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ABSTRACT

Simulation of crack propagation in metal powder during the cold compaction process is presented in
this paper.Based on a fracture criterion of granular materials in compression, a displacement based finite
element model has been developed to simulate the fracture process in a multi level component made
of iron powder.Estimation of fracture toughness variation with relative density is established in order to
provide the fracture parameters as compaction proceeds. A finite element model with adaptive remeshing
technique is used to accommodate changes in geometry during the compaction and fracture process,
while friction between crack faces is modelled using the six nodes isoparametric interface elements.
Two widely used yield criteria for powder compact, namely Mohr-Coulomb and Elliptical cap are used
in the models. Different crack growth patterns obtained by using these two yield criteria are presented
and compared in terms of the influence of shear stress and relative density distributions. Even though
the crack starts at different compaction step and different crack patterns are obtained when different
yield criteria is used, shear crack is predicted to starts in the region with lower relative density and higher
shear stress in both models.

Keywords: Powder compact, fracture criteria, fracture toughness, finite element.

ABSTRAK

Penyelakuan perambatan retak semasa proses pemadatan serbuk logam dibentangkan di dalam kertas
ini. Berdasarkan kriteria retak bagi bahan serbuk termampat, model unsur terhingga berdasarkan anjakan
telah dibangunkan untuk menyelaku proses keretakan dalam komponen berbilang aras yang dihasilkan
daripada serbuk besi.Anggaran hubungan keliatan retak dengan ketumpatan relatif dibangunkan sebagai
parameter retak semasa proses pemadatan dijalankan. Model unsur terhingga dengan teknik penjaringan
adaptif digunakan bagi menangani masalah perubahan geometriyang besar semasa proses pemadatan dan
keretakan, manakala geseran antara muka retak dimodelkan dengan menggunakan unsur antaramuka enam
nod separameter. Dua jenis kriteria alah yang biasa digunakan bagi serbuk terpadat, iaitu Mohr-Coulomb
dan tukup elips telah digunakan. Corak perambatan retak berbeza yang diperolehi dengan menggunakan
kedua-dua jenis kriteria alah tersebut telah dibentangkan dan dibandingkan dari segi pengaruh taburan
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tegasan ricih dan ketumpatan relatif. Meskipun retak bermula pada langkah pemadatan yang berbeza
dan corak pemadatan yang berbeza diperolehi apabila kriteria alah yang berbeza digunakan, retak ricih
diramalkan bermula di kawasan yang berketumpatan rendah dan mempunyai tegasan ricih yang tinggi

bagi kedua-dua jenis model.

Kata kunci: Serbuk padat, kriteria patah, kekuatan patah, unsur terhingga.

INTRODUCTION

Manufacturing parts using powder metallurgy
(PM) involves four major steps: powder and
lubricant mixing, compacting powders into
appropriate shapes in closed dies to produce
green compacts, sintering the green compacts
at elevated temperature and finally, post-

sintering secondary operations (Chtourou et al.

2002). Details on cold compaction process can
be found in (Ariffin 1995), where the numerical
modelling of the complete cycle has been
developed, and validated by experiments. In
modelling the compaction process, the macro-
mechanical modelling approach is used in this

work, where the powder medium is considered
as a continuum that undergoes large elastic-
plastic deformation.Constitutive model based on
granular material is used since powder behaves
similarly to a frictional granular material with
regard to dilatancy and densification behaviour
(Gollion et al. 1989).

Extensive literature reviews on materials
under compression reveal that generally crack
grows in mode ll,no matter whether the material
is brittle or ductile as reported by Arun Roy et
al. (1999), Isaksson and Stahle (2002 & 2003),
De Bremaecker and Feris (2004). However, crack
patterns are being influenced by the amount of
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FIGURE 1. Geometry and boundary conditions of a rotational flanged component
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FIGURE 2. Axisymmetric representation of compaction process at (a) Step 1; (b) Step 20 ;and (c) Step 40

applied stress, and friction between the crack
surfaces.In this paper a suitable fracture criterion
for metal powder during cold compaction process
is outlined, taking into accounts the mechanical
behaviour of metal powder under compaction
process. Finite element modelling of the crack
initiation and propagation has been developed
using FORTRAN programming language, where
two different yield criteria namely Mohr-Coulomb
and elliptical cap (Roscoe & Burland 1968) yield
criteria which are originally developed for soil
mechanics, are used for powder material.

