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The relation between pressing energy and green strength is examined experimentally and numerically using
a commercially available design of experiment (DOE) software, at compaction of five hard metal powder
materials. This is of substantial practical importance, in particular at pressing of complicated geometries
when high values on the green strength is necessary. The compaction energy is here experimentally
determined at uniaxial compaction of a cylindrical die, filled with powder material, by measuring punch
force and compression. The corresponding measurements of the resulting green strength are performed
using standard three-point bend (3PB) testing. The statistical analysis of the results shows that the relation
between the two properties, pressing energy and green strength, is very close to a linear fit with the
coefficient of determination R2 taking on the value 0.92. This suggests that the pressing energy is an
important quantity for reaching a target value on the green strength and the linear relation is certainly
convenient in particular when compaction of similar materials is at issue. In parallel with the experimental
work finite element calculations are performed in order to evaluate the effect from friction between the
powder and the die wall, and it was found that this feature has a limited effect on the pressing energy when
similar materials are at issue and is not detrimental for the usefulness of the present correlation approach.
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1. Introduction

In manufacturing of cutting tool inserts, powder metallurgy
is a commonly used method. Cemented carbide powder is
compacted to a desired shape using a tool specifically designed
for the purpose, which results in a part close to the finished
shape that after sintering requires none to very little machining.
Investigating a powder by pressing and sintering can be a time
consuming and costly process. Therefore, to be able to predict
the compaction behavior based on measurements that can be
performed earlier on or in less time would thus be beneficial.

The strength of the green body (the green strength) is a
central quantity during the compaction process. In an industrial
situation, after pressing the green body, it is moved to a
sintering plate using a robot. It is clear that for such a process to
be successful a sufficiently high green strength is required. As
the current industrial trend is directed toward more complicated
geometries, it becomes even more important to create green
bodies with sufficiently high strength.

Modeling is a very important tool when it comes to
predicting the compaction behavior and relevant material
quantities. This concerns both macro- and micromechanical

modeling where in the first case macroscopic constitutive
models are at issue and powder compaction to high density is
treated phenomenologically assuming a porous solid. When
analyzing cemented carbide powder materials most often a
Drucker–Prager CAP model (Ref 1-3) is used. In a microme-
chanical approach either analytical (Ref 4) or numerical
methods, such as the discrete element method (DEM) (Ref 5-
9), are of interest. In Ref 6 and Ref 7, DEM simulations are
compared with experiments and it is concluded that the
numerical results are accurate up to material densities being
approximately 50%–60% of a fully compacted insert, which
evidently is not sufficient for simulation of the entire manu-
facturing process.

Mechanical modeling of powder compaction relies heavily
on high quality experimental results. Such testing can, however,
be cumbersome and expensive, and it is important that the
experimental results can be presented in a general form. This is
so both for practical purposes in an industrial situation and as
input to mechanical models. Therefore, it would be interesting
to see whether there exists a relevant correlation between
properties pertinent to determination of the green strength.
Accordingly, this is the matter of interest in the present
investigation with focus on the relation between pressing
energy and green strength.

For this purpose, five different tungsten carbide powder
materials are produced with varying amount and hardness of
the pressing agent (PEG). The powders as well as their resulting
pressed green bodies are subjected to testing in order to
characterize their properties; and in particular in this work,
pressing energy and green body strength. These two properties
are of direct importance during production but also as input to
the above discussed macro- and micromechanical modeling
attempts (as already indicated above). Consequently, the testing
includes powder compaction in a cylindrical die and green
body bending properties (strength). All results are then
statistically evaluated using the design of experiment (DOE)
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software Modde 12 (Ref 10) with the purpose of finding
correlations between measurements on different powders.

In parallel with the experimental work finite element
calculations are performed in order to determine the influence
from friction on the results and conclusions. The finite element
calculations rests on a Drucker–Prager CAP model first
presented for powder material analysis in Ref 1 and further
developed as regards the constitutive description in Ref 3. As
for the frictional behavior at powder/die wall contact, this has
been studied substantially in the literature (Ref 11-18) with all
these investigations relying on different versions of Coulomb
friction. In the present finite element analysis, the friction
models presented in Ref 12 and 18 are relied upon.

2. Material and Methods

2.1 Material

The cemented carbide powder that is used in this study
consists of approximately 88 wt.% tungsten carbide (WC), 10
wt.% cobalt (Co), 2 wt.% pressing agent (polyethylene glycol,
PEG), and 0.5 wt.% alloys. The amount of PEG is however
varied in the investigation as specified below. The particle sizes
of the raw materials are typically 0.8 lm. The spray drying
process creates spherical particles with a diameter of approx-
imately 100 lm, which make up the powder. A typical
microstructure of the resulting powder assembly is shown in
Fig. 1 at different stages of sieving.

