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ABSTRACT 

The pressing of hard metal components was analysed with numerical methods. 

The aim was to calculate the density distribution and the springback during 

unloading. This thesis concentrated on the following parts; constitutive 

modelling, explicit versus implicit time integration schemes and contact 

constraint methods. 

Three constitutive models for the simulation of the mechanical material 

behaviour of hard metal powder were evaluated. The models were cap 

plasticity, multisurface plasticity and endochronic plasticity. 

The compaction of powder specimen was simulated assuming quasi-static 

conditions. The method of using explicit time integration of the equations of 

motion was compared with a traditional method employing implicit time 

integration. The results show that an explicit code is advantageous in terms of 

development potential, solution time and ease of use. 

Alternative constraint methods were evaluated when modelling the contact 

between powder and tool. A contact constraint method with friction based on 

direct integration of the equations of the contact interface was proposed. 

Two specific powder metallurgical parts, a highway engineering tip and a 

plate for testing crack sensibility, were selected for the analyses. The 

calculated density distributions were qualitatively in good agreement with 

experimental results. The springback obtained in the numerical simulation of 

unloading and ejection processes was in good agreement with measured values. 

Keywords: constitutive model, constraint method, explicit time integration, 

finite element method, metal powder pressing. 
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INTRODUCTION 

The powder pressing process is an important part of the production of most 

powder metallurgical (P/M) components. This dissertation describes a study to 

mechanically model this process. 

The pressing process can be divided into three phases; compaction, unloading 

and ejection. It is followed by a sintering process where the remaining 

porosity of the P/M component is removed. During the sintering cracks may 

initiate due to uneven density distribution. Other problems during 

manufacturing are cracks developing when ejecting the compact from the tool, 

porosity after sintering and distorted shapes. The porosity and the distorted 

shapes are also problems related to uneven density distribution after the 

pressing process. Thus, the knowledge of the density distribution within 

powder compacts can be used to make appropriate modifications of design of 

the tools and pressing procedure. The unloading and the ejection phase is also 

important to simulate in order to achieve an optimum shape of the component 

and the tool. 

The computer simulation of the pressing process of P/M components provides 

a powerful tool to the development of new P/M components. Several groups 

have modelled the powder pressing process, see [1], [2], [3], [4] and [5]. The 

main problems associated with modelling and simulation of metal powder 

pressing are the strongly nonlinear material behaviour, the powder to metal 

contact problem, the friction problem and the complex and time consuming 

calculations even for relatively simple problems. 
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The present work aims at addressing these problems in the context of finite 

element modelling and simulation of the cold pressing of hard metal powder. 

In the appended papers the following topics are studied; constitutive models, 

explicit versus implicit integration schemes, contact and friction methods, and 

pressing simulation of manufactured components including unloading and 

ejection. A brief description of the appended papers is given below. 

In paper A three constitutive models were studied in order to describe the 

mechanical behaviour of hard metal powders. By using optimisation methods 

the constitutive models were fitted to experimental data from tests of 

cylindrical standard grade tungsten powder specimens precompacted to 10 

MPa. The tests were performed with experimental equipment for conventional 

triaxial compression loading at room temperature. The strain-rates were low 

in order to avoid dynamic effects. 

In paper B a comparison between an explicit and an implicit finite element 

formulation was performed for the simulation of the double sided die 

compaction of a cylindrical powder specimen. The constitutive model used 

here was a multisurface plasticity model. 

In paper C a contact constraint method with friction was proposed. The 

method developed for explicit analysis was applied to simulation of powder 

compaction. The problem was a plane strain problem. The constitutive model 

used here was a cap plasticity model. 

In paper D the simulations of the pressings of two powder components were 

presented. One component was a axisymmetric tip, the other component was a 
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plate modelled assuming plane strain conditions. For both components the 

density distribution was measured by use of gamma ray absorption technique. 

For the second component, the whole pressing cycle including compaction, 

unloading and ejection was simulated. 

CONSTITUTIVE MODELS 

The powder compaction process shows strongly nonlinear relation between 

stress and strain. That is, it is generally necessary to use a complex 

constitutive model to describe the behaviour of hard metal powder subjected 

to a general loading. The constitutive models investigated in this dissertation 

(paper A) are a cap plasticity model based on the work in [6], a multisurface 

plasticity model following [7] and [8], and an endochronic plasticity model, see 

[9] and [10]. The basic features of the hard metal powder were determined 

from experimental studies performed at the Division of Rock Mechanics at 

Luleå University of Technology, see [11]. The constitutive models were fitted 

to these experiments by using optimisation methods. A corrected Gauss-

Newton method was used to find optimal model parameters The application of 

optimisation methods for the determination of constitutive parameters from 

experimental data was presented in [12]. 

The most complex constitutive model investigated in this dissertation was the 

endochronic model. The endochronic theory of plasticity differs from 

conventional plasticity as a yield surface is not required in the formulation. 

The inelastic behaviour of the powder is modelled by semi-empirical 

functions. The result, as described in paper A, for the endochronic model used 

was very good, see Figure 1. However, the major drawback of the 
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endochronic model used was the large number of parameters most of them 

without any physical significance. Thus, the model was not used in any finite 

element simulation reported in the dissertation. The cap model was used in 

paper C and paper D and the multisurface model was used in paper B and 

paper D. 
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O j - O j —12SUPo/ (, 
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Figure 1 Fit of triaxial compression tests with the endochronic model. 

Experiments, see [11]. (a), Axial stress versus axial and radial 

strain; (b), volumetric stress versus volumetric strain. 

From paper A. 
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After investigating different constitutive models for hard metal powder 

compaction one recommend the cap model for its simplicity, the multisurface 

model for its possibilities to model complex loading situations and to develop 

the endochronic model further to a less complex version. 

CONTACT AND FRICTION MODELS 

The modelling of the frictional contact between powder and die is equally 

important as the constitutive modelling of the powder in the densification 

process. In earlier compaction simulations by the author as presented in [13], 

the penalty method, see [14], was used for contact constraining. Problems with 

penetration were observed in the simulations when the penalty method was 

applied. In order to solve this problem a contact constraint method was 

introduced in paper C. The method is based on the Lagrange multiplier 

method and results in a direct integration of the equations of motion of the 

contact interface in order to establish the contact forces. The method ensures 

the impenetrability condition and the friction force can exist without relative 

tangential displacements. This implies that the stick-slip conditions can be 

satisfied, see Figure 2. The direct integration method was used also in paper 

D. The penalty method was used in paper B. The Coulomb friction model was 

used in all papers of the dissertation. 

The contact constraint method with friction introduced in paper C was found 

to be useful in simulations of powder pressing processes. 
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Figure 2 Die compaction of hard metal powder (direct integration method). 

Horizontal displacement of six nodes on the lower powder surface 

as function of time. From paper C. 

SIMULATION OF POWDER PRESSING 

Simulation of powder pressing were shown in papers B, C and D. In paper B 

the explicit and implicit finite element codes, Dyna2d [15] and Nike2d [16] 

respectively, were used to simulate the double sided die compaction of a 

cylindrical powder specimen. The results show that the explicit code was 
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advantageous in terms of development potential, solution time and ease of use. 

The work presented in paper B was done during the winter of 1990/91. It 

showed promising results in the use of explicit integration methods for 

simulation of powder pressing. Thus, in paper C and paper D the explicit code 

was used. 

In paper D simulations of the pressing of commercially produced components 

were shown. The densities of these components were measured at Sandvik 

Coromant, Stockholm, using a technique based on absorption of gamma 

radiation. The amount of gamma radiation absorbed by a body depends on its 

density, its thickness, and the absorption coefficients of the elements in the 

powder. A thin slice is cut from the powder compact for the measurements. 

Thus, with a constant thickness and a homogeneous powder mixture the 

gamma radiation is a function of the density exclusively. The results from the 

measurements were compared with calculated results in the paper D. The 

calculated results showed a qualitative good agreement with the measured 

results, Figure 3. 

In paper D the simulation of the unloading of a powder compact and the 

ejection of the compact from the die were shown, Figure 4. Good agreement 

was found between the calculated springback of the component during 

unloading with the experience from the manufacturing of the component. 
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Figure 3 Comparison of measured density distribution, a), with calculated 

density distribution, b). From Paper D. 

c) d) 

Figure 4 Compaction, unloading and ejection of a metal powder component. 

Relative density distribution of compacted component, a), and 

during unloading and ejection, b), c) and d). From Paper D. 
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DISCUSSION AND CONCLUSIONS 

Different topics of research in the mechanical simulation of powder pressing 

by using finite element methods were addressed in papers A to D. It is 

concluded in this work that explicit time integration of the equations of 

motion is a good alternative to implicit methods in finite element analyses of a 

highly non-linear quasi-static problem such as the powder pressing process. 

The pressing includes the compaction, unloading and ejection of the compact. 

The cap plasticity model was found simple and easy to use as constitutive 

model for the powder . The multisurface plasticity model used was found to 

be attractive but needed to be fitted to new experimental data in order to be 

used in design of real components with complex shape. The endochronic 

plasticity model used was found to be too complex and needed to be further 

developed to a less complex version. The contact constraint method with 

friction introduced in paper C based on direct integration of the equations of 

the contact interface was found to be well suited for the simulation of powder 

pressing processes. 

FUTURE DEVELOPMENTS 

Future research may be directed towards three-dimensional simulation of 

powder pressing using explicit integration schemes. A large number of time 

steps is normally required in a quasi-static analysis with explicit integration. 

However, each time step is inexpensive and the cost increases linearly with the 

size of the model. These considerations imply that explicit integration schemes 

can be efficient in analyses of large scale, three-dimensional, powder pressing 
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problems. Several research topics should be addressed in order to improve the 

pressing-simulation of powder components. One topic is constitutive models, 

as is shown in paper A the endochronic model is very promising to give 

accurate material response. A less complex endochronic model than described 

in paper A should be studied and implemented in a FE-code. The multisurface 

model should be studied in greater detail and as shown in paper D new 

parameter fitting should be done where the range of validity of the model 

should be extended to lower confining pressure. Another topic of research is 

the contact- and friction models. The contact constraint method with friction 

presented in paper C was shown to be very promising to use in powder 

pressing simulations. In the simulations shown in this work the Coulomb 

friction model was used. Future work will be to further investigate the 

influence of temperature and strain-rate primarily on the frictional behaviour 

but also on the material behaviour. Future work will also be to include other, 

more accurate, friction models. An appropriate model contains a friction 

coefficient that depends not only on variables such as temperature, sliding 

speed, prior sliding displacement, but also on internal variables of the powder 

(e.g. density) and of the lubricant. 

Future developments of the modelling of powder behaviour in this work will 

be to include the modelling from loose powder up to low pressure (10 MPa). 

In order to achieve this one could include remeshing schemes in the 

calculations, see [17]. As an alternative to remeshing would be to include an 

Arbitrary-Langrangian-Eulerian procedure, see [18]. 

Many of the above mentioned future developments demand more experimental 

data. Triaxial experiments where other loading situations than the conventional 

triaxial compression should be performed, e.g. triaxial extension, deviatoric 
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compression and reduced triaxial compression. Frictional experiments where 

the frictional contact between powder and die-wall is studied in greater detail, 

especially at elevated temperatures. These experiments will give an improved 

knowledge about the power pressing process. 
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Abstract 

Constitutive models to describe the mechanical material behaviour of hardmetal powders are studied. 
Three classes of constitutive relationships are examined, described as cap plasticity, multisurface plasticity 
and endochronic plasticity. A representative model of each class is studied in detail. A n optimization 
technique is used to fit the constitutive parameters to empirical test data on multiaxially loaded 
hardmetal powder specimens. O f all models tested, an endochronic model proposed by Bazant shows 
the best agreement with the empirical test data. Different phenomena can be simulated with the model 
by adding certain constitutive functions. It is, however, difficult to fit the mode! to test data because 
of the large number of model parameters, most of which have no physical meaning. 