MODELLING OF FRACTURE IN POWDER
COMPACT

A multi level component, in this case a rotational
flanged component, is modelled by an
axisymmetric representation as shown in Figures
1 and 2.lron powder with material properties as
listed in Aidah (2001) is compacted by bottom
and to punch movements. Total displacement
of the bottom punch,d, =7.69 mm while the top
punch, d. = 6.06 mm at the end of compaction
process.
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FIGURE 3. Stress component at a point near a crack tip in the polar coordinate system
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FIGURE 4. Nodes around the crack tip for calculation of the stress intensity factors

In this work, the compaction is performed in
20 steps movement of bottom and top punch
respectively,and in turn as shown in Figure 2.This
mean that a total displacement of 7.69 mmiis first
achieved when the bottom punch had finished a
20 steps movement (step 1 to 20), followed by a
total displacement of 6.06 mm by the top punch
after a 20 steps movement (step 21 to 40).

FRACTURE CRITERIA

Even though it is believed that failure in metal
powder compaction is due to shear fracture
(mode II), the fracture criterion in need must
not neglect the possibility of fracture due to
opening mode (mode I). Since powder behave
similarly to frictional granular materials like
rock in compression, fracture criteria by Quihua
et al. (2003) is adopted in this work. Based on
the examination of mode | and mode Il stress
intensity factors on the arbitrary plane 6 based
on the stress component near a crack tip as in
Figure 2, K (0) and K, (0), varying with 0 (-180°
= 06 =+180°), no matter what kind of loading
condition is applied, the fracture criterion
(Quihua et al.2003) stated that for mode | fracture
to occur:
K K
< lmax < _le K =K at®
K 77 *I max Ic Ic

| max Ic (])

For mode Il fracture:
K

1l max > Kllc ,K

max= K cat e c
K/max K/C I Il 1
(2)

In order to determine K, and K, in
equations (1) and (2), mode | and mode Il stress
intensity factors in the direction of 6 is defined

as:

K,(8) = K, cos® g + K,,(—singcos2 g]
(3)

K,(0)=K, sin 2 cos? 2 1 K, cos [ 1-3sin? 2
2 2 2 2

(4)

K, (6) and K, (0) are calculated on the mid
nodes around the crack tip as shown in Figure
4 to obtain the maximum K, and K, where
0 is defined as positive in the anticlockwise
direction from the original crack plane.K and K,
in equations (3) and (4) are the stress intensity
factors in the original crack plane. In finite
element method, these values can be calculated
using the displacement correlation technique

(Phan et al. 2003) as below:

G |2 Ve Ve
K= Tn((“(vb_vd)‘%](s)
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G [2=m u,—u,
= T[(“‘“" ) (T>J

(6)
where G is the shear modulus, L is the element
length, ¥ is defined as k=(3-4v) for plane
strain or axisymmetric problem, where v is the
Poisson’s ratio.The u and v are the displacement
components in x and y directions respectively,
where the subscripts indicate their positions as
shown in Figure 4.

ADAPTIVE MESH AND CRACK MECHANISM

An adaptive finite element mesh using error
estimator based on stress error norm (Zienkiewicz
& Zhu 1989) is used, where automatic remeshing
is calculated at each step during the compaction
process. Equations (3) and (4) are used to
calculate the stress intensity factor (SIF) of mode
I (K) and mode Il (K ). These values are calculated
on the nodes around the crack tip and crack is
modelled to propagate inter-element (Bouchard
et al. 2000), by splitting mechanism of crack tip
node in order to provide two adjacent crack faces.
This is similar to the release node mechanism
except that the direction of crack propagation
is depending on direction criteria.

FRICTION CRITERIA

Coulomb friction law which is often adopted in
friction problems is used in this work, given by:

35

F. (r,on) = |r| +Uuo, @)
where 7 is the friction shear stress, o, is the
normal stress which should be compressive for
friction to developed, and u is the coefficient of
friction.Six nodes isoparametric elements (Ariffin
1995) are used as interface elements for friction
between powder material and die wall during the
compaction process, as well as to model friction
on the crack faces in contact.

