutsatsen är att den beror på 

normaltrycket. 



 

 

 

Känslighetsanalysen i Artikel A visar att mätningar av den lokala densiteten är nödvändiga 

för att bestämma och verifiera materialegenskaper. Eftersom det analyserade pulvret 

innehåller wolfram (W), som har ett högt atomnummer, krävs en polykromatisk stråle av 

termiska neutroner. I Artikel D visas att den lokala densiteten kan mätas med 3D-bildanalys 

och termiska neutroner. 

Utifrån resultaten och slutsatserna i ovannämnda artiklar föreslås en materialbeskrivning 

för pulverkompaktering. Beskrivningen är implementerad i FEM i Artikel E och används 

med baklängesoptimering för att bestämma viktiga materialparametrar. Experiment i en 

pressmaskin och en pressmetod som inkluderar flera avlastningar används. 

Materialbeskrivningen verifieras med densitetsmätningar där en neutronkälla används.  



 

 

 

Acknowledgments 

Pressing of spray dried powder is a subject that becomes more and more interesting the more 

you learn about it. It has been a privilege to dive into this subject together with my 

experienced and helpful coworkers at Sandvik Coromant. I am very grateful for the 

opportunity to develop models, describing powder compaction, together with the talented 

colleagues at “hållfen”.  The outcome of this work has given new insights to powder 

compaction and increased accuracy of the simulation tool describing the compaction 

process. 

This doctoral thesis has been carried out at the Department of Solid Mechanics (“hållfen”) at 

the Royal Institute of Technology (KTH) in Stockholm, Sweden, between December 2014 and 

December 2019. It has been financed by Sandvik Coromant AB and most of the experiments 

has been performed at Sandvik’s plant in Västberga, Sweden. I am very grateful for the 

financial support from Sandvik. 

My deepest gratitude goes to my supervisor Professor Per-Lennart Larsson for driving this 

project forward, despite all obstacles. Thank you for your fast feedback and humble attitude, 

it has been a pleasure working with you. I’m also very grateful to my assistant supervisor, 

Dr. Erik Olsson, for clever feedback and critical thinking. 

There is a long list of friends and coworkers at Sandvik Coromant and KTH that directly or 

indirectly have had a big impact on this thesis, thank you all very much. A special thank you 

to Per Lindskog for kindly sharing pressing and modelling expertise, to Jonas Pettersson for 

sharing compaction knowledge and to Dr. Bartek Kaplan and Dr. Daniel Andersson. 

I am also very thankful for the fruitful collaboration with Dr. Zoltán Kis and Dr. László 

Szentmiklósi from the Centre for Energy Research at the Hungarian Academy of Sciences, 

and the financial support from the SINE 2020 project. 

Last but not least, I would like to thank family and friends for being there for me during my 

studies and showing interest in my work. 

 
 

 

Västberga, December 2019 



 

 

 

Appended Papers 

Paper A 

On the Influence of Material Parameters in a Complex Material Model for Powder 

Compaction 

Hjalmar Staf, Per Lindskog, Daniel C. Andersson and Per-Lennart Larsson 
Journal of Materials Engineering and Performance, 25(10), 2016, 4408–4415. 

Paper B  

On Rate-Dependence of Hardmetal Powder Pressing of Cutting Inserts 

Hjalmar Staf, Erik Olsson, Per Lindskog and Per-Lennart Larsson 
Powder Metallurgy, 60(1), 2017, 7–14. 

Paper C 

Determination of the Frictional Behavior at Compaction of Powder Materials Consisting of 

Spray-Dried Granules 

Hjalmar Staf, Erik Olsson, Per Lindskog and Per-Lennart Larsson 
Journal of Materials Engineering and Performance, 27(3), 2018, 1308–1317.  

Paper D 

Determining the Density Distribution in Cemented Carbide Powder Compacts Using 3D 

Neutron Imaging 

Hjalmar Staf, Zoltán Kis, László Szentmiklósi, Bartek Kaplan, Erik Olsson and  
Per-Lennart Larsson 
Powder Technology, 354, 2019, 584–590. 

Paper E 

Mechanical Characterization of Powder Materials: A General Approach Detailed for 

Cemented Carbides 

Hjalmar Staf, Erik Olsson and Per-Lennart Larsson 
Powder Technology, 364, 2020, 531–537.  



 

 

 

Contribution 
The author’s contribution to the appended papers.  

Paper A 

Principal author. Developed FE models and sensitivity studies with input from Daniel C. 
Andersson and Per Lindskog. Performed numerical simulations and wrote the paper under 
the supervision of Per-Lennart Larsson. 