Introduction 

T h e cold pressing process is of great importance 

in the manufacturing of hardmetal components from 

powders. If, in this process, inhomogeneities are 

introduced or if fracture occurs, the component will 

be rejected or it will perform badly in its intended 

use. Thus , it is of great interest to be able to accurately 

predict the mechanical behaviour of the powder 

during a compaction process. 

I n the mechanical description of the cold pressing 

process, two major aspects are still in a research 

stage. These are the formulation of the constitutive 

relations for the powder materials, and the for

mulation of the interface relations between powder 

and die wall. This paper is limited to the constitutive 

equations of powder materials, leaving the interface 

problem (contact and friction) for a subsequent paper. 

T h e aim of this investigation is to describe the 

mechanical behaviour of metal powder using classical 

and modern constitutive theories. Depending on the 

purpose, a simple or an advanced constitutive theory 

may be needed. However, in any case, this choice 

must be based on a thorough knowledge of the 

mechanics involved as well as the limitations and 

accuracy of the constitutive theories. 

Mechanical properties of hardmetal powder 

T h e experimental data are from experiments on 

a hardmetal powder of standard type from A B 

Sandvik Coromant in Stockholm, Sweden. A servo-

hydraulic testing machine is used to control the axial 

load. T h e specimen to be tested is placed in a high-

pressure loading cell surrounded by a fluid. T h e fluid 

is pressurized by a high-pressure pump which controls 

the radial load. T h e equipment is capable of tests 

of up to 250 M P a hydrostatic pressure. T h e specimens 

tested are precompacted to 10 M P a . They are cy

lindrical in shape, with a diameter of 30 mm and 

a length of 60 mm. They are covered with latex 

rubber to prevent high-pressure fluid from pene

trating them. With this equipment, the measured 

stress-strain relationship is entirely the reflection of 

the bulk properties of the powder. T h e influence of 

the boundary on the data is negligible. 

A brief description of the mechanical properties 

of metal powders is given. T h e equipment, exper

imental techniques and experimental data are de

scribed in detail by A l m et al. [1] and A i m [2]. 

Hydrostatic loading 

Hydrostatic loading is performed by keeping the 

axial and the radial load equal. T h e volumetric stress 

as a function of the volumetric strain is shown in 

Fig . 1. Af ter the small portion of l inear compaction, 

nonlinear compaction takes place, initiated by a small 

amount of softening of the material caused by the 

collapse of pores and other soft parts of the powder. 

A s soon as the softer parts become packed, the 

material becomes stiffer. T h e hardening is clearly 

seen in the figure. Unloading from a high pressure 

takes place along an elastic path. It is also observed 

0032-5910/91/S3.50 © 1991 — Elsevier Sequoia, Lausanne 
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Fig. 1. Hydrostatic loading-unloading-rcloading of hard
metal powder. 

Fig. 2. Triaxial compression test of hardmetal powder. 
Axial stress versus principal strains. 

0,-Oj-

Fig. 3. Triaxial compression test of hardmetal powder. 
Volumetric stress versus volumetric strain. 

that material failure never takes place in hydrostatic 

loading. 

volumetric strain, F ig . 3, shows that shear compaction 

occurs at high pressures, i.e., the volume is smaller 

for an axial loading test than for a hydrostatic loading 

test with the same mean normal stress. A t small 

pressures, no shear compaction is seen, and the 

volume starts to increase for a high stress difference. 

Thus , shear stresses seem to be important for the 

density distribution in compacted powder. 

Constitutive models 

F r o m the mechanical tests on hardmetal powder, 

it is obvious that the material cannot adequately be 

described by elasticity theory. In the following, we 

limit our discussion to quasistatic loading and iso

thermal loading conditions. Furthermore, we have 

chosen some representative constitutive theories for 

our investigation. These are distinguished by the 

terms 

— cap plasticity 

— multisurface plasticity 

— endochronic plasticity 

Cap plasticity 

C a p plasticity models are based on the classical 

plasticity theory with an appended yield surface 

intersecting the hydrostatic axis. By using plastic flow 

theory, we are able to describe both loading and 

unloading situations. This possibility is of great im

portance in industrial metal powder compaction, since 

the process involves combined loading and unloading 

of the powder. With the cap model, it is also possible 

to predict nonlinear compaction and inelastic di-

latancy. W e have further investigated the cap model 

by DiMaggio and Sandler [3], see Appendix A , which 

is assumed to be representative for this class of 

models. This model has also been extensively used 

in hardmetal powder simulations at A B Sandvik, see, 

for example, Hehenberger et al. [4]. A drawback of 

the DiMaggio and Sandler model is the small number 

of parameters available to achieve good agreement 

with the real material behaviour. 

Triaxial loading 

Results from general triaxial loading tests on metal 

powder are shown in Figs. 2 and 3. Here three 

different load paths are shown. A l l three are of the 

conventional type of triaxial loading path: hydrostatic 

loading to a certain value followed by increase in 

the axial load with constant radial load. It is seen 

in Fig . 2 that an increase in radial pressure also 

increases the axial failure load. Furthermore, there 

exists a critical axial pressure above which the material 

never fails. T h e diagram of volumetric stress versus 

Multisurface plasticity 

O n e way to increase the accuracy of the predictions 

of the plasticity models is to use more than one 

yield surface. Mroz [5] and Iwan [6] have presented 

theories of so-called multisurface plasticity. I n ad

dition to the effects which can be modelled by cap 

plasticity, the multisurface plasticity approach more 

easily describes hysteresis effects in cyclic loading. 

Since additional parameters of the model are ob

tained by adding extra yield surfaces, close fits to 

real material behaviour can be obtained. 
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T o describe the hydrostatic behaviour of the pow

der with classical plasticity theory, it is necessary to 

have a yield surface intersecting the hydrostatic axis. 

O n e way is to use an appended cap as above in the 

cap plasticity description. It is also possible to use 

a continuous yield surface intersecting the hydrostatic 

axis. This is done in the multisurface theory proposed 

by Prevost [7], see Appendix B . T h i s model has 

previously been extensively used in soil mechanics. 

It is investigated here for metal powder compaction. 

Endochronic plasticity 

In the flow theory of plasticity, the transition from 

an elastic state to an elastic-plastic state appears 

more or less abrupt when the stress-point reaches 

a yield surface. F o r powder materials, it could be 

very difficult to define the location of a yield surface, 

owing to the fact that there is no distinct transition 

from elastic to elastic-plastic behaviour. Valanis [8] 

has proposed a theory of plasticity, called the en

dochronic theory, without a yield surface. T h e theory 

can be put in a very advanced form which permits 

the prediction of all main phenomena. W e have in 

particular studied an extension of the endochronic 

theory made by Bazant et al. [9]. T h i s model has 

previously been used mainly for concrete and rock 

materials. I n order to use the endochronic theory 

on hardmetal powder, some further refinements were 

necessary, see Appendix C . 

Numerical results 

T h e more advanced constitutive theories involve 

many material parameters which are generally not 

easy to find from simple tests. T o find these pa

rameters for hardmetal powder in the loading range 

0-300 M P a , we have used data from three triaxial 

tests with radial pressures 15 M P a , 80 M P a and 

125 M P a . By using optimization methods, we have 

fitted the material parameters to these test data such 

that the quadratic deviation between theoretical and 

test data is minimized (see H ä g g b l a d and Nilsson 

[10] and H ä g g b l a d [11]). 

Stress-strain diagrams 

Results from numerical studies with the consti

tutive theories described above are presented in 

Figs. 4 to 6. By using the cap model, see Fig. 4, 

the hydrostatic fit is almost exact. W h e n the shearing 

is increased, deviation of the numerical data from 

the experimental data is relatively large. T h e char

acteristic volume increase of the powder at low 

pressures is not described by the model. W h e n the 

multisurface model is used, see Fig. 5, the curves 

have discontinuous derivatives, depending on the 

Fig. 4. Fit of the triaxial compression test with the cap 
plasticity model. Experimental data from Alm et al. [ l j . 
(a), Axial stress versus axial and radial strain; (b), volumetric 
stress versus volumetric strain. 

abrupt change in parameters that occurs when the 

stress point reaches a new yield surface. T h e shear 

compaction behaviour of the powder at high pressures 

is not satisfactorily described by the model. There 

is a conflict between shear expansion at low pressures 

and shear compaction at high pressures. It is difficult 

to predict both these phenomena with the same set 

of parameters. T h e endochronic model shows a very 

good fit over the whole of the stress region considered, 

see F ig . 6. T h e dilatancy behaviour of the powder 

is well described by the model, both for low and 

high pressures. 

Operation count 

A n operation count is performed on the different 

constitutive models described. T h e number of op

erations is dependent on the particular implemen

tation. However, it gives some information regarding 

the calculation cost of using the different models in 

computer simulations. 

T h e results are presented in the Table. T h e en

dochronic model shows the largest value for the total 

number of operations. T h e value depends on the 

assumed number of iterations for convergency. Here 

it is four. T h e value of the total number of operations 

for the multisurface model depends on how often 

a new yield surface is reached by the stress point. 
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• Experiment 

- Constitutive model 

-110 -120 -100 -BO -60 -40 -20 

Fig. 5. Fit of triaxial compression tests with the multisurface 
model. Experimental data from Alm et al. [1]. (a), Axial 
stress versus axial and radial strain; (b), volumetric stress 
versus volumetric strain. 

Fig. 6. Fit of triaxial compression tests with the endochronic 
model. Experimental data from Alm et al. [1]. (a), Axial 
stress versus axial and radial strain; (b), volumetric stress 
versus volumetric strain. 

Here it is assumed that a new surface is reached 

every fifth load step. 

Discussion 

T h e fits of three constitutive models to a hardmetal 

powder, presented here, were selected as examples 

of various types of models suitable for simulation 

of the constitutive behaviour of powder materials. 

T h e cap models are used widely for analysis of 

the behaviour of different materials. T h e constitutive 

parameters are relatively few and easy to obtain 

from conventional material tests. T h e model by 

DiMaggio and Sandler presented here is easy to fit 

to hydrostatic loading and unloading. A s can be seen 

from the results, the deviation of the model from 

the experiments increases when the shear stresses 

are increased. Especial ly for small pressures, the 

calculation for large stress differences was difficult 

to carry out. T h e load range seems to be too wide 

for the model. W h e n fitting the model over a narrower 

stress range, it is easier to obtain good agreement 

with the experiments. 

A n advanced-type constitutive model is the multi-

surface plasticity model. T h i s model could be at

tractive for users. It has material parameters that 

T A B L E . Operation count for one load step (includes adds, 
subtracks, multiplies and divides in major subroutines) 

Material model Operations Total number 
per cycle of operations1 

Cap plasticity 556 960 

Multisurface 1295 910 
plasticity 

Endochronic 345 1400 
plasticity 

"Total number of operations includes assumed number of 
iterations in different parts of the models; they are average 
values based on experience with the model during the 
numerical experiments performed for this work. 

are easy to measure and have a physical significance. 

It has a nonassociated flow rule and 'history' effects 

are included. T h e number of material parameters 

depends on how many yield surfaces are needed. 

T h e storage requirements in a computer increase 

with increasing number of yield surfaces but do not 

increase the degree of difficulty of the model. T h e 

results show relatively good agreement with the 

experiments. 

T h e most advanced model investigated here is the 

endochronic model. T h e fact that a yield surface is 



A5 

131 

not required in the formulation of the endochronic 

theory is attractive. T h e inelastic behaviour of powder 

to triaxial loading is modeled by semi-empirical func

tions. T h e degree of accuracy required can be ob

tained by increasing the complexity of these functions. 