MODE | FRACTURE TOUGHNESS (K )

Based onapproximate formulasformode|fracture
toughness (Ko by Gibson and Ashby (1988),finite
element models have been developed by Choi
and Sankar (2003) to estimate the variation of
K. as a function of solidity of carbon foam. By
assuming that the crack is parallel to one of the
principal material axes, K. can be estimated using
the following formula:

max (8)

where o is the strength of the material and
o, is the maximum principal stress. Study
on mechanical properties of iron compact
has been performed by Poquillon et al. (2002),
which provide the variation of green strength

with relative density as shown in Figure 5.Using
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FIGURE 5. Variation of green strength with relative density
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FIGURE 6. Shear stress-strain curves for compacts with different final compaction load

the variation of green strength, equation (8)
becomes:

K 148.6p'- 6.627
° Gmax (9)

where p’is the relative density of the iron
compact with respect to solid iron.

MODE Il FRACTURE TOUGHNESS (K, )

Fracture toughness of a material is the amount
of energy a material can absorbs before fracture,

or energy required to create new crack surfaces.
Thusitis also equal to the area under stress-strain
curve up to fracture.Experimental data by Aidah
(2001) is used in this work to obtain the shear
stress-strain curves at different compaction load
asin Figure 6,and subsequently used to estimate
the variation of mode Il fracture toughness (K )
with relative density as depicted in Figure 7,
given by:

_ 6.5031p"
K, =0.1174e (10)
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FIGURE 7. Variation of K - with relative density
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where p’ is the relative density of iron compact
at the point with maximum K.

RESULT AND DISCUSSION

Since no pre-crack is present in this case, the
direction of maximum shear stress is used as
the original crack direction, in the calculation of
K (6) and K, (0) for the first crack formation. This
is acceptable because the same conclusions
regarding the crack path are achieved in
materials under compression, by assuming
that crack grows along the plane of maximum
shear stress as by assuming that crack follows
the direction of maximum K, (Isaksson & Stahle
2003). Without pre-crack in this work, the point
with maximum shear stress is taken as the point
where the crack starts.

A single crack initiated from the boundary
surface is considered in this work. Simulation
of the fracture process show that shear crack
starts at the end of step 9 when Mohr-Coulomb
yield criteriais used.The shear stress and relative
density distributions at step 10 are shown in
Figures 8(a) and 9(a) respectively. From these
two figures, it can be seen that crack starts in the
region with the highest shear stress distribution,
but lowest relative density distribution. Similarly,
Figures 10(a) and 11(a) show that by using the
elliptical cap yield criteria, shear crack starts at
a point with maximum shear stress but in the
region where the relative density is much lower.
In this case however, crack starts at the beginning
of compaction by the top punch movement (step
21),where compaction by the bottom punch had
complete, causing the lower part of compacted
powder to have much higher relative density
distribution as shown in Figure 11(a).

As compaction proceeds, simulations of crack
propagation show that different crack patterns
are obtained by using different yield criteria.
Crack propagation directions by using the two
yield criteria are listed in Table 1, including the
relative density at the point where crack first
starts to propagate.No further crack propagation
occurs after step 20 when Mohr-Coulomb criteria
is used, while crack propagates only once when
elliptical cap criteria is used.

The value of 0 is calculated with respect
to the earlier crack direction, using the sign
convention as shown in Figure 3, while p’is the
relative density value at the point where crack
propagates. These values of 0 as listed in Table

1 show that the crack always extended away
from the original crack direction.Neglecting the
sign convention which indicates the direction
of stresses, it can be seen from Figure 8(a) to
Figure 8(b) and Figure 9(a) to Figure 9(b) that
the crack propagates in the direction where the
shear stress and relative density are much higher.
Since relative density increases as compaction
pressure increases (Aidah 2001, Poquillon et al.
2002), it can be deduced that the crack grows
in the direction of higher compaction pressure.
This is in line with the conclusion made by Arun
Roy et al. (1999) which argue that crack grows
in the direction of higher confining hydrostatic
pressure or compaction pressure in this case.