Paper B 

Principal author. Developed a test method and performed FE simulations. Performed 
experiments under supervision of Jonas Pettersson at Sandvik Coromant and wrote the 
paper under the supervision of Per-Lennart Larsson and Erik Olsson.  

Paper C 

Principal author. Performed experiments under the supervision of Per Lindskog and 
developed the analytical model with input from Erik Olsson. Performed calculations and 
analyzed the results. Wrote the paper under the supervision of Per-Lennart Larsson. 

Paper D 

Principal author. Manufactured test samples and performed FE simulations. Developed a 
test setup together with Zoltán Kis, László Szentmiklósi and Bartek Kaplan. Supervised the 
measurements that were performed by Zoltán Kis and analyzed results from the 
measurements and the simulations. Wrote the paper together with the co-authors. 

Paper E 

Principal author. Developed a test method and corresponding FE model. Performed 
experiments together with Jonas Pettersson at Sandvik Coromant and performed reverse 
optimization with input from Erik Olsson and Per Lindskog. Supervised and analyzed 
neutron measurements performed by Zoltán Kis at BNC. Wrote the paper under the 
supervision of Per-Lennart Larsson and Erik Olsson. 
  



 

 

 

Other Contributions 
In addition to the appended papers, the work has resulted in the following publications and 
presentations. 

A Numerical Study of Material Parameter Sensitivity in the Production of Hard Metal 

Components Using Powder Compaction  

Daniel C. Andersson, Per Lindskog, Hjalmar Staf and Per-Lennart Larsson 
Journal of Materials Engineering and Performance, 23(6), 2014, 2199–2208. (Journal paper) 

Improving Cutting Tools with Insights from Neutron Tomography 

Hjalmar Staf 
SYNERGI, March 8–9 2018. Amsterdam, Netherlands. (Keynote speech) 

On the Usage of a Neutron Source to Determine the Density Distribution in Compacted 

Cemented Carbide Powder Compounds 

Hjalmar Staf, Elias Forssbeck Nyrot and Per-Lennart Larsson 
Powder Metallurgy, 61(5), 2018, 389–394. (Journal paper) 

Evaluation of an Advanced Powder-Die Frictional Model 

Hjalmar Staf and Per-Lennart Larsson 
Powder Technology, 363, 2020, 569–574. (Journal paper) 

 



Contents 

Introduction .................................................................................................................................. 2 

Powder material .......................................................................................................................... 4 

Powder compaction ..................................................................................................................... 4 

Powder Compaction Modelling .................................................................................................. 5 

Material model ............................................................................................................................ 5 

Friction ....................................................................................................................................... 7 

Time dependence ......................................................................................................................... 8 

Reverse Engineering .................................................................................................................... 9 

Experiments ............................................................................................................................... 10 

Compaction experiments ............................................................................................................ 10 

Neutron imaging ........................................................................................................................ 11 

Key Results .................................................................................................................................. 13 

Conclusions ................................................................................................................................. 17 

Bibliography ................................................................................................................................ 18 

Paper A 

Paper B 

Paper C 

Paper D 

Paper E 

  



Hjalmar Staf 

2 
 

 

Introduction 

Powder metallurgy is widely used in the manufacturing industry and has its advantage in 

high productivity and good net shape. For instance, cutting tool inserts, that have the 

requirement to be tough, are most often manufactured from a cemented carbide powder. The 

powder is spray dried, compacted and sintered. This thesis studies mechanical modelling of 

powder compaction in general and compaction of cemented carbide powders in particular.   

A huge number of everyday products are manufactured with a machining operation that 

includes a cutting tool insert. The cutting insert is mounted on a holder and used to remove 

material from a workpiece, either in a milling or turning operation. In a turning operation 

the workpiece rotates while the cutting tool removes material and in a milling operation the 

cutting tool rotates. Because of accuracy and stability demands in such operations, the 

inserts have not only the requirement to be tough but also to have small shape tolerances to 

Figure 1. Milling operation to the left. Cutting tool inserts (yellow) are mounted on the holder with screws. Example of coated cutting 
inserts to the right. 



Mechanical Modelling of Powder Compaction 

3 
 

fit well into the holder. Figure 1 shows a milling operation with inserts mounted in a holder 

and different cutting insert geometries. 