A limitation of the model is the loss of physical 

significance of the material parameters. This increases 

the difficulties when fitting the parameters to the 

experiments. T h e numerical problems with the model 

were significant, especially in iteration to conver

gence. T h e advantages of the endochronic model 

can be seen in the results presented above. V e r y 

good agreement between the numerical and exper

imental curves is achieved. T h e almost exact pre

diction of the volumetric curve for the loading path 

with the lowest pressure is particularly notable. 
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Appendix A 

C a p plasticity 

T h e following is a description of the theory of 

the cap model by DiMaggio and Sandler [3] with 

a modification of the model to the compaction be

haviour of hardmetal powder. T h e model is based 

on an incremental theory of plasticity. It contains 

an elastic stress-strain relation, a flow rule, a hard

ening rule, a stationary failure surface, and a strain-

hardening moving cap. T h e cap is situated between 

the failure surface and the hydrostatic stress axis. 

T h e failure surface is denoted by 

Hh. h') = Æ 7 - [A - C exp (B /0 ] 

= 0 

and the cap by 

Mh, h', K)-vV-ji ^(x-LY-(h-LY 

= 0 

( A l ) 

( A 2 ) 

in which Ii is the first stress invariant, / 2 ' is the 

second stress deviator invariant and K is an internal 

state variable which measures the hardening. I n 

Fig. A the functions are displayed. T h e failure surface 

is a combination of the Drucker-Prager and the 

Mises yield surfaces. It approaches the 

Drucker-Prager surface at very low mean normal 

stress and the von Mises surface at high mean normal 

stress. 

T h e hardening parameter is chosen so that 

£ ( « ) -
- K 

= 0 

if K < 0 

if K » 0 

and 

X=L-R[A-C exp(BL) ] 

( A 3 ) 

( A 4 ) 

Fig. A. DiMaggio—Sandler cap model. 
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where L and X define the first stress invariant range 

of the cap, see Fig . A l . T h e quantities A, B, C and 

R are material parameters. With a function such as 

eqn ( A 2 ) , the cap is elliptically shaped and the 

parameter R is the ratio between the major and 

minor ellipse axes. 

T h e plastic volumetric strain is a two-segmented 

function written as 

Wi[exp(D 1 A') - 1 ] i f X > ß 

W 2 [exp(D 2 v
/ ixj - 1 ) ] otherwise 

( A 5 ) 

in which W u W2, D, and D2 are material parameters 

and ß is the value of X where the curves in 

eqn. ( A 5 ) cross each other. T h e hardening parameter 

K is then implicitly defined as a function of the 

plastic volumetric strain by eqn. ( A 4 ) and eqn. ( A 5 ) . 

The plastic volumetric strain is given by the differ

ential relation 

if £ o < 0 , or K < / , and K< 0 

otherwise 
( A 6 ) 

Equation ( A 6 ) limits the shrinking of the cap to 

L = 0. 

Within the yield surface the behaviour is isotropic 

nonlinear elastic and defined by the bulk modulus 

f C , + C 2 e x p ( C 3 / R ( 7 Ö D 'f h < 0 
K = < ( A 7 ) 

1 Ci + Ci otherwise 

where the quantities C , , C2 and C 3 are material 

parameters and the shear modulus 

G-y%K ( A 8 ) 
2 + 2v 

A s flow rule, the normality rule is used 

< S = A - ^ ( A 9 ) 

in which A is an unknown scalar. 

Appendix B 

Multisurface plasticity 

T h e multisurface theory of plasticity is briefly 

described, including the flow rule, hardening rule 

and a description of the yield condition due to Prevost 

[7]. T h e normality flow rule is assumed to hold, 

stating that the plastic strain-rate is directed along 

the normal to the potential surface. Thus , 

l e i 2 

(L)=L i f L » 0 

( i , ) = 0 otherwise 
( B I ) 

in which Q and P denote the vectors normal to the 

yield surface / = 0 and to the potential surface g = 0, 

respectively. 

(B2) 

and similarly for P. F o r an associated flow rule, g - f 

and P = Q. T h e plastic loading function L is taken 

to be proportional to the projection of the stress 

rate onto the normal of the yield surface at the 

stress point: 

_1 

H 
-Q:& (B3) 

in which H' is the plastic modulus associated with 

f . 

In order to account for the effects of unloading 

-reloading events in the material behaviour, a com

bination of the isotropic and kinematic plastic hard

ening rules is used. T h e yield surface is allowed to 

be translated in stress space and to change its size 

simultaneously. 

T h e yield condition is represented by a surface 

in the stress space which is of the form 

/t>-0-*'-O (B4) 

where f denotes the translation of the surface in 

the stress space, and k is a measure of its current 

size. T h e integer exponent ;' is taken equal to the 

degree of / in (a— £)• 

It is convenient to consider the stress space as 

consisting of a hydrostatic stress axis and a deviatoric 

stress subspace, and to write 

r—tr' + ool (B5) 

in which <r' denotes the deviatoric stress tensor, o-0 

is the octahedral normal stress (mean normal stress), 

and I is the unity tensor. By analogy with eqn. (B5) 

above 

and 

Q-

p° 

Q'+Q1 

P'+P"l 

(B6) 

(B7) 

T h e hydrostatic projection of the normal onto the 

yield surface can be written as 

3Q" = I : e 

do- 3o-0 

(B8) 
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and similarly for P. T h e plastic strain rate is then 

decomposed into its volumetric and deviatoric com

ponents as 

^ = I : ' P = i ^ < L > 3 P " ' 

'" = é p - - e g l 

(L)P' 

in which 

(B9a) 

(B9b) 

( B I O ) 

W h e n / , g and H' have been chosen, eqn. ( B I ) 

determines the plastic strain rate corresponding to 

a given stress rate. A new plastic state is then 

produced and the yield function is updated. T h e 

new loading function is determined from the change 

in the plastic parameters, which vary along the strain 

path in a known manner. Since the new yield surface 

must pass through the new stress point, it follows 

that / , g, H' and f cannot be chosen arbitrarily. 

Prager's consistency condition states that loading 

from a plastic state must lead to another plastic 

state. Differentiating eqn. (B4) , assuming f to be 

homogeneous of degree i, gives the condition 

ß : 0 - ö ) - £ - ß : ( o ~ f ) ( B i l ) 

In order to expand the capabilities of the theory 

and to allow for the adjustment of the hardening 

rule to any kind of experimental hardening, a col

lection of nested yield surfaces is used. F o r simplicity, 

the yield surfaces are all similar. T h e yield functions 

are represented by 

/ - ( « • - f ( m ) ) -(* t m ) y=o (B12) 

for all m, where f ( m ) represents the co-ordinates of 

the center of the surface m. 

T h e initial positions and sizes of the yield surfaces 

reflect the past stress-strain history of the material. 

T h e i r initial translations are a direct expression of 

the material memory of its past loading history. E a c h 

surface is described by the plastic shear and bulk 

moduli, and a dilatancy parameter which gives the 

degree of non-associativity in the flow. T h e outermost 

yield surface / p = 0 is a failure surface which the 

stress point cannot penetrate. T h e surface / i = 0 is 

a degenerated yield surface whose size is k m = 0 and 

plastic modulus is H'=oo. T h e yield surfaces are 

said to be nesting, because they do not intersect. 

W h e n the stress point reaches the yield surface 

/ m = 0, all the yield surfaces represented b y / i , / 2 , 

f m are tangent to each other at the contact point 

M , as shown in Fig. B . 

F o r pressure-dependent material, Prevost suggests 

a yield criterion where the surface (m) has the form 

of an ellipsoid 

•>):ry- ") 

+ ^ ( o b - / * " ' ) 2 - 0 (B13) 

where o < m ) represents the center co-ordinates of the 

mth surface in the deviatoric subspace, /3*"1' is the 

center co-ordinate of the mth surface along the 

o-fj-axis, and c is termed the yield surface axes ratio. 

T h e parameter £ < m ) is the current radius of the yield 

surface. T h e surfaces are ellipsoids with the major 

principal axis initially coaxial with the isotropic stress 

axis for an initially isotropic material. 

T h e relationship between the elastic shear modulus 

G, plastic shear modulus W and elasto-plastic shear 

modulus h is given by 

— = — — 
h„~ 2G + hJ 

T h e plastic modulus is chosen as 

(B14) 

(B15) 

in which K' is the plastic bulk modulus. 

T h e elastic shear and bulk moduli, G and K, and 

the shear and bulk moduli associated with each 

surface, hm' and Km', vary with the effective mean 

normal stress in the following manner 

( ° o / ° o i ) " 
(B16) 

where index 1 denotes the initial value and n is an 

experimental parameter. 

Isotropic hardening is described by the function 

y=yi exp(Aeo) (B17) 

Fig. B. Field of yield surfaces in the stress space, according 
to Prevost [7]. 
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where y is either <* < m ), ß f m ) or k ( m ) and A is an 

experimental parameter. 

G = G ( A ) 

K=K(\) 

( C 6 ) 

( C 7 ) 

Appendix C 

Endochronic plasticity 

Presented below are the basic theory developed 

by Valanis [8], the extension for concrete by Bazant 

et al. [9] and the modification for hard metal powder 

made in the present work. 

A time scale f is introduced which is independent 

of elapsed time, but intrinsically dependent on the 

deformation of the material. It should be a mono-

tonically increasing function. A logical way of in

troducing such a time-scale is by the relation 

d £ 2 = de:P:de ( C I ) 

where d« is the incremental strain tensor and P is 

a fourth order tensor which could depend on t. 

T o describe a rate-dependent material, a time-

scale f, which is related to the elapsed time is 

introduced: 

d f 2 = a 2 d £ 2 + / 3 2 d / 2 ( C 2 ) 

where a and ß are scalar material parameters, d f 

is called an intrinsic time measure, and 

.«0 0>o ( C 3 ) 

is called an intrinsic time-scale and is a property of 

the actual material. This is now an endochronic 

theory of viscoplasticity. 

A theory of plasticity is obtained by replacing d{ 

by d £ T h e time-scale now becomes z ( f ) . B y assuming 

the deformation to be isothermal and adiabatic, the 

thermomechanical constitutive equations take the 

following form for an isotropic material 

• - 2 [ G(z-z) d « ' ( i ) 

Z 

, - J V 
z) d«b(i) 

(C4) 

( C 5 ) 

Bazant er al. [9] suggested an application of the 

endochronic theory to the mechanical behaviour of 

concrete, by which they incorporated hydrostatic 

pressure sensitivity of inelastic strain, inelastic di-

latancy due to large deviatoric strains and strain 

softening. 

B y letting 

where A is the inelastic dilatancy, the separately 

written deviatoric and volumetric relations, eqns. 

(C4) and ( C 5 ) , are expressed in a differential form 

as 

de' = 
d a ' o-' , 
— H dz 
2 G 2 G 

1 O*o 
deo= — do-o + dA + d A ' + — dz 

(CS) 

( C 9 ) 

where A' is the shear compaction, and z and z' are 

the intrinsic times for distortion and compaction, 

respectively. 

F o r time-independent behaviour we have 

dz = 
d?7 

zTf 

di7=Fd<5 

d z ' = - ^ 
Z 2 f 

d r ; ' = . F ' d f ' 

d A = / £ , d f 

dA'=Z'L'd<5 

d f - [ / 2 ' ( d e ) ] 1 / 2 

d f ' - [ | / , ( d e ) | ] w 

( C I O ) 

( C l l ) 

(C12) 

(C13) 

(C14) 

(C15) 

(C16) 

(C17) 

Here , Z j and Z 2 are constants, J2' is the second 

strain deviator invariant, / , is the first strain invariant, 

f(-n, e, a) is the distortion hardening function, 

F ( e , o-) is the distortion softening function, / ' ( t ? ' ) is 

the compaction hardening function, F'(a) is the 

compaction softening function, /(A) is the dilatancy 

hardening function, L ( A , t, o-) is the dilatancy soft

ening function, Z'(A') is the shear compaction hard

ening function, and L ' ( A ' , e, o-) is the shear com

paction softening function. 