By using the elliptical cap yield criteria which
permits representation of densification as well
as hardening, the predicted crack propagation
direction is only = +2 ° away from the original
crack plane.This is almost in the plane of original
crack direction, as shown in Figure 10(b) and
Figure 11(b). In addition, the crack starts at the
end of step 21 and propagates at step 25,which is
much later compared to the previous case where
crack starts at step 9 when Mohr-Coulomb yield
criteria is used.

The numerical and experimental reports by
previous researchers only provide the analysis in
terms of crack direction when the crack first starts
to propagate. Hence for comparison purposes,
the value of relative density at which the crack
first starts to propagate is given in Table 1 when
two different yield criteria are used. It can be seen
fromTable 1 that the crack propagation direction
is much nearer to the original crack plane when
crack starts to propagate at a point with much
higher relative density, which also implies a
much higher compaction pressure.This isindeed
agreed very well with the conclusion by Isaksson
and Stahle (2003), which stated that the direction
of the crack growth with respect to the original
crack plane decreases with increasing pressure.

Due to the movement of the bottom punch
in the first 20 steps, the two regions with the
highest and lowest relative density are formed
around the sharp corner, providing a high density
gradient and causes the crack to propagates in
such direction as shown in Figure 9 and Figure
11.The shear stresses which are initially higher
at the boundary as shown in Figure 8(a) and
Figure 10(a) become much lower as compaction
proceeds, while the region with higher shear
stresses is formed slightly centred, near the sharp
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TABLE 1. Details of crack propagation

Using Mohr-Coulomb Criteria

Using Elliptical Cap Criteria

Compaction Step 0° p’ Compaction Step 0° p’
17 +22.7883 0.205084 +2.150406 0.524965
18 +5.34889 0.353035
20 +13.74237 0.557248

(a) Step 10

time =10

B 7.292E-01 - 1.280E+00
1 1.789E-01 - 7.292E-01
—3.715E-01 - 1.789E-01
= -9.218E-01 - -3.715E-01
[ -1.472E+00 - -9.218E-01
[ -2.022E+00 - —1.472E+00
3 -2.573E+00 - —2.022E+00
[ -3.123E+00 - —2.573E+00
[ -3.673E+00 - —3.123E+00
[ —4.224E+00 - —3.673E+00
[ -4.774E+00 - —4.224E+00
B -5.324E+00 - —4.774E+00
Bl -5.875E+00 - —5.324E+00
Bl -6.425E+00 - -5.875E+00
I —6.976E+00 - -6.425E+00

time =21

[ 1.226E+00 - 1.951E+00

B 4.997E-01 - 1.226E+00

1 —2.262E-01 - 4.997E-01

B 9.521E-01 - —2.262E-01
1 -1.678E+00 - -9.521E-01
1 -2.404E+00 - —1.678E+00
3 -3.130E+00 - —2.404E+00
[ -3.856E+00 - —3.130E+00
1 —4.581E+00 - —3.856E+00
1 -5.307E+00 - —4.581E+00
B -6.033E+00 - —5.307E+00
B -6.759E+00 - —6.033E+00
B -7.485E+00 - —6.759E+00
B -8.211E+00 - —7.485E+00
| I —8.937E+00 - -8.211E+00

FIGURE 8. Shear stress distribution using Mohr-Coulomb yield criteria

time =10

g 41

6.040E-01 - 6.504E-01
5.575E-01 - —6.040E-01
5.110E-01 - 5.575E-01
4.646E-01 - 5.110E-01
4.181E-01 - 4.646E-01
3.717E-01 - 4.181E-01
3.252E-01 - 3.717E-01
2.787E-01 - 3.252E-01
2.323E-01 - 2.787E-01
1.858E-01 - 2.323E-01
1.394E-01 - 1.858E-01
9.292E-02 - 1.394E-01
4.646E-02 - 9.292E-02
0.000E+00 - 4.646E-02
—4.646E-02 - 0.000E+00
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time =21

5.801E-01 - 6.247E-01
5.355E-01 - 5.801E-01
4.908E-01 - 5.355E-01
4.462E-01 - 4.908E-01
4.016E-01 - 4.462E-01
3.570E-01 - 4.016E-01
3.124E-01 - 3.570E-01
2.677E-01 - 3.124E-01
2.231E-01 - 2.677E-01
1.785E-01 - 2.231E-01
1.339E-01 - 1.785E-01
8.924E-02 - 1.339E-01
4.462E-02 - 8.924E-02
0.000E+00 - 4.462E-02