This thesis focus is on cutting tool inserts manufactured from cemented carbide powders, 

the most common material for cutting inserts. It should be mentioned that the presented 

methods are valid for other powder materials, such as iron powders, titanium powders and 

pharmaceutical powders.  The powder analyzed here consists of tungsten carbide, cobalt, 

alloys and pressing agent. The raw materials are milled and spray dried to a powder with 

good flow properties. 

After spray drying, the powder is compacted to half its sintered volume. Because of friction 

between the powder and the pressing tool, the density after compaction is uneven, leading to 

uneven shrinkage during sintering. To get the right shape after pressing and sintering, the 

pressing tool must often be compensated. This is both expensive and time consuming, but by 

doing computer simulations of the manufacturing process, the shape after sintering can be 

predicted and the pressing tool can be compensated before manufacture. This is the main 

reason to have accurate models for powder compaction. Other reasons are better 

understanding of the compaction process and prediction of cracks in the powder blank. 

The pressed powder blank is sintered. In a first process step, the pressing agent is removed 

by debinding. In latter process steps, during so called liquid state sintering, the binder melts 

around the tungsten carbide. The shrinkage during liquid state sintering is of course 

significant and depends on the local density of the powder blank. It has been shown by 

Haglund et al. (1996) that the shape after sintering can be predicted successfully with 

simulations. The local density from the compaction simulations, developed currently, are 

input to the sintering simulations that predicts the shrinkage to full density. 

After sintering the blank is inspected and, in some cases, grinded. Often the sintered blank 

is blasted and coated with either Chemical Vapor Deposition (CVD) or Physical Vapor 

Deposition (PVD), before it is packaged and sold. Coated cutting tool inserts are shown in 

Figure 1 above. 
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Powder material 

The cemented carbide powder, analyzed and modelled here, consists of tungsten carbide 

(WC), cobalt (Co), alloys and pressing agent. The tungsten carbide contributes to the 

hardness and wear resistance of the sintered material, while the cobalt acts as a binder, 

keeping the sintered material together and adding toughness. Measured in weight, the 

powder roughly contains 88% WC, 10% Co and 2% pressing agent. The pressing agent, 

PolyEthylene Glycol (PEG), is added to hold the compacted part together and is removed 

during the sintering process. Measured in volume, the pressing agent corresponds to 

approximately 20% of a pressed powder blank. 

Before the raw material is compacted, it is spray dried to a powder with good flow properties, 

which is crucial for the filling process of the pressing tool. The WC and Co particles have a 

representative size of approximately 1 μm while the corresponding size of the granules, after 

spray-drying, is in the order of 100 μm.  

In previous research by Brandt and Nilsson (1999) and Andersson et al. (2014), the same 

cemented carbide powder blend was studied. 

 

Powder compaction 

The spray dried powder is filled into a pressing tool that, in its simple form, consists of a die 

and an upper and lower punch. After filling, the punches move against each other, pressing 

the powder into a so-called green body or powder blank. During compaction, the average 

relative density (compared to sintered density) goes from 25% to 55%. In other words, the 

volume of a powder blank is roughly halved during compaction and halved once again 

during sintering. The pressing tool itself is often made of cemented carbide. 

Because of friction between the powder and the pressing tool, the local density in the powder 

blank is uneven after compaction, leading to uneven shrinkage during sintering and shape 

deviation on the sintered geometry. Since a cutting insert must be perfectly mounted in its 

holder for a stable cutting process, shape deviations must be eliminated. This can either be 

done by expensive grinding of each insert or by compensating the pressing tool, or by a 

combination of both.  
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Powder Compaction Modelling 

A simulation is an artificial imitation of an operation, here performed by computer 

calculations. Because of the huge amount of powder granules in a typical insert geometry, 

the simulation is performed using a continuum approach, where the average behavior of 

many granules is considered. The geometry is divided into multiple elements, using the finite 

element method (FEM). The material behavior in each element is described by a material 

model. There are multiple material descriptions for powders in the literature and since 

accuracy is important a detailed and density dependent model is currently used. 

 

Material model 

Powder has a very complicated and highly nonlinear behavior during compaction, and 

therefore the material model has to be complex (Gurson, 1977). There are multiple material 

descriptions for cemented carbides, for instance CAP plasticity, multisurface plasticity and 

endochronic plasticity (Häggblad, 1991). Similar material models are available for other 

powder materials, such as iron powders (Zadeh et al., 2013), titanium powders (Hadadzadeh 

et al., 2017) and pharmaceutical powders (Han et al., 2008). Here, a very detailed CAP model, 

first suggested by Brandt and Nilsson (1999), is used. It is a density dependent, elastic-plastic 

material model with a yield surface of Drucker-Prager CAP kind.  