T h e scalar variables, f and f', are called distortion 

or deviatoric measure and compaction or volumetric 

measure, respectively, because they depend only on 

deviatoric and volumetric strain increments. 

By analysing the experimental data, the hardening 

and softening functions can be determined. Bazant 

et al. [9] suggest a set of hardening and softening 

functions for concrete with over 40 material param

eters. T o apply the endochronic model to hardmetal 

powder, the different functions in eqns. ( C I O ) to 

(C15) must be determined by the analysis of ex

perimental data. 
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T h e function describing the hardening due to 

deviatoric loading, the function /(17, e, <r), should be 

a monotonic increasing positive function. T h e sim

plest choice is a linear function like the one Valanis 

[8] applied to aluminium and copper with good 

accuracy: 

/ = l + ftr, ( C I S ) 

T o be able to predict the softening behaviour of 

concrete in uniaxial loading, Bazant et al. [9] proposed 

the following modification: 

/ = ! + 
1+F 

(C19) 

where ßi and ft are positive constants and F is the 

softening function discussed later. T o include the 

effects of hydrostatic pressure and to counterbalance 

the decline of F as a function of mean normal stress, 

the following expression is proposed for hardmetal 

powder: 

/-•! + ßiV + ßzV2 

(C20) 

in which as and a 6 are material constants. T h e 

distortion softening function F(*. tr) should have an 

increasing effect on the inelastic strain with an 

increasing shear strain, but at high pressures this 

effect should disappear, c f . F ig . C I . A constant value 

like that of Valanis for metals could not be used, 

but rather 

[ l - a . A - ^ n t l + a . / ^ ' ) ] 
(C21) 

Fig. C3. Dilatancy hardening function 

>> 

(a) (b) 

Fig. C4. Dilatancy softening function, (a) dependence of 
hydrostatic pressure; (b) dependence of shear strain. 

-o, 

hydrostatic 

shear 
S compaction 

Fig. C5. Shear compaction. 

(a)' - 1 ' (b) 1 

Fig. C l . Distorsion softening function as a function of (a) 
pressure and (b) shear strain. 

Fig. CI. Inelastic dilatancy. 

- I , 
Fig. C6. Young's modulus as a function of the mean stress. 

in which at to a, are material constants and I t , I2 

and 7 3 are the three stress invariants. I n eqn. (C21) , 

the softening is due to a2-JJ^, which disappears at 

high pressures depending on a j \ . F o r the medium 

range of pressure, a 3 / 3 is used. Since I2 is zero in 

uniaxial loading, and the difference between uniaxial 

and triaxial tests is greater at larger strain, a j 2 could 

be multiplied with v^ä 7. 

T h e compaction hardening function should have 

a strongly nonlinear behaviour. A suitable form is 
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/ ' = ! + a )
 + U ) (C22) 

where ft, ft and ft are constants. 

No softening occurs during hydrostatic loading, 

i.e., the compaction softening function is assumed 

to be constant. 

F ' = f c , (C23) 

where bi is a positive non-zero material constant. 

T h e inelastic dilatancy A, caused by shearing strains, 

is qualitatively shown in Fig. 02. I n eqn. ( C I S ) , the 

inelastic dilatancy is divided into two parts as pro

posed by Bazant er al. [9]. T h e first part 

1=1 
Ao 

(C24) 

limits the inelastic dilatancy to a maximum value of 

Ao, see Fig. C 3 . T h e second part of inelastic dilatancy, 

the dilatancy softening function, is used to increase 

A at high shear strain and to hold down the inelastic 

dilatancy when the pressure is high, see F ig . C 4 . A 

suitable form of the dilatancy softening function is 

1 - c , / , 
(C25) 

where c t to ct are material constants. T h e presence 

of Jz' gives rise to an increase in L at high shear 

strains and the term with I x reflects the fact that 

inelastic dilatancy vanishes at a high hydrostatic 

pressure. 

Shear compaction appears at the beginning of 

uniaxial loading following hydrostatic compaction. 

This is illustrated in Fig. C 5 . T h e shear compaction 

is described by two terms, as proposed by Bazant 

et al. [9]. T h e first, as in the expression for inelastic 

dilatancy, limits A' to a maximum Ao'. T h e first term 

becomes 

Ao' 
(C26) 

T h e second term causes dA' to vanish for large shear 

strains and to give an increase when the minimum 

stress becomes larger. 

1/3 
C6Q~minc?3 

C 8 

-v57 (C27) 

where c6 to c 8 are material parameters and o-^ is 

the minimum principal stress. 

Since the inelastic dilatancy A creates defects in 

the material, a decrease in the elastic moduli must 

appear. It is proposed by Bazant et al. [9] that 

1 

1 + CjA 2(1 + v) 
K~ 

1 

l + c 5 A 3(1 -2v) 
(C28) 

where c 5 is a material parameter. T h e Poisson ratio 

is assumed to be constant. F o r Young's modulus, a 

dependence of mean normal stress is assumed to 

be relevant. A suitable expression is 

(C29) 

where c 9 , c 1 0 and E0 are material parameters. T h e 

Young's modulus is constant during unloading, and 

is assumed not to increase over a certain value. This 

is illustrated in Fig . C 6 . 
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Explicit versus implicit finite element simulation of metal powder 

compaction 

H.-Å. Häggblad 
Luleå University of Technology. Sweden 
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University of Strathclyde. Glasgow. UK 

ABSTRACT: The explicit and implicit finite element codes, Dyna2d and Nike2d respectively, are used to 
simulate the double sided die compaction of a cylindrical powder specimen. The material model implemented 
to represent the powder is a multisurface model with nine yield surfaces.The results show that an explicit 
code is advantageous in terms of development potential solution time and ease of analyse. Particular to the 
codes used it was found that the control of penetration is better within Dyna2d. 

1 INTRODUCTION 

The process of die compaction is used in the mass 
production of powder metallurgical products. The 
major source of any physical flaws in a product is an 
inhomogeneous density distribution within the 
powder compact. The density variation is dependent 
on geometrical shape, mechanical properties of the 
powder, powder-wall friction and the pressing cycle 
ie. the boundary conditions. Problems associated 
with density variation in the powder are: 

1. Porosity in regions of low density, even after 
sintering. 

2. Cracks forming in regions of high density 
gradients, often initiated during the unloading 
of the dies. 

3. Distorted shape after sintering. 
4. Regions of elevated stress and stress 

concentrations after sintering. 
Both 3 and 4 being the result of uneven shrinkage 

caused by density variations. The control of a 
compacts density is therefore very important in the 
manufacture of a reliable product. To achieve this 
experimentally requires the manufacture of new 
pressing tools, both expensive and time consuming. 
The measurement of internal density is also complex, 
requiring time and costly equipment, see 
Hehenberger et al (1982). The ability to analyse the 
compaction process by computer simulation is 
therefore highly desirable. 

The finite element method (FEM) is widely used in 
the numerical simulation of manufacturing processes. 
To apply it to powder compaction a continuum 
mechanical approach with solid formulation is used. 
This means that the microscopic relationships within 
the powder are neglected and the constitutive 
equations for a solid are applied. A Lagrangian 
system being used to spatially fix the finite element 
mesh within the solid formulation. Previous work by 

Häggblad (1987) having utilised this approach shows 
the numerical problems associated with using an 
advanced material model for the simulation of powder 
compaction in an implicit code. 

The objective of this report is to compare the two 
different methods used to calculate the time step 
within explicit and implicit finite element codes. The 
codes being used to simulate the double sided die 
compaction of an axisymmetric cylindrical specimen. 

2 IMPLICIT AND E X P L I C I T CODES 

The two finite element codes used were Dyna2d, 
Hallquist (1988), and Nike2d, Hallquist (1986). 

Dyna2d is an explicit two dimensional finite 
element code used for analysing the large 
deformation, dynamic and hydrodynamic, of inelastic 
solids. Applicable to axisymmetric, plane strain and 
plane stress problems. A four noded element with 
one integration point is used. For time integration the 
central difference method is used together with a 
lumped mass matrix. Zero energy deformation modes 
are prevented by the use of hourglass viscosity. 
Linear-quadratic viscosity is used to smear any shock 
fronts. Friction and sliding are controlled by a contact 
algorithm that allows for unlimited movement 
between surfaces. The friction model is the classic 
Coulomb law of friction with the penalty method 
being used in the contact algorithm. The code is 
conditionally stable and for stable integration by the 
central difference method it is required that: 

dt<L/c 

where dt is the time step, L is the effective diameter 
of the smallest element and c is the acoustic wave 
speed being: 
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where E is Young's Modulus and p is the density. 
This is the Courant condition and Dyna2d uses two 
thirds of the value for the time step size. 

Nike2d is an implicit, static and dynamic, finite 
deformation program applicable to axisymmetric, 
plane strain and plane stress problems. A four noded 
element with a 2x2 Gauss quadrature rule is used. 
For the shear energy a reduced one point integration 
is used. It utilises a Green-Naghdi stress rate that is 
stable for finite strains and large rotations. The 
contact algorithm is applied in a similar way to 
Dyna2d. Penetration is prevented by the insertion of 
springs into the global stiffness matrix. They are 
positioned normal to the surface being penetrated and 
are implemented when a node is O.OOlxL away from 
a segment of length L . No interface forces are 
produced until actual penetration occurs. The code is 
unconditionally stable and so places no restriction on 
the time step except that required for accuracy ie. if 
the time step is too large then convergence problems 
occur. 

3 T H E FINITE E L E M E N T MODEL 

The finite element model for the explicit and implicit 
codes is identical in terms of geometry and material 
properties. The element mesh used is shown in 
Figure 1. It consists of 78 elements and 119 nodes. 
From the 78 elements 24 represent the powder and 54 
the punches or sidewall. Due to it being an 
axisymmetric analysis only half the cylinder requires 
to be modelled. At the initial state, time=0.0 seconds, 
the cylinder has a radius of 10mm and is 25.3mm in 
height This corresponds to the a precompaction 
pressure of 15MPa with a relative density of 0.436. 
The punches each consists of 9 elements and are 
10mm wide by 7.5mm high. The sidewall is 10mm 
wide and 40mm high. Its elements are spaced such 
that at time=0.0 s they coincide with those on the 
powder. This facilitates in the definition of the three 
slidelines situated between the powder and 
punches/sidewall. 

The material model for the powder is a 
multisurface plasticity model, see Prevost (1978) and 
Häggblad (1991), which been implemented within 
the finite element codes. Nine yield surfaces were 
used with the data to specify them obtained from 
Häggblad (1985). The punches and sidewall were 
assumed to be elastic with Young's Modulus of 210 
GPa, Poisson" s Ratio of 0.3 and a density of 7800 
kg/m3. At termination, time=1.0 seconds, the height 
required was 20mm to give an average relative 
density of 0.55. This allows for sintering which 
causes an 18% linear shrinkage, increasing the 
relative density to 1.0. The loading on the punches is 
applied to give equal vertical displacements, 
compression, at the upper and lower powder 
surfaces. The majority, 94%, of the upper punches 
movement occurs between 0.0 and 0.5 seconds. 
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Fig. 2 Prescribed load, a) velocity load curve for 
Dyna2d, b) displacement load curve for Nike2d 

Conversely for the lower punch its majority, also 
94%, of movement occurs between 0.5 and 1.0 
second. The distribution of loading allows for the 
analysis of both single and double sided loading in 
one simulation. Up to 0.5 seconds the simulation can 
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Fig. 3 Results after single sided compression (0.5 
sec), explicit analysis, a) FE-mesh, b) density 

the model and velocity loading described with a 
frictional coefficient of 0.2 between the powder and 
punches/sidewall. The controllable parameter with the 
most significant effect on the analysis was the 
density. The density is used by the Courant condition 
in the determination of the time step, increasing it 
results in a larger time step. The element size, mm 
range, is also proportional to the time step hence the 
densities were magnified to increase the time step. 
The maximum acceptable magnification was 105, 
above this dynamic effects invalidated the numerical 
solution. This gave a time step of 93 microseconds. 
The solution required 12.8 CPU-minutes on a 
Sparestation ie.a SUN4/330 capable of 2.6MFlops. 
The results are presented for time 0.5 seconds (after 
the top pressing) and 1.0 second (the final state). 
Figure 3 show the state of the powder at time 0.5 s in 
terms of element mesh and density. Similarly time 
1.0 s is shown in Figure 4 where also axial and radial 
stress are shown. 