Tungsten carbide (WC) is a hard metal compound used
because of its high hardness and stiffness, making it suitable in
cutting and milling applications with high forces. To further
resist fracture, it is combined with a bonding material which
keeps the material together and increases the toughness. In this
case, cobalt (Co) is used as the bonding material. The carbide
powder also contains some alloys, for instance chromium
carbide which is used to deaccelerate grain growth during
sintering.

In order to achieve a variation of the properties of the
cemented carbide after compaction the PEG amount is varied
according to Table 1 (note that the PEG molar mass is also
varied). It should be noted in passing that the pressing agent

(PEG) is added to hold the compacted green body together
before the sintering. It also increases the flowability of the
powder which is necessary during compaction for filling
properly. During sintering, the pressing agent is decomposed,
leaving only the cemented carbide in the finished insert.

2.2 Measurements

In this investigation two types of measurements are carried
through. The material mixtures for the tungsten carbide powder
used in both experiments are of course the same, with, as
mentioned above, the PEG amount being varied according to
Table 1 (note that the PEG molar mass is also varied).

In the first and initial measurement type uniaxial compaction
(compression) of a cylindrical die is performed in order to
produce green bodies of the five different materials described
above and to determine the pressing energy. The cylindrical die
used has been developed and described previously in Ref 19
and (20) and is also shown schematically in Fig. 2. This is a
multiple purpose experimental device where also contact
pressures pi along the die wall as well as frictional forces can
be determined for the purpose of constitutive characterization
and description of the frictional behavior. For the present
analysis, only FUP (force on the upper punch) is of interest.

The energy uptake is calculated for every pressing sequence
up until unloading. The energy is defined as

W ¼ rFUPdx ðEq 1Þ

, where FUP is, as already mentioned above, the force on the
upper punch and x is the compression of the powder material

Fig. 1 Typical powder assembly after different stages of sieving

Table 1 Powder labels, amount [wt.%] of PEG, hardness
of PEG (qualitative) and molar mass of PEG (qualitative)

Name PEG amount [wt.%] PEG hardness PEG molar mass

S 1.5 1.5 Soft Small
H 2.5 2.5 Hard High
M 2.0 2.0 Medium Medium
S 2.5 2.5 Soft Small
H 1.5 1.5 Hard High
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cylinder. The difference between FUP and FLP, force on the
lower punch, is due to frictional effects. For calculating the
energy, the maximum force is set for every pressing such that
the relative density qrel is held constant. The relative density is
defined as follows:

qrel ¼ mp= qspr
2h

� �
ðEq 2Þ

, where mp is the powder mass, qs is the fully sintered density, r
is the die radius and h is the height of the compacted specimen.
Presently mp, qs, and r are known and h is chosen in order to
achieve a relative density being 0.5 (indicating that the density
will double after sintering).

For testing of the green strength, green body cuboid pieces
are pressed with a geometry according to Fig. 3(a), with
measurements B = 6.025 mm, H = 6.245 mm, and L = 25 mm.
The specimens are pressed up to a relative density being 0.5 in
order to ensure a proper comparison with the pressing energy
results described above. The test specimens are subject to a
3PB testing, as shown in Fig. 3(b), where the green body is
placed on two support pins and centered with respect to the
loading pin. The loading pin then moves in a vertical direction
until the body cracks. The test is repeated three times for every
type of powder.

From the test, the stress as a function of the flexural strain is
recorded. The fracture stress rB is calculated based on standard
engineering beam theory assuming elastic material behavior,
according to

rB ¼ 3FBl= 2BH2
� �

ðEq 3Þ

In (3), FB is the applied bending force at fracture and l = 20 mm
is the length between the support pins.

2.3 Finite Element Analysis

A feature that could influence the present analysis in a
negative manner is frictional effects between powder and die
wall. This is a particularly troublesome issue as the presence of
frictional forces will indeed have an influence on the pressing
energy, but this part of the energy will not contribute to the

compaction of the powder material (and thereby the green
strength).

In order to investigate this issue finite element simulations of
cylindrical die powder compaction were performed including
frictional effects. Similar simulations have been carried through
elsewhere, cf., e.g., (Ref 3), and for the details of the finite
element approach, this study is referred to. In the simulations, a
cemented carbide powder material is investigated. This material
is of course similar to the ones investigated experimentally
here. The material model used in the simulations is a Drucker–
Prager CAP model, as originally proposed in Ref 21 and
specified for powder materials (Ref 1) with, among other
things, density dependent constitutive properties. Other relevant
applications of such a constitutive equation to powder materials
can be found in for example (Ref 2, 3) and (Ref 22). Explicit
values on the presently used constitutive quantities are listed in
(Ref 3).