The plastic part is defined by a yield surface that depends on the powder density and the first 

invariant �� of the Cauchy stress tensor and the second invariant �� of the stress deviator. If 

the Cauchy stress tensor is ���, its first invariant can be written as �� = ���, i.e. the trace. The 

stress deviator is 
�� = ��� − 1/3����� and its second invariant is �� = 1/2
��
��. 

The material model, first presented by Brandt and Nilsson (1999), was also studied by 

Andersson et al. (2014). The yield surface is described by an elliptic CAP part ����  and a 

quadratic failure curve ��������. 

   ������,  ��,  ��� = ��� − �
 �!" − #���$� − !" − ��$� = 0   (1) 

   �������� ��,  ��,  ��� = ��� − &'��� +  &������ − &������
� = 0   (2) 
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The size of the CAP part is determined by the yield point in hydrostatic compression, #���, 
which is a function of the relative density � . The density �  is measured relative to the 

sintered density. The shape is controlled by two parameters, "/# and ). Furthermore, the 

failure part of the yield surface, ��������, is described by three density dependent functions 

as  

   &'��� = − *�+�
,-.*�+��*�+�/�,� 0,-

√2 − �,/3�+���*�+�/�,�
 4    (3) 

   &���� = �,
,-.*�+��*�+�/�,� 0*�+�

√2 − ,/3�+�
 4    (4) 

   &���� = 56�+�
�,       (5)  

These functions result in a smooth yield surface at the transition point �� = ", while the yield 

stress at uniaxial compression becomes 7���, which controls the size of this part of the yield 

surface. The yield stress at pure shear becomes &'���. The hypoelastic behavior is assumed 

to be isotropic and described by a density dependent bulk modulus, 8���, and a constant 
Poisson’s ratio 9.  
 

Figure 2. Yield surface at different relative density. The material parameters presented in Paper E are applied. 
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The yield surface is crucial since most of the deformation during compaction is due to 

plasticity. In Figure 2 the yield surface for different densities is shown. The part to the left of 

the top, between L and X, is the CAP part. As a comparison it can be mentioned that the von 

Mises yield surface (not used here) would be a horizontal line in this figure. 

In Paper A, a parameter sensitivity study is performed to determine which features in the 

material model are important to consider. It is shown that parameters linked to anisotropy 

and the plastic strain evolution angle has a small impact on the result, especially for simple 

geometries. These features are therefore not included in the description above. 

 

Friction 

During pressing, powder is exposed to a frictional force =�  acting perpendicular to the 

normal force => at contact with the pressing tool. Frictional forces have a great impact on the 

density gradient after pressing and are thus important to consider when simulating the 

compaction process (Briscoe and Rough, 1998). Friction is here defined by Coulomb’s 

frictional coefficient ? according to 

   ? = @A
@B
       (6) 

Guyoncourt et al. (2001) and Hong et al. (2008) show that an instrumented die successfully 

can be used to determine the frictional coefficient. In the present work an instrumented die 

with eight radial pressure sensors (Lindskog et al., 2013), mounted in a pressing machine 

with good rate capabilities, is used. Since the normal pressure differs over the powder pillar 

in the instrumented die, a reverse engineering approach is applied. 

Samuelson and Bolin (1983) used a so-called two-step test method (Strijbos, 1977) where the 

powder first is compacted and then removed and pushed against a moving die material. 

Comparing results from the two-step method with the current results from an instrumented 

die, show that the two-step method does not give the complete frictional behavior.  

Since forces during compaction are highly nonlinear and much lower in the beginning of the 

pressing process, the frictional behavior at low pressure is important to consider. In Paper C 

the frictional behavior is determined for lower pressure than in earlier research. Also in this 

paper, by analyzing the frictional behavior during unloading with different densities and 
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normal pressures, it is concluded that the frictional coefficient best is described as a function 

of normal pressure. 

 

Time dependence 

There exists a relaxation phenomenon when cemented carbide powders are compacted. It is 

easily visualized by pressing powder, stopping the punch at the end position and at the same 

time monitoring the pressing force, as seen in Figure 3. The dynamic effect for ferrous 

powder is analyzed by Roshan Kumor et al. (1999) and the rate effect on the powder-die 

friction by Gethin et al. (2008).  

In Paper B, the effect from relaxation on the shape after sintering is analyzed to determine if 

this feature is important to include. It can be concluded that creep, in the current application, 

doesn’t influence the sintered shape. The effect from compaction rate is also analyzed, and it 

can be concluded that the frictional behavior between powder and pressing tool is rate 

dependent. This feature is not implemented here since the influence is believed to be small. 