- While the scales only show values to two 
significant figures the variations and trends can 
be observed from the contours. 

- The plots of density are analogous, in terms 
of relative values, to those of volumetric strain. 

The element meshes in Figure 3 and Figure 4 
show no distortion in the form of hourglassing and 
penetration is negligible, only just apparent at 1.0 
second. The variations in density correspond to those 
expected from Hehenberger and Crawford (1983). At 
time 0.5 seconds, approximated to single sided top 
compression, the density increases with radius on the 
powders upper surface and decreases on the lower. 
For time 1.0 second this situation is reversed due to 
the lower punch compression being the final loading. 
At both times the density gradient on the side wall is 
positive towards the most recent compression 
surface. As the analysis is of an axisymmetric 
cylinder the contours of axial stress correspond in 
trends of magnitude to those of density. The density 
contour lines follow the general trend in Hehenberger 
and Crawford (1983), they diverge with increasing 
radius due to the powder-wall friction. Anomalies are 
that the rate of divergence is not as large as would be 
expected for a frictional coefficient of 0.2 and in the 
centreline/punch comers the powder appears to stick. 

be assumed to approximate that of single sided top 
compression. Between 0.5 and 1.0 second the 
simulation is double sided with it becoming equal at 
1.0 second, the termination time. In the explicit case 
the loading applied was prescribed velocity to the 
punches. The load curve is shown in Figure 2a. In 
the implicit case the loading applied was prescribed 
displacement to the punches. The load curve is 
shown in Figure 2b. 

4 COMPUTATIONS AND RESULTS 

4.1 Analysis performed with the explicit code 

The analysis performed within the explicit code used 

4.2 Analysis performed with implicit code 

The quasi-static analysis performed within the 
implicit code, Nike2d, was the same as that in 
Dyna2d except the prescribed displacement loading 
was used. 

To achieve the most accurate analyse a 
compromise was required between reduced 
penetration and increased accuracy. Both parameters 
of increased spring factor, to reduce penetration, and 
increased number of steps, to increase accuracy, 
caused numerical problems in the solution. 
Penetration was determined as the critical parameter 
so was maximized while the number of steps was 
held at a minimum, 200 steps. Once the maximum 
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Fig. 4 Results after double sided compression (1.0 sec.), explicit analysis, a) FE-mesb. b) density, 
c) axial stress, d) radial stress 

had been found, and set, for the spring factor the 
number of steps was increased to its maximum. This 
gave an analysis with a spring factor of 3 and 750 
steps. The springs being inserted when a node is 
0.003 x L away from a segment of length L and a 
time between each solution step of 1.33 milliseconds. 
The total CPU-time required for solution was 61.6 
CPU-minutes. 

The results are shown in Figure 5 and Figure 6, 
the plotted variable corresponds to those from Figure 

3 and Figure 4, respectively. From Figure 5a and 
Figure 6a it can be seen that with an increased spring 
factor the penetration is still significant at 1.0 s and is 
indicated at 0.5 s by the thicker lines on the upper and 
lower powder surfaces. The contour plots of density, 
axial and radial stress indicate that the penetration 
effected the numerical results. This is clearly show on 
the density plots where at 1.0 second the density has 
not reached its theoretical value of 0.55 and in both 
figures the contours do not follow the expected trends 
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the localized reduction at edge penetrations is less 
significant, see Häggblad (1987). 

4.3 Comparisons 

contour trwels 

Due to its implicit nature Nike2d has to solve a large 
and sparse system of equations. Conversely as 
Dyna2d is explicit and combined with a lumped mass 
matrix it does not have to solve such a system of 
equations. All equations are uncoupled. This means 
that explicit codes require less storage and CPU-time. 
Demonstrated in this analysis by the 12.8 CPU-
minutes used in Dyna2d compared to the 61.6 CPU-
minutes in Nike2d. 

The agreement between the results obtained and 
those of a previous analysis, Hehenberger and 
Crawford (1983), is better within Dyna2d, than 
Nike2d. The accuracy of the explicit code is greater 
than the implicit code due to the smaller time step, 93 
microseconds and 1.33 milliseconds respectively. 
This is comparing the internal accuracy of the 
calculations not the final results where the errors in 
Nike2d are related to penetration. Considering the 
overall time required, from conception of analysis to 
final solution, the explicit code is quicker than the 
implicit code. This is due to there being less 
controllable parameters requiring optimization and 
failure during an analysis is rare, easier to find out 
what went wrong if the results are unreasonable. The 
explicit code is better for development in terms of 
implementing new material models. The constitutive 
model, multisurface plasticity, was easier to 
implement within the explicit code as the stresses 
could be calculated direcdy from the strains. In the 
implicit code the stiffness matrix had to be assembled 
before the stresses could be calculated. 

5 CONCLUSIONS AND COMMENTS 

L 

b) 

Fig. 5 Results after single sided compression (0.5 
sec), implicit analysis, a) FE-mesh, b) density 

indicated in Hehenberger and Crawford (1983) and 
achieved using Dyna2d. 

The effect of penetration on axial stress is apparent 
in the way the contours are symmetric about areas of 
penetration. The lower punch surface in Figure 6c 
has been subject to the most recent compression step 
and should have an upward trend, in stress 
magnitude, with increasing radius. With radial stress 
the contour plots indicate that the penetration in the 
middle of the upper and lower punches surface 
causes a localised stress reduction. The contours 
diverging to this area rather then following the 
expected trends of Hehenberger and Crawford (1983) 
and Dyna2d analysis. Overall however the results are 
qualitatively correct and in more complex geometries 

The Dyna2d code is superior to the Nike2d code in all 
areas of the analysis. The errors in the Nike2d results 
caused by the penetration are related to the penalty 
method used within the contact algorithm. This is a 
factor of the program code that could be prevented by 
using the Lagrangian multiplier method, Zhong 
(1987), instead of the penalty method within the 
contact algorithm. It should therefore be possible to 
obtain results of the same accuracy from both implicit 
and explicit codes. The explicit code would however 
still be the better choice in terms of development 
potential, solution time and ease of use, making its 
operation the least expensive and most user friendly. 
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The highly nonlinear quasi-static problem of cold compaction of hard metal powder is analysed with use of 
explicit integration of the equations of motion. Friction is included in a contact constraint method based on direct 
integration of the equations of the contact interface. The behaviour of the powder is described by a cap plasticity 
material model. The presented methods are evaluated by using an analysis with a penalty contact formulation as a 
reference. There are only minor differences in the final density distributions in the two analyses. The observed 
differences in the results are mainly on a local level. Stick-slip phenomena occur in the analysis with the 
presented method which are not present in the analysis with the penalty method. These stick-slip movements 
correspond to experimental observations of frictional behaviour in metal powder compaction. 

1. I N T R O D U C T I O N 

The use of explicit integration of the equations 
of motion in finite element analyses of highly 
nonlinear quasi-static problems has grown in 
popularity over the recent years. Especially in 3D 
analyses, explicit methods are often more efficient 
and are more likely to provide a stable solution 
compared to implicit methods. For simulation of 
compaction of hard metal powder, problems with 
penetration when using the penalty method for 
contact constraining have been observed. The main 
reasons for the penetration are the differences in 
material stiffnesses between the powder and the 
compaction tool and the variation of the powder 
stiffness during the compaction process. This causes 
unacceptable penetrations in some cases. 

In (ref. 1) a direct integration method based on 
the Lagrange multiplier method has been developed 
for use in analyses of contact-impact problems 
without friction. A defence node algorithm permits 
contact constraints based on the Lagrange multiplier 
method to be introduced in dynamic analysis with 
explicit integration. 

2. C O N T A C T C O N S T R A I N T M E T H O D 

2.1 Finite element formulation 
With the finite element approximation expressed 

in a form suitable for explicit integration, the 
structural equations of motion become 

M'ü = l P - ' F + l F c (1) 

where M is the mass matrix, 4i is the acceleration 
vector, l P is the external load vector, ' F is the 
internal load vector and ' F c is the nodal contact force 
vector, see e.g. (ref. 2). If the contact constraints are 
imposed with the Lagrange multiplier method, the 
zero penetration condition must be considered in 
addition to equation (1). 

Equation (1) is a collection of ordinary differen
tial equations in the time dimension. If M is a 
diagonal matrix these equations are uncoupled, 
provided that the treatment of the contact conditions 
results in uncoupled equations. The equations of 
motion can be integrated with use of central 
differences. If the discrete states of time are denoted 
t 0 , tp .., t n _] , t„ t n + 1 , the equations for the 
displacements at time t^j are 

ln-1-
l n + 1 U = ' nu-rAt n

 2 i l + At;* M - ' ^ R - V r V , . ) (2) 

where A t n is the time-step. In equation (2), the 

contact forces^Fj., at time L, are the only unknowns 
on the right hand side. 

2.2 The defence node algorithm 
An imaginary node, the defence node, is created 

which can be used to establish the contact force at the 
contact point. The resulting contact force is then 
distributed to the nodes of the target face with use of 
the distribution functions provided by the algorithm. 
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In the non-frictional case, only the normal 
components of the quantities associated with the 
target face are considered. The displacement, velocity 
and acceleration of the defence node are those of the 
target face at the point of contact. These properties 
are given by the interpolation functions 

where 

AL, 
E " a = 1, 2 (9) 

u = * NjUj 
1=1 

£ Njüi 
1=1 

ü= I Njii: 
i=l 1 1 

(3) 

where N; are the element shape functions. The 
accelerations of the defence node and the point of 
contact are equal, resulting in the following relations 
for the distribution of masses and forces 

I N ? 
M 

i=l 

i=l M i 
F; = T?F • M 

(4) 

(5) 

where m ; are the contributions to the mass of the 
contact node from each contact segment node, Mj 
and M are the lumped masses of the segment nodes 
and the defence node, Fj and F are the normal forces 
acting on the segment nodes and the defence node, 
respectively. 

2.3 Contact force evaluation 
Based on equation (2), the equations for the 

incremental displacements of the contact node and the 
defence node in the normal direction of the target face 
are 

•n - A 2  

U n = A t n " ^ S + ^ t e S + l » ) , O . 

where 

hi£Ct _ h i p a _ h i p a + h i - l p a 

1,2 (6) 

(7) 

and a = 1,2 denotes the contact node and defence 
node, respectively. The equation for the contact force 
increments of the contact node is established by 
imposing the impenetrability condition at time t n + 1 

and treating the contact force increment as a primary 
unknown. Hence the normal force increment of the 
contact node becomes, 

M ' M 2 • n p 2 hi 

M'+M 2 M 2 M 1 

At; 
(8) 

and n g n is the gap at time t„. The contact force 
increment is added to the total contact force of the 
previous time-step. If the total contact force becomes 
tensile the contact is released. 

2.4 Implementation of friction 
In this work, a two dimensional formulation of 

the contact interface with friction included is 
developed and implemented into the explicit FE-code 
DYNA2D (ref. 3) in order to study applications to 
powder compaction problems. The formulation 
applied in the normal direction of the contact is also 
applied in the tangential direction. The increment in 
tangential force of the contact node is 

, _ M ' M 2 > R ] ^ 
1 M ' + M 2 M 2 " M 1 

where 

At„ 1 1 

(10) 

a = l , 2 (11) 

The gap in the tangential direction is considered 
to be equal to zero in order to evaluate the necessary 
tangential force to obtain stick conditions, i.e. a 
situation where there is no relative tangential 
displacement between the contact node and the 
defence node. The total tangential force is then 
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Figure 1. Geometry, material properties, and load function 
of the test example. 
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limited by the Coulomb friction law. If the tangential 
contact forces are less than the Coulomb criterion, a 
stick situation will occur. On the other hand, if the 
required forces are larger than allowed by the 
Coulomb friction law, the forces are reduced to the 
allowed level. With reduced tangential forces, sliding 
will occur during the following time-step. This 
implies that the stick-slip conditions can be satisfied 
exactly. 