All the finite element simulations are performed using the
general-purpose finite element program LS-Dyna (Ref 23, 24).
Explicit time integration is utilized but quasi-static conditions
are ensured by a low pressing rate. The cylindrical die geometry

Fig. 2 Free body diagram of the instrumented die compaction test.
This is a multiple purpose experimental device where also contact
pressures pi along the die wall, recorded by an individual sensor i,
as well as frictional forces can be determined for the purpose of
constitutive characterization and description of the frictional
behavior. For the present analysis only FUP (force on the upper
punch) is of interest. Note that t denotes natural time

Fig. 3 Geometry and test setup for the three-point bending test. (a)
Geometry of a cuboid piece used for 3PB. (b) The cuboid piece
setup in the load cell for the 3PB test. Picture taken after test ending
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has already been schematically shown in Fig. 2 and discretiza-
tion of the powder material in the die is shown in Fig. 4. The
final value on the material relative density is varying due to
frictional effects but on average slightly it takes on a value
slightly above 0.5.

The two versions of the frictional behavior implemented in
the finite element model are specified in Ref 12 and 18. The
first one as presented in Ref 12 is a standard one for cemented
carbide powders where the friction coefficient in Coulombs
friction law, l, is set to a constant value. According to Ref 12,

l ¼ 0:2: ðEq 4Þ

The other one presented in Ref 18, also pertinent to
cemented carbide powders, is a more advanced model where it
is recognized that the frictional coefficient will depend on the
contact pressure between powder and die wall. Utilizing the
cylindrical die with pressure sensors shown in Figure 2, it was
possible in Ref 18 to determine the average pressure dependent
friction coefficient and the results are shown in Figure 4.
Obviously, these results are very different from Eq. (4) even
though it should be noted that at high pressure values (the final
stages of pressing) l = 0.2 is a very good approximation. The
experimental curve in Figure 4 was then modeled in (Ref 18)
by assuming a local pressure dependent friction coefficient

lopt ¼
a1 þ a2 � p if p< p1
a3 if p1 � p � p2
p=a4ð Þ�a5 if p> p2

8
<

:
ðEq 5Þ

with explicit parameter values

a1 ¼ �0:036; a2 ¼ 0:48 MPa�1; a3 ¼ 0:49; a4
¼ 0:30 MPa; a5 ¼ 0:33 ðEq 6Þ

and stress parameters

p1 ¼ 1:1 MPa; p2 ¼ 2:5MPa: ðEq 7Þ

yielding very good agreement between experiments and theory/
numerics as shown in Fig. 5.

Presently then, finite element simulations of cylindrical die
compaction were performed in order to determine the pressing
energy pertinent to the two friction models in Eq. (4) and (5). It
should be mentioned that numerical implementation of the two
friction models into LS-Dyna (Ref 23, 24) have been discussed
in detail in Ref 25.

3. Results and Discussion

In this section, the experimental results pertinent to the
pressing energy and the green strength measurements are
presented separately. After that, results related to the correlation
between these properties are presented. In the latter case, as
mentioned above, the design of experiment (DOE) software
Modde 12 (Ref 10) is used. Finally, based on the finite element
results frictional effects are evaluated and discussed in relation
to correlation.

3.1 Pressing Energy Results

The pressing energy during compaction show clear differ-
ences between the five different powders as tabulated in
Table 1. In Fig. 6, averages of all powders are depicted in order

Fig. 4 FE model used in the current analysis. The powder material
is marked in green and modeled with solid elements with
discretization according to the figure. Two symmetry planes are
introduced in order to reduce the number of elements used in the
simulations. Because of limitations in LS-Dyna, the cylinder could
not be modeled as axisymmetric

Fig. 5 Average frictional coefficient over the whole cylindrical die
powder pillar is shown. The yellow curve is determined directly
from test results and the gray curve is calculated using Eq. (5). The
results are taken from [26]
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to illustrate the difference. Note that the curves are normalized
so that unloading occurs at t = 0 s.

The difference between the largest and the smallest pressing
energy, at the end of compaction, is found to be approximately
42%. The highest values are found for hard and high amount
PEG.

It should be emphasized once again that compaction is
continued until the relative density of powder material is 0.5.
Corresponding comparisons at other values on the relative
density can be made from the results in Fig. 6 but are not
detailed here.