For other applications this effect might have to be considered, but here the pressing 

machines have a rather constant production rate.   
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Reverse Engineering 

The main advantage with reverse engineering, or inverse optimization, is that experiments 

that affect multiple physical effects can be used to determine material parameters (Bui et al., 

1994). This contrasts with the more classic method where pure tests for each material 

parameter are performed. Before an optimization is carried through, a sensitivity study 

should be done to verify that the determined parameters are influenced in the experiment. 

Sensitivity studies are also used to analyze if certain material parameters influence the 

outcome from a simulation. 

The first step in the sensitivity studies performed here is to build a surrogate model. The 

model is over-sampled and built with linear functions, since it is shown that higher order 

functions give the same result. A sensitivity study with a surrogate model, built with Radial 

Basis Functions (RBF) as described by Holland (1992), is also used in this work. The results 

are presented with a Sobol index (Sobol, 1993), showing average sensitivity from multiple 

elements in a FE simulation. 

Inverse optimization can successfully be used to determine material parameter curves 

(Andersson et al., 2015). In the current work, the meta model is built from linear polynomials 

and domain reduction is applied (Hallqvist, 2006). Experiments are compared with FE 

simulations and the difference between them is minimized. 

In Paper E, the most important material parameter curves are determined with a reverse 

engineering approach and experiments in an electrical powder pressing machine. The 

pressing force at the punch is monitored during compaction and a pressing method that 

includes multiple unloading steps is applied. The force from the corresponding FE 

simulations is compared with the experimental force. The accuracy of this method is 

validated by performing parameter identification with fewer measuring points. 
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Experiments 

It is important to have relevant experiments for material parameter identification and for 

validation of the material model. With a reverse engineering approach, the tests can be more 

general, as long as they are sensitive for the material properties tested (Bui et al., 1994). Four 

major tests are performed in this thesis, for instance force monitoring during compaction and 

measurement of the local density using a neutron source. 

 

Compaction experiments 

Standard pressing tools from insert production are used to analyze the influence from 

pressing speed and holding time. The pressing machine is electric and has a maximum 

Figure 4. Picture of the instrumented die before and after mounting in the pressing machine. The picture in the upper right 
corner shows powder blanks from this pressing tool. 
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compaction rate of 60 mm/s. It is similar to those used in production. To analyze the effect on 

the sintered shape, a production-like sintering process is used. 

To determine the material parameter curves with reverse engineering, experiments in an 

equivalent electrical pressing machine are performed. Cylindrical powder compacts are 

pressed and the pressing force is recorded in the machine during compaction. A pressing 

method that includes multiple unloading steps is applied. 

The frictional behavior between the powder and the pressing tool is determined from an 

instrumented die (Lindskog et al., 2013). Here the radial forces, at eight heights, are recorded 

during pressing. The instrumented die is mounted in an electrical pressing machine and for 

instance the influence from different compaction speed is determined. The instrumented die, 

before and after mounting in the machine, can be seen in Figure 4 above. 

 

Neutron imaging 

The analyzed powder consists of cemented tungsten carbide. Since tungsten has a high 

atomic number, it is hard to penetrate with X-rays and even cold neutrons (Staf et al., 2018). 

In Paper D it is shown that polychromatic beam of thermal neutrons sufficiently penetrates 

powder blanks for 3D imaging. The local density can successfully be determined using beam 

hardening correction (Alles and Mudde, 2007). In order to establish a correspondence 

Figure 5. A typical radiography setup consisting of a neutron sensitive, visible-light 
emitting scintillator screen and a digital camera. 
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between the local attenuation and the local density, as well as for the beam hardening 

correction, reference samples with uniform densities and different thickness are measured. 

The density gradient measurements are performed at the neutron imaging facility (RAD) of 

the Budapest Neutron Centre (Kis et al., 2015). To avoid influence from scattered neutrons, 

mainly due to the hydrogen in PEG, the sample is placed 50 mm away from the screen. In 

Figure 5 above a typical radiography setup is shown. 
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Key Results 

In this chapter, important results from the appended papers are summarized. These are 

likewise the most important findings from the research in this thesis. 