2.5 Numerical example 
An example with an analytical solution is used 

to verify the implementation of the contact constraint 

method. A rigid body with initial velocity of 30 m/s 
is sliding on flat surface. The body is loaded and 
pressed against the surface with a total force varying 
in time according to Figure 1. The problem is solved 
numerically with the presented algorithms as well as 
with a contact formulation based on the penalty 
method. The body is modelled with one element and 
the surface with one element in order to be able to 
compare the result with the analytical rigid body 
solution. 

The displacement and velocity functions from 
both analyses agree exactly with the analytical 
results. 
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Figure 2. Normal and tangential contact forces from analyses with the presented method and the penally method, respectively, 
a) Normal force, direct integration. b) Tangential force, direct integration, 
c) Normal force, penally method. d) Tangential force, penalty method. 
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The normal and tangential contact forces on the 
body are shown in Figure 2 for both the present 
implementation and the penalty method. In order to 
be able to compare the behaviour of the different 
contact constraint methods, no artificial damping is 
introduced in the analyses. Since the four-node 
element is integrated with one integration-point, an 
hourglass control algorithm based on hourglass-
stiffness is used. Although the oscillations occurring 
at zero global velocity could be minimized with 
artificial damping, they reveal the differences 
between the solution methods. In the solution using 
the presented method, the oscillations are due only to 
the hourglass stiffnesses of the element, i.e. the 
stick-condition is satisfied exactly. In the solution 
with the penalty method, the oscillations originates 
from the relative tangential displacements of the 
contact nodes caused by the stiffnesses introduced by 
the penalty parameter. 

3. P O W D E R C O M P A C T I O N 

Die compaction is used in the mass production 
of powder metallurgical products. Simulation of the 
process is required to reduce the need for expensive 
and time consuming experimental design. The finite 
element method is suitable for this if accurate models 
are used to represent the behaviour of the powder 
and the frictional contact between the powder and the 
tool. 

3.1 Constitutive model 
The internal behaviour of the powder during 

compaction is simulated by using a cap plasticity 
model as constitutive model. Cap plasticity models 
are based on the classical plasticity theory with an 
appended yield surface intersecting the hydrostatic 
axis. The cap model used is the DiMaggio-Sandler 
cap model (ref. 4) incorporating the modifications for 
the compaction behaviour of hard metal powder (ref. 
5). 
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Figure 3. Cap plasticity model. 

The cap model is a plasticity model described by 
a non-softening convex yield surface and a plastic 

strain rate vector that is normal to the yield surface in 
the stress space. The yield surface is defined by a 
failure envelope and a hardening cap. Figure 3 
shows the yield surface. The failure surface is a 
combination of the Drucker-Prager and the von 
Mises yield surfaces. It tends towards the Drucker-
Prager surface at very low hydrostatic stress states 
and the von Mises surface at high hydrostatic stress 
states. A tension cutoff is required to model the 
brittle behaviour of powder material in tension. The 
numerical values used to specify the cap surfaces 
were obtain from earlier work (ref. 6). 

3.2 Analys i s 
In this work calculations are performed using 

two different contact constraint methods. The direct 
integration method described above and the penalty 
method. The actual problem is to simulate the double 
sided die compaction of a hard metal powder 
specimen. The initial shape is shown in Figure 4. 
The FE-model is two-dimensional assuming plain 
strain conditions. The initial geometry of the 
specimen corresponds to a precompaction pressure 
of lOMPa and relative density 0.418. After 
compression the mean value of the relative density is 
0.55 . This allows for sintering which causes a linear 
shrinkage, increasing the relative density to 1.0. The 
loading is applied over one second in such a way that 
the lower punch is first moved upward during 0.6 
seconds and after that the upper punch is moved 
downward. A friction coefficient of 0.2 between the 
powder and punches/sidewall is used. The friction 
model is the classical Coulomb type. 
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Figure 4. Die compaction of hard metal powder. Initial 
configuration. 

3.3 Results 
In Figure 5, the results from the analyses are 

presented in terms of deformed configurations and 
density distributions at time 1.0 second (final state). 
The results from the analyses with the different 
constraint methods agree well with each other and 
agree qualitatively with density distributions found 
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Figure 5. Die compaction of hard metal powder. Final configuration and density distribution. 
a) Direct integration method 
b) Penalty method 
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Figure 6. Die compaction of hard metal powder (direct 
integration method). Horizontal displacement of 
six nodes on the lower powder surface as function 
of time. 

in compacted hard metal powder specimens. Locally, 
differences in results from the two analyses can be 
observed which are related to the contact constraint 
method used. The penalty method causes penetration 
at the contact interface. The direct integration method 
satisfies the impenetrability con-di'ion exactly. 
Results from calculations with the direct integration 
method show stick-slip behaviour which is not 
contained in the results from the analysis with the 
penalty method. In the later case, slip movements are 
avoided by the relative tangential displacements 
required to build up the tangential forces. The stick-
slip movements from the analysis with the direct 
integration method are visualized in Figure 6 where 
the horizontal displacement of a part of the powder in 
contact with the bottom punch is shown. Similar 
stick-slip movement as shown in Figure 6 are found 
in experimental investigations by Samuelson and 
Bolin (ref. 7) where the frictional behaviour of 
powder specimens is studied. 

4. D I S C U S S I O N AND C O N C L U S I O N S 

A contact constraint method with friction for use 
in explicit analyses is presented. With the presented 
method, the stick-slip conditions are satisfied as well 
as the impenetrability condition. The developed 
algorithms are applied to an analysis of cold 
compaction of hard metal powder. 

On the global level, there are minor differences 
in relative density obtained with the presented 
methods for contact constraints in comparison with 
results from the widely used penalty method. 



C6 

118 

However, as can be expected from the contact 
formulation, the differences can be found on the local 
level. The analysis with the presented methods show 
no penetration at the contact interface. Stick-slip 
movements can be observed and correspond to 
experimental investigations of cold compaction. 
These effects are not found in the analysis with the 
penalty method. It is the combination of the ability to 
satisfy the stick-slip conditions exactly and an 
explicit integration of the structural equations that 
provides the possibility to simulate stick-slip 
behaviour in the contact between the powder and the 
tool. 

The results indicate that the presented contact 
constraint method is well suited for simulation of 
powder compaction and similar processes. 
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ABSTRACT 

The pressing of hard metal components is analysed with numerical methods. The analysed 

components are selected from produced components for which the density distribution in the 

material after pressing has been measured. The expected results from the analyses are the 

density distribution and the springback after unloading and ejection of the components. The 

highly non-linear quasi-static problem is analysed with use of explicit integration of the 

equations of motion. In the analyses, a contact constraint method based on direct integration of 

the equations of the contact interface is used. The contact and friction algorithms are verified by 

analyses of a test problem that has an analytical solution. The behaviour of the powder is 

described by a cap plasticity material model. In one example the results obtained with use of the 

cap model are compared with results obtained with a multisurface plasticity model. The 

presented methods are evaluated by comparing the results with experimental data from density 

measurements where a technique based on gamma-ray absorption is used. The density 

distributions are qualitatively in good agreement with experimental results. The springback 

obtained in the simulation of unloading and ejection is in good agreement with measured 

values. 

1. INTRODUCTION 

The design of the production requirements for the manufacturing of a sintered hard metal 

product typically involves a large number of experiments, testing and redesign of the product or 

the manufacturing process. In most cases, the ability to simulate the manufacturing process in 

the design stage will minimise the number of tests and number of changes of the product and 

the production facilities. This will not only minimise the cost of product development but also 
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minimise the time to market of the product. Hard metal products are produced by compaction of 

hard metal powder in a pressing tool in order to obtain the proper shape and density before a 

sintering process. By sintering, the final fully densified product is obtained. Since the 

magnitude of shrinkage is dependent of the relative density of the compacted specimen, a 

uniform distribution of the relative density is desired in order to avoid microcracks or fully 

developed cracks in the sintered product. 

Powder compaction analyses have been performed by finite element methods using implicit 

integration of the equations of motion, see [l]-[3]. The problem of powder compaction is 

highly non-linear due to non-linear material behaviour, large deformations and contact including 

friction. In order to perform such an analysis, very small load or time steps are demanded for. 

This is to a large extent caused by the effects of friction. Since small time steps are needed, 

explicit integration of the equations of motion is an alternative to implicit methods in finite 

element analyses of highly non-linear quasi-static problems, see [4]-[6]. Especially in 3D 

analyses, explicit methods are often more efficient compared to implicit methods. 

Besides the behaviour of the powder during compaction, the effects of friction in the contact 

interface play an important role in the densification of the powder. The value of the friction 

coefficient influences the density distribution significantly as in [7]. In the analyses, the friction 

coefficient has a constant value. In reality, however, the friction coefficient may vary depending 

on the state of the powder and on thermo-mechanical effects introduced by a rise in temperature 

at the contact interface. 

In metal powder compaction simulations, problems with penetration have been observed when 

using the penalty method for contact constraining. The penetration will in some cases influence 

the calculated density distribution near the tool walls. The main reasons for the penetration are 

the difference in material stiffness between the powder and the compaction tool and the 

variation of the powder stiffness during the compaction process. As an alternative to the penalty 

method, a method for contact constraining based on the Lagrange multiplier method is used 

according to [8] and [9]. 

The material model used in the analyses is based on the DiMaggio-Sandler cap model in [10] 

incorporating modifications for the compaction behaviour of hard metal powder following [11]. 

A multisurface plasticity model as presented in [11] has also been evaluated. 

The described contact constraint method and material models are implemented in a version of 

the DYNA2D FE-code, see [12], which is used for the analyses in this work. 
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2. EXPLICIT INTEGRATION OF THE EQUATIONS OF MOTION 

2.1 General 

At each state of time, the finite element formulation is used to establish the equations of motion 

of the discrete system. The finite difference formulation is then used in the time domain. 

Traditionally, explicit integration has been used to solve structural dynamic problems involving 

impact loading with short time durations. In order to incorporate wave propagation effects in 

the solution, very short time steps are required. For explicit integration there is a stability limit 

on the time step size, the Courant criterion, 

A t S ^ 1 1 (1) 
c l 

where At is the time step, L m i n is a length associated with the smallest element in the model, 

and Cj is the velocity of a longitudinal stress wave in the material. A large number of time steps 

is normally required in a quasi-static analysis with explicit integration. However, each time step 

is inexpensive and the cost increases linearly with the size of the model. With implicit 

integration longer time steps can be used but each step is expensive and the cost is proportional 

to the square of the model size. In addition, the time step size is restricted by nonlinear effects 

from for example contact with friction which is always present in analysis of powder 

compaction. In order to decrease the required number of time steps in explicit analyses of quasi-

static problems, the critical time step size can be enlarged by decreasing the value of Cj in the 

involved materials, e.g. by increasing the density values. An alternative to enlarge the time step 

size is to increase the process speed in the simulation. However, these changes are only valid to 

the point where dynamic effects becomes present in the solution of the quasi-static problem. 

The considerations above imply that explicit integration can be efficient in analyses of large 

scale, three-dimensional, quasi-static, non-linear structural mechanics problems. 