3.2 Green Strength Results

The green strength is as mentioned above determined by a
three-point bending test, where the maximal force prior fracture
is recorded. The green strength (fracture stress) is then
determined from Eq. (3). Figure 7 shows the results of the
bending tests, where the fracture stress is plotted against the
strain prior to fracture. Note that the strain, as well as the
fracture stress in Equation (3), is determined according to
standard engineering beam theory.

The test results show large differences for the different PEG
types. It can be seen that the powder H 2.5 endures significantly

higher loads compared to the other powders. It can also be seen
that the harder the PEG type in the powder is, the higher the
fracture stress becomes.

It should be mentioned that in the green strength analysis
simplifications are made concerning the evaluation. As men-
tioned above standard engineering beam theory is used to
determine fracture stress and strain which consequently limits
the analysis to elastic material behavior. From inspection of the
bending test output, it can be concluded however that this is a
satisfactory assumption as very little nonlinearities are found.
Furthermore, only correlation of the properties is at issue and
highly accurate strength results are relevant but not of highest
importance.

3.3 Correlation Results

Correlation between the two properties is tested using so
called multiple linear regression (MLR) remembering that in
this case two response variables are at issue. The analysis is as
previously mentioned performed using the design of experi-
ment (DOE) software Modde 12 (Ref 10). Correlation is
presently determined based on the coefficient of determination
R2. R2 takes on values between 0 and 1, where 1 indicates
perfect correlation between the quantities at issue.

The results from the analysis are depicted as a scatter plot in
Fig. 8. Clearly, the results are very well fitted to a linear curve
(as also indicated in Fig. 8). The R2-coefficient for a linear fit
takes on the value 0.92 indicating very good correlation.

It should be emphasized that it is not altogether surprising
that there is a strong correlation between the two investigated
quantities. If an insert requires a large amount of energy to be
compacted into a certain density, it could be expected that the
insert also is stronger and performs better in a strength test.
What is surprising, however, is that this linear correlation is so
good despite of the fact that quite different materials are
included in the investigation.

3.4 Finite Element Results

The results from the finite element simulations are depicted
in Fig. 8. Obviously the two sets of results differ since the two

Fig. 6 Average pressing energy curves for each powder,
normalized so that unloading occurs at time t = 0 s

Fig. 7 Results of the three-point bending test measurements. The markers correspond to each test�s breaking point and show a clear difference
for the different PEG types where harder PEG correlates to higher stress prior rupture. Note that M 2.0 (ref) is the same material as M 2.0 but
manufactured at a different site in order to ensure generality of the results
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frictional descriptions in Eqs. (4) and (5) are very different. At
higher compaction pressure, however, both frictional models
yield approximately the same value on the friction coefficient
and clearly, since results at higher pressure are the major
contributor to the integral value in Eq. (1), the two sets of
results start to get much closer.

It should be emphasized that the two frictional models in
Eqs. (4) and (5) are very different (representing a worst-case
scenario) and in short, they are pertinent to the frictional
behavior of two quite different powder materials. For similar
materials, such as the ones studied here, deviating effects from
friction on the pressing energy would be much smaller than
what is shown in Fig. 9. Accordingly, it can be concluded from
the finite element results that for the materials at issue presently,
frictional effects will have a very small influence on the very

good correlation, between the two quantities at issue as reported
above.

4. Conclusions

Correlation between the powder material properties granule
strength and green strength was investigated experimentally
and numerically using a design of experiment (DOE) software.
The investigation was pertinent to cemented carbide powder
materials. In order to achieve a variation of the properties of the
cemented carbide after compaction the PEG (pressing agent)
amount and molar mass was varied.

It is found that the correlation between the two quantities is
very good with the R2-coefficient for a linear fit taking on the

Fig. 8 Correlation between pressing energy W and the green strength for each powder

Fig. 9 Pressing energy W as function of compression x for the two frictional descriptions in Eqs. (4) and (5). Finite element results based on
the constitutive model specified in (Ref 3)
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value 0.92. From a physical point of view good correlation is
perhaps not surprising as it could be expected that an insert
pressed with high energy also is stronger and performs better in
a strength test. The very high degree of correlation is however
surprising.

Possible frictional effects on the results are investigated and
it is concluded that this feature will only slightly affect the
difference in pressing energy for similar materials. Accordingly,
such effects can be disregarded when applying the present
approach when cemented carbide powders are at issue.

From a practical point of view the results are of substantial
importance at pressing of complicated geometries when high
values on the powder material green strength is necessary. The
results suggest that it is possible to get information about one
material by experimentally characterizing another one which is
a valuable finding for many types of powder materials. A
possible continuation of the present research would be to
investigate how the residual porosity of the material after
sintering is depending on the pressing energy. Such results
should be supported with microscopic data.
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