&

(a) Step 10

WERENO000O000DNN

—4.462E-02 - 0.000E+00

FIGURE 9. Relative density distribution using Mohr-Coulomb yield criteria
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time = 22

2.729E-01 - 3.888E-01
1.570E-01 - 2.729E-01
4.107E-02 - 1.570E-01
~7.485E-02 - 4.107E-02
-1,908E-01 - -7.485E-02
-3.067E-01 - -1.908E-01
—4,226E-01 - -3.067E-01
-5.385E-01 - -4.226E-01
—6.545E-01 - -5.385E-01
~7.704E-01 - —6.545E-01
-8.863E-01 - —=7.704E-01
-1.002E+00 - —-8.863E-01
-1.118E+00 - -1.002E+00
-1.234E+00 - -1.118E+00
—1.350E+00 - —1.234E+00

g 4 3

MERREOOOOOOEDEN

‘,

(a) Step 22

g 4 1 time = 26

8 7.899E-01 - 9.228E-01

[ 6.569E-01 - 7.899E-01
3 5.239E-01 - 6.569E-01
3 3.909E-01 - 5.239E-01
[ 2.579E-01 - 3.909E-01
: [ 1.249E-01 - 2.579E-01
[ -8.139E-03 - 1.249E-01
[ -1.411E-01 - -8.139E-03
[ —2.741E-01 - —1.411E-01
-4.071E-01 - -2.741E-01
[l -5.401E-01 - —4.071E-01
Bl -6.731E-01 - -5.401E-01

Il -8.061E-01 - -6.731E-01
Bl -9.391E-01 - -8.061E-01
I -1.072E+00 - —-9.391E-01

(b) Step 26

FIGURE 10. Shear stress distribution using elliptical cap yield criteria

time = 22

4.745E-01 - 5.110E-01
4.380E-01 - 4.745E-01
4.015E-01 - 4.380E-01
3.650E-01 - 4.015E-01
3.285E-01 - 3.650E-01
2.920E-01 - 3.285E-01
2.555E-01 - 2.920E-01
2.190E-01 - 2.555E-01
1.825E-01 - 2.190E-01
1.460E-01 - 1.825E-01
1.095E-01 - 1.460E-01
7.300E-02 - 1.095E-01
3.650E-02 - 7.300E-02

time = 26

g 11

4.947E-01 - 5.328E-01
4.567E-01 - 4.947E-01
4.186E-01 - 4.567E-01
3.B06E-01 - 4.186E-01
3.425E-01 - 3.806E-01
3.044E-01 - 3.425E-01
2.664E-01 - 3.044E-01
2.283E-01 - 2.664E-01
1.903E-01 - 2.283E-01
1.522E-01 - 1.903E-01
1.142E-01 - 1.522E-01
7.611E-02 - 1.142E-01
3.806E-02 - 7.611E-02

g 137

(TN

0.000E+00 - 3.650E-02

—3.650E-02 - 0.000E+00

0.000E+00 - 3.806E-02
—3.806E-02 - 0.000E+00

ERREDOOO00ONOON|

(a) Step 22

(b) Step 26

FIGURE 11. Relative density distribution using elliptical cap yield criteria

corner as shown in Figure 8(b) and Figure 10(b).

As the consequence, the crack propagates inward
starting from the boundary, towards the region
where the shear stresses are much higher.

CONCLUSION

A displacement based finite element model has
been developed to analyse the crack initiation

and propagation in a multi level component
made of iron powder,during the cold compaction
process. Two different yield criteria namely the
Mohr-Coloumb and elliptical cap yield criteria
have been used in the model. Shear crack is
predicted to starts in the region with lower
relative density and higher shear stress in both
models.Even though the crack starts at different
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compaction step and different crack patterns
are obtained when different yield criteria is
used, crack is predicted to starts at about the
same point near the sharp inner corner of the
component in the two different models. As
compaction proceeds, the crack propagates in
the direction where the shear stress and the
relative density are much higher. Propagation
of the crack towards the region of much higher
relative density distribution also implies that
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