In the updated Lagrangian approach for large deformation analysis, the quantities involved in 

the continuum mechanics equations are defined with reference to the last equilibrium 

configuration. In the case of explicit integration, equilibrium is considered at time t, the current 

configuration. With the finite element approximation expressed in a form suitable for explicit 

integration, the structural equations of motion become 

Mlü = lP - lF + l F c (2) 



D4 

where M is the mass matrix, Hi is the acceleration vector, lP is the external load vector, L F is 
the internal load vector and ' F C is the nodal contact force vector, see [13]. The left superscript 

denotes time t. If the contact constraints are imposed with the Lagrange multiplier method, the 

zero penetration condition must be considered as well. 

Equation (2) is a collection of ordinary differential equations in the time dimension. If M is a 

diagonal matrix these equations are uncoupled, provided that the treatment of the contact 

conditions results in uncoupled equations. The equations of motion can be integrated with use 

of central differences. If the discrete states of time are denoted try, t j , . . , t n . j , t n the equations 

for the displacements at time t n + 1 are 

V l u =

 £ n u + A t n

 n "2 ü + ( A t n )2 M - ^ W + ' T , ) (3) 

where At n is the time-step. In equation (3), the contact forces,TNFC, at time t n are the only 

unknowns on the right hand side. 

2.2 Contact constraint methods 

In the powder pressing simulations the powder material and the different parts of the tool are 

treated as separate bodies in the finite element model. The contact areas between the tool parts 

and between the tool and the powder are considered in the discrete system, resulting in a 

number of hitting node and contact segment configurations. At these points of contact the 

impenetrability condition can be imposed by use of alternative contact constraint methods of 

which two are described in the following. 

2.2.1 The penalty method 

The procedure of imposing the contact constraints with the penalty method can be adopted in 

finite element analysis with explicit integration in a straightforward manner, see [14]. In each 

discrete point of contact, the contact force is assumed to be proportional to the gap between the 

contact node and the contact segment. Thus, the contact constraint is satisfied approximately 

and some penetration is always expected with this method. The contact force at each contact 

point is evaluated according to 
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t f l n = " ß l g n i f t g n < ° 

(4) 
l £ f n = 0 i f t g n > 0 

where l f n is the contact force on the contact node in the normal direction of the contact segment 

face, ß is the penalty parameter and l g n is the gap at the point of contact. Here the right subscript 

denotes that the force and the gap normal to the contact segment are considered. 

2.2.2. The defence node algorithm and direct integration 

In order to obtain a node to node contact situation an imaginary node is defined, the defence 

node, which can be used to establish the contact force at the contact point, see [8]. The resulting 

contact force is then distributed to the nodes of the contact segment with use of the distribution 

functions provided by the algorithm. 

In the frictionless case, only the normal components of the quantities associated with the contact 

segment are considered. The displacement, velocity and acceleration of the defence node are 

those of the contact segment at the point of contact. These properties are obtained by 

interpolating the nodal values using the element shape functions. The accelerations of the 

defence node and the point of contact are equal, resulting in the following relations for the 

distribution of masses and forces according to [8]. 

M j N ; n n N - F ; m ; 

I ( N 2 ,=1 , - l *, 

j=l J 

In equation (5), m ; are the contributions to the mass of the defence node from each contact 

segment node, M j and M are the lumped masses of the segment nodes and the defence node, F j 

and F are the normal forces acting on the segment nodes and the defence node, respectively. 

Based on equation (3), the contact force of the contact node is established by imposing the 
impenetrability condition at time t n + 1 and treating the contact force as a primary unknown. 

Hence the normal force of the contact node is, 

t f l _ M ! M i > R j ^ \ _ ( 6 )  

n M ^ M 2 1 M 2 M 1 (At„)2 
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where the right superscript equal to 1 refer to the contact node, the right superscript equal to 2 

refer to the defence node and 

t M a l n - r t t 
n R« = — 2 u a +

 lnpa. W a = 1,2 (7) 
n A . n i i i i 

n 

' n g n is the gap at time t n and a = 1,2 denotes the contact node and defence node, respectively. 

If the contact force becomes tensile the contact is released. 

2.3 Friction 

2.3.1. The penalty method 

When considering friction using the penalty method, the tangential force in the contact interface 

is proportional to the relative displacement between the contact surfaces. The friction force is 

then limited by the Coulomb friction law. Thus, the contact interface corresponds to an elastic-

ideally-plastic material model. In order to build up a friction force, there has to be a relative 

tangential displacement between the surfaces of the contact interface. 

2.3.2. Direct integration 

A two dimensional formulation of the contact interface with friction included was implemented, 

see[9], in the DYNA2D code. In order to obtain a stick situation the required tangential contact 

force on the contact node is 

t f l = M i M i ^ ? . y ( 8 ) 

1 M ' + M 2 l M 2 M 1 W 

where 

t M a 'n-r t t 
nR<? = — 2 ü « + n P « - n F a a =1,2 (9) 

' At„ 'n 

The gap in the tangential direction is considered to be equal to zero in order to evaluate the 

necessary tangential force to obtain stick conditions, i.e. a situation where there is no relative 
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tangential displacement between the contact node and the defence node. If the tangential contact 

forces are less than the Coulomb criterion, a stick situation will occur. On the other hand, if the 

required forces are larger than allowed by the Coulomb friction law, the forces are reduced to 

the allowed level. With reduced tangential forces, sliding will occur during the following time 

step. Thus, the contact interface corresponds to a rigid-ideally-plastic material model and the 

friction force can exist without relative tangential displacements. This implies that the stick-slip 

conditions can be satisfied, see [9]. 

2.4. Numerical evaluation of contact constraints 

An example with an analytical solution is used to verify the contact and friction algorithms 

based on the defence node algorithm and direct integration. A rigid body with initial velocity of 

30 m/s is sliding on a flat surface. The body is loaded and pressed against the surface with a 

pressure varying in time according to Figure 1. The problem is solved numerically with two 

different models. In the first example the body and the foundation are modelled with only one 

element, respectively, in order to obtain a close resemblance to the rigid body problem, see [9]. 

In the second analysis the model contain more elements. In this case the elastic properties of the 

body and the foundation influence the solution to a larger extent than in the first example. The 

models are shown in Figure 2. Since the four-node elements are integrated with one integration 

point, an hourglass control algorithm based on hourglass-damping is used following [12]. 

m = 14.04 kg 
v0 = 30 m/s 
u. = 0.3 

P(t) [ k N ] 

600 

400 

200 

P(t) 1 2 3 4 5 
Time [ msec. ] 

m 

Figure 1. Geometry, material properties, and load function of the test example [9]. 
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a) b) 

Figure 2. Models for the test example, a) model 1, 2 elements, b) model 2, 35 elements. 

The displacement and velocity functions from both analyses agree with the analytical solution. 

The tangential contact forces on the body from the two analyses are shown in Figure 3. 

Figure 3. Tangential force on the sliding body, a) analysis with model 1, b) analysis with 

model 2. 
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3. CONSTITUTIVE MODELS 

The behaviour of the powder during compaction is simulated by a cap plasticity constitutive 

model. As an alternative a multisurface plasticity model is investigated. Since an explicit finite 

element formulation is used no stiffness matrix is needed which makes the implementation of a 

constitutive model in general less complicated as compared to an implementation in an implicit 

code. The constitutive models are briefly described here. A more detailed description is found 

in [11]. 

3.1 Cap model 

Cap plasticity models are based on the classical plasticity theory with an appended yield surface 

intersecting the hydrostatic axis. The original DiMaggio-Sandler cap model in [9] is modified 

for the compaction behaviour of hard metal powder according to [1] or [11]. The cap model is a 

plasticity model described by a non-softening convex yield surface and a plastic strain rate 

vector that is normal to the yield surface in the stress space. The yield surface is defined by a 

failure envelope and hardening cap. Figure 4 shows the yield surface in a plane defined by the 

first stress invariant and the second stress deviator invariant. The failure surface is a 

combination of the Drucker-Prager and the von Mises yield surfaces. It tends towards the 

Drucker-Prager surface at very low mean stresses and the von Mises surface at high mean 

stresses. The failure surface which defines the maximum shear strength involves no hardening 

(cp. elastic-ideally-plastic behaviour). The cap surface is required for the non-linear behaviour 

during the densification of the powder. The surface moves outward at increasing pressure 

according to the hardening rule. Inside the yield surface the behaviour is isotropic non-linear 

elastic, i.e. the elastic parameters depends on the stress state. The failure surface, f,, and the 

cap surface, f 2 , are described by 

f 1 ( I 1 , I 2

, ) = VI7"-[A-Cexp(BIt)] (10) 

(11) 

in which 

L = K i f K < 0 
(12) 

L = 0 i f K > 0 
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and 

X = L - R[A - Cexp(BL)] (13) 

where I j is the first stress invariant, I 2 ' is the second stress deviator invariant and K is an 

internal state variable which is a measure of the hardening. The functions L and X define the 

range of the cap along the hydrostatic axis, see Figure 4. The quantities A, B, C and R are 

material parameters. With a function such as equation (11), the cap has an elliptical shape and 

the parameter R is the ratio between the major and minor ellipse axes. 

The velocity of the longitudinal stress wave in the Courant criterion, equation (1), is defined as 

c, = V (X.+2irt)/p (14) 

where X and \i are the Lamé elastic constants and p is the density. The Lamé constants are 

defined from the elastic bulk modulus, the elastic shear modulus and the Poisson's ratio. Here 

the bulk modulus is non-linearly dependent on the first stress invariant ( I , ) , the shear modulus 

is defined from the bulk modulus using the normal isotropic relationship and the Poisson's ratio 

is constant. The density is changed during the phase of the compaction. Thus, the Courant 

criterion depends on the state of the compaction process. In the simulations presented in the 

following the time step size is between 1/3 and 2/3 of the limit step size according to the 

Courant criterion. 

Figure 4. Cap plasticity model. 
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3.2 Multisurface model 

The multisurface plasticity model used here is based on a model developed by Prevost [15] to 

describe the behaviour of soils. The hardening behaviour is described by a set of plastic shear 

moduli associated with a corresponding set of nested yield surfaces in the stress space. 

Individual plastic moduli are assumed to be constant on each particular surface. The surfaces 

have the form of ellipsoids in the stress space with the major principal axis initially coaxial with 

the hydrostatic axis for an initially isotropic material, see Figure 5. For the surface (m) the yield 

function is 

f m = I (s-a(m)):(s-a(m))+c2(o0-ß(m))2-(k(m))2 = 0 (15) 

where s is the deviatoric stress tensor, 0"0 is the mean normal stress, a(m) represents the centre 

co-ordinates of the m-th surface in the deviatoric subspace, ß(m) is the centre co-ordinate of the 

m-th surface along the a0-axis, and c is termed the yield surface axes ratio. The parameter k(m) 

is the current radius of the yield surface. 

The outermost yield surface, f p , is a failure surface which the stress point can not penetrate. The 

surface f i is a degenerate yield surface of size k(') = 0. The yield surfaces are said to be nested, 

because they do not intersect. When the stress point reaches the yield surface, f m , all the yield 

surfaces f i , f 2 , f m are tangent to each other at the contact point as shown in Figure 5. 

Figure 5. Multisurface plasticity model in the octahedral stress-plane, from [16]. 
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A complete specification of the model requires the determination of the initial positions and 

sizes of the yield surfaces together with their associated plastic moduli, their change in plastic 

moduli and size as loading proceeds, and the elastic shear and bulk moduli. 

The velocity of the longitudinal stress wave is defined as equation (14). Both X and j i vary 

according to an exponential function dependent on the value of the pressure. The time step size 

used in the simulation is less than 2/3 of the limit step according to equation (1). 

3.3 Numerical evaluation of constitutive models 

The material models are optimised, according to [16], with respect to their ability to predict the 

experimental results from a set of triaxial loading paths. The experimental data originate from 

testing cylindrical standard grade tungsten powder specimens precompacted to 10 MPa. The 

tests are performed with servo-hydraulic experimental equipment for triaxial loading. The 

loading of the specimens is independently controlled in the radial and the axial direction. The 

loading paths correspond to the conventional triaxial compression test with a pressure range up 

to 200 MPa. See [17] for more details on the triaxial experiments. The numerical values of the 

material parameters are described in [18]. 