 

Paper A: On the Influence of Material Parameters in a Complex Material Model 

for Powder Compaction 

The results from the sensitivity studies in this paper show that the material model first 

suggested by Brandt and Nilsson (1999) can be simplified in the current application. Cutting 

insert geometries are modelled with FEM and the material parameter sensitivity, with 

respect to density and stress after compaction, is studied. Parameters linked to anisotropy 

and the plastic strain evolution angle has a small impact on the final result. This applies 

especially to simple insert geometries.  

 

Paper B: On Rate-Dependence of Hardmetal Powder Pressing of Cutting Inserts 

The effect from compaction rate and creep, on the shape after sintering, is analyzed in this 

paper. In Figure 6 the shape distortion after sintering is presented for inserts that have been 
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Figure 6. Experimental results for average top convexity after sintering determined by 
dividing minimum height with maximum height. The value 1.0 corresponds to no convexity. 
The minimum and maximum convexity values, for each experiment, is also presented. 
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compacted with different speed (slow/fast) and different holding time after compaction 

(short/long). It can be seen that holding time, i.e. creep, has no influence on the shape, and 

that the compaction speed has a clear influence. The latter can be explained with the rate 

dependent frictional behavior between the powder and the pressing tool. The result is also 

confirmed by local densities measurements with a neutron source in Paper D. 

 

Paper C: Determination of the Frictional Behavior at Compaction of Powder 

Materials Consisting of Spray-Dried Granules 

The results in this paper show that the frictional behavior best is described with a frictional 

coefficient that depends on the normal pressure. In Figure 7, the Coulombs frictional 

coefficient μopt, optimized with a reverse engineering approach, is shown as a function of 

normal pressure. It is believed that the coefficient plateau can be explained with granule 

breakage. It is also determined in this study that the compaction speed influences the 

frictional behavior between powder and pressing tool. It can be seen that higher speed gives 

a lower Coulomb friction coefficient. 
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Figure 7. Coulombs frictional coefficient as a function of normal pressure. Determined for cemented 
carbide powder in Paper C. 
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Paper D: Determining the Density Distribution in Cemented Carbide Powder 

Compacts Using 3D Neutron Imaging 

Andersson et al. (2014) and the results from the current sensitivity studies show that local 

density measurements are important for an accurate modelling of powder compaction. Since 

tungsten has a high atomic number, it is hard to penetrate with X-rays and cold neutrons. In 

this paper it is shown that a polychromatic beam of thermal neutrons sufficiently penetrates 

the powder blanks and that the local density successfully can be determined using a beam 

hardening correction. In Figure 8 the local density in a cylinder, measured with neutrons as 

discussed, is shown.  

 

 

Paper E: Mechanical Characterization of Powder Materials: A General Approach 

Detailed for Cemented Carbides 

The results from the above-mentioned papers are implemented here. The material model is 

simplified according to the sensitivity study and the pressure dependent frictional 

description is implemented into FEM. In this paper the most important material parameter 

curves are determined successfully, using a reverse engineering approach and experiments 

in a production machine. The results are verified with density gradient measurements using 

a neutron source. In Figure 9, the yield surface from the material parameters determined is 

Figure 8. Local relative density d (relative sintered density) in a cylinder 
compacted from the top. Measurements performed using a thermal neutron 
source. The figure shows a cut through the middle of the cylinder. 
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compared with yield surfaces from earlier research by Brandt and Nilsson (1999) and 

Andersson et al. (2015).  
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Figure 9. Yield surface for different material parameters and for different relative density d (relative sintered density). 
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Conclusions 

From the research presented in this thesis it can be concluded that powder compaction in the 

present application successfully can be modelled with a simplified version of the material 

model first suggested by Brandt and Nilsson (1999). This density dependent, elastic-plastic 

material model with a yield surface of Drucker-Prager CAP kind is thus modelled as 

isotropic. 

It is shown that the frictional behavior between the powder and the pressing tool depends 

on the normal pressure. For an accurate description of the compaction process a frictional 

model is determined and implemented into FEM. The determined frictional coefficient has a 

plateau in the middle of the compaction process and declines thereafter. It is further shown 

that the frictional behavior is compaction rate dependent, and that creep can be ignored in 

the present application. 

Important material parameter curves in a material model, describing powder compaction, 

can successfully be determined with reverse engineering and experiments in a production 

machine. The suggested material description and the determined material parameters are 

validated by measuring the local density with a thermal neutron source and beam hardening 

correction. It is concluded that thermal neutrons sufficiently penetrate powder compacts 

containing tungsten.  

For future research it is suggested to address the shrinkage during sintering with FEM 

modelling. Further, the currently developed methods should be applied to determine 

material parameters, describing compaction of other cemented carbide powder blends. 
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