The material models are tested in a simulation of single sided compaction of a cylinder. The FE-

mesh and the density distribution after the compaction are shown in Figure 6. The diameter of 

the compact is 20 mm. The final height is 21.2 mm with a mean relative density of 0.52. Four-

node axisymmetric isoparametric elements with one-point integration are used. For controlling 

the hourglass deformations an algorithm based on hourglass-stiffnesses is used, see [8]. The 

same final geometry is used for both material models. However, the initial position of the 

punch corresponds to a precompaction of 10 MPa for the cap model and 15 MPa for the 

multisurface model. The parameters of the two material models are fitted to test data by 

somewhat different procedures. Both models are fitted to data from powder precompacted to 10 

MPa. The multisurface model is fitted to data with an initial stress state of 15 MPa. Thus, the 

model has a plastic behaviour directly upon loading. The cap model is fitted to data with no 

initial stress, i.e., the model incorporates elastic behaviour up to a pressure of 10 MPa. This 

means that a slightly higher initial density is assumed when using the multisurface model. 

Coulomb friction with a coefficient of friction of 0.2 is assumed. 

In Figure 6 results are shown for both the cap model and the multisurface model. The density 

contour lines follow the general trend of the experimentally measured density shown in [1]. For 

other applications the multisurface model used here shows good results as long as the stress-
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state is within the area of the triaxial loading paths covered by the triaxial tests. When the stress-

state is outside this area, for instance when the deviatoric stress is too large compared to the 

mean normal stress, numerical problems occur when using the multisurface model with the set 

of parameters obtained from the optimisation procedure. For example, when pure deviatoric 

compaction is applied the model fails. Our cap model seems to be more robust numerically. The 

flow of the powder, for the situation when the multisurface model fails, is shown in Figure 7 

for the pressing of the component described in Section 6. 
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Figure 6. Cylinder compaction. Results after compaction, FE-mesh and density a) cap model, 

b) multisurface model. 

Figure 7. Under-pressing of a powder component. Powder flow. 
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Due to the powder flow pattern shown in Figure 7 the stress in the horizontal direction slightly 

to the left of the corner close to the punch becomes tensile. The deviatoric stress is increasing 

while the pressure is close to zero. To overcome this problem, the multisurface model should 

be fitted to experimental data where the loading is pure deviatoric or with a loading direction 

where the pressure is decreased when the deviatoric loading is increased, so called reduced 

triaxial compression. 

4. DENSITY MEASUREMENTS 

The density measurements reported in the paper were performed by AB Sandvik Coromant, 

Stockholm. The measurement technique is based on the absorption of gamma radiation. The 

amount of gamma radiation absorbed by a body depends on its density, its thickness, and the 

absorption coefficients of the elements in the powder. A thin slice is cut from the powder 

compact for the measurements. Thus, with a constant thickness and a homogeneous powder 

mixture the gamma radiation is a function of the density exclusively, see [19]. 

OPTICAL 
DISPLACE
MENT 
SENSORS 

DETECTOR 

DETECTOR COLLIMATOR 

SPECIMEN HOLDER 

1 

SPECIMEN i 

PLOTTER 

SOURCE COLLIMATOR 

RADIOACTIVE SOURCE 
Figure 8. Density measurement equipment in [ 19]. 

5. THE COMPACTION OF AN AXISYMMETRIC SHAPED TIP 

5.1 General 

The compaction of a highway engineering tip (HET) in hard metal powder includes several 

complications which are not present in the cylinder compaction simulated in Section 3.3. Some 
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problems are caused by discontinuities in geometry, for example flow around corners and 

multi-punch set up (an upper and lower punch). In the production of an HET the compaction 

starts from loose powder by first moving the upper punch downward to its final position 

(approximate 11 millimetres), followed by moving the lower punch upward 5.5 millimetres. 

The initial relative density is approximate 25 %. 

For the upper punch, the lower punch and the die linear elastic models are assumed. The cap 

plasticity model described above is used to model the powder behaviour. Coulomb friction with 

a coefficient of friction of 0.2 is assumed. The starting relative density in the computer 

simulation is taken from the stage at which the relative density is uniformly distributed with an 

isostatic compaction of 10 MPa. The simulation is performed using the remaining pressing 

distance from above of 2.98 mm and an under-pressing of 1.45 mm. Four-node axisymmetric 

isoparametric elements are used. Since the elements are integrated with one integration point, an 

hourglass control algorithm based on hourglass-stiffnesses described in [8] is used. The finite 

element model is shown in Figure 9. 

[mm] 

.10 I 1 1 1 1 1 1 i 1 1 

-20 -10 0 10 20 

[mm] 

Figure 9. Pressing of axisymmetric tip. The finite element model to the right of the centreline 

and the outline of the parts to the left. 
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5.2 Results 

The deformation and the density distribution in the powder obtained in the simulation of the 

compaction are shown in Figure 10. The stresses in the die and punches are not shown here. 

They are of secondary interest in this simulation. 
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Figure 10. Pressing of an axisymmetric tip. FE-mesh and the relative density distribution, final 

state. 

5.3 Comparison with measured density 

The measured density distribution is shown in Figure 11 together with numerical results from 

the final compaction state. The relative density distributions are presented in three-dimensional 

plots where the third direction represents the relative density. In order to increase the visualised 

difference within the compact, a cut-off level of the density is used. The base value of the 

functions is 95 % of the density at the tip of the compact. 
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6. THE PRESSING OF A PLATE INCLUDING THE UNLOADING AND EJECTION 

PHASES 

6.1 General 

The considered simulation is the pressing of a hard metal component. The simulation includes 

the double sided die compaction, the unloading and the ejection of the component. The 

component is a rectangular plate used as a test-piece for testing the crack sensibility of different 

powder grades. The upper punch of the pressing tool has a step like shape resulting in powder 

flow around a sharp corner. Cracks are frequently formed at this corner in the manufacturing of 

the component. 

The initial configuration of the FE-model of the pressing tool and the powder material is shown 

in Figure 12. The model consists of 883 four node elements with 552 elements modelling the 

powder. The model is two-dimensional, assuming plain strain conditions. Hourglass control 

based on hourglass-damping according to [12] is used. Initially, the tool is in a position which 

would result from a compaction of the powder to a mean relative density corresponding to a 

uniform compaction of 10 MPa. The total pressing cycle is performed in 4.2 seconds. The 

compaction time is 1.0 second and the unloading and ejection time is 3.2 seconds. During the 

compaction phase the lower punch is first moved upwards over 0.6 seconds and the upper 

punch is then moved downwards over 0.4 seconds. The displacements of the upper punch and 

the lower punch are shown in Figure 13. 
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The tool is made of hard metal and is assumed to be elastic. The model of the tool is reduced in 

size compared to the real tool. In order to simulate the stiffness of the real die walls in the 

horizontal direction and of the punches in the vertical direction, the elastic modulus in the model 

is reduced proportionally to the size reductions. The cap plasticity model is used for the 

powder. Coulomb friction is assumed in the powder to metal contact and a coefficient of 

friction equal to 0.2 is used in the analysis, see [7]. 

Figure 12. Pressing of a plate. Finite element model. 
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6.2 Results 

6.2.1 Compaction 

The results of the compaction are presented in Figure 14 in terms of density variations at 1.0 

second (final state of the compaction phase). The increase in density near the upper corners 

close to the die walls is due to shear compaction. The increase in density is dependent on the 

coefficient of friction as shown in [7]. 

6.2.2 Unloading 

The density distribution after unloading of the powder compact is shown in Figure 15. In the 

area of the concave corner the density decreased substantially compared to the final state of the 

compaction phase. In this area cracks are found in the manufacturing process. The total vertical 

springback of the compact is 0.12 millimetres or 2.5 % at the thicker part of the compact. This 

corresponds well with the experience from the manufacturing of the component where the 

springback is measured to be between 2 % and 3 %. 

6.2.3 Ejection 

The ejection phase of the pressing is shown in Figure 16 with a sequence of plots. During the 

ejection, the sliding friction between the compact and the die wall creates tensile stresses. A 

critical moment of the ejection is when the compact is leaving the tool, see Figure 16 c. At this 

state tensile stresses occur in the compact at a position just above the tool walls. The final state 

of the pressing is shown in Figure 17. The swelling in the horizontal direction is much smaller 

than in the vertical direction. The swelling is 0.05 mm or 0.6 % of the width at the upper part of 

the component and almost negligible at the lower part of the component. 



D20 

Figure 14. Pressing of a plate. Relative density distribution, after compaction (1.0 sec). 

h = 0.59 

Figure 15. Pressing of a plate. Relative density distribution, after unloading ( 1.4 sec). 
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c) 

Figure 16. Pressing of a plate. Relative density distributions during the ejection phase 

a) time = 2.0 sec. b) time = 3.0 sec. c) time = 3.5 sec. 

Figure 17. Pressing of a plate. Relative density distribution, final state. 
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6.3 Comparison with measured density 

The measured density distribution is shown in Figure 18 together with numerical results from 

the final compaction state and from the final ejection state. The relative density distributions are 

presented in three-dimensional plots where the third direction represents the relative density. 

The base value of the functions is 87 % of the mean density in the wider part of the compact. 

Figure 18. Pressing of a plate, a) measured density distribution [7], b) calculated density 

distribution after compaction (1.0 sec), c) calculated density distribution after 

ejection (4.2 sec). 
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7. DISCUSSION AND CONCLUSIONS 

In order to simulate the powder pressing properly a number of requirements should be fulfilled 

by the finite element model used. First a constitutive model is needed. It must be able to 

simulate the behaviour of the powder for both hydrostatic and deviatoric loading conditions. 

Secondly, the frictional contact between the powder and die must be well modelled. A small 

violation of the impenetrabihty condition will cause a significant change in the calculated density 

distribution. Hence, a contact constraint model able to handle the dissimilar materials in contact 

with each other must be used. The third requirement is to have an efficient scheme for the 

solution of the finite element problem. This work gives examples of solutions in order to fulfil 

those three requirements. The first is accomplished by the use of material models optimised 

with respect to powder behaviour in triaxial compression tests. The second requirement is 

satisfied by the use of the Coulomb friction model together with a contact constraint method 

which has shown fulfil the impenetrabihty condition. The final requirement is met by the use of 

explicit time integration which results in robust and efficient simulations, especially for large 

problems. 

The results from the analyses of the pressing of the hard metal components show a qualitative 

good agreement with the measured density distribution. The used measurement technique must 

be considered when interpreting the results from the density measurements. The technique 

results in a smooth decrease of the measured density values close to the edges of the powder 

compact. This is due to the measured values reflect a mean value within a finite area. This finite 

area is partly outside the compact when the edge densities is measured, see [19]. The results 

from the plate pressing problem show lower calculated relative densities in the thin part of the 

component than obtained from the measurements. This is similar to the results from the 

analyses of the axisymmetric tip, where at the very tip a lower density is obtained from the 

measurements. This is due to an assumption of an initially uniform precompacted state in the 

powder. The simulations starts with a precompacted powder of 10 MPa which is used in the 

triaxial material tests. The simulation of the unloading and ejection phases of the plate results in 

springback values that agree well with measurements on the manufactured component. 

One direction for future developments is to expand the validity of the material models to the 

range from loose powder up to a pressure of 10 MPa. This also implies work on remeshing or 

Arbitrary-Lagrangian-Eulerian formulations as the finite element mesh would be too distorted 

during the simulation otherwise. New triaxial experiments are needed, especially triaxial 

extension tests and reduced triaxial compression tests. Future work will be to implement an 

alternative to the Coulomb friction model. An appropriate model contains a friction coefficient 
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that depends on variables such as temperature, sliding speed, prior sliding displacement and 

powder density. 
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