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Fracture Behaviour of Metal
Powder Compact

S.M. Tahir, A.K. Ariffin & N. Muhamad

ABSTRACT

This paper is intended to establish a fracture criterion for metal powder compact
during the cold compaction process. Based on the fracture criterion of granular
materials in compression, a displacement based finite element model has been
developed to analyse fracture initiation and crack growth in iron powder
compact. Estimation of fracture toughness variation with relative density is
established in order to provide the fracture parameter as compaction proceeds.
A crack initiated from the boundary of iron powder compact is considered in
this work. The finite element simulation of the crack propagation reveals that
crack propagates in the direction of higher shear stress and higher relative
density. This also implies that the crack grows in the direction where the
compaction pressure is much higher, which is in line with the conclusion made
by previous researchers on shear crack growth in materials under compression.

Keywords: Powder compact, Fracture criteria, Fracture toughness, Finite
element.

Introduction

Powder metallurgy (PM) is widely applied to produce mainly automotive parts
such as bearings, cams and toothed components. Manufacturing parts using
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 [1, 2].

In modelling the compaction process, the macro-mechanical modelling
approach is used in this work, which provides information on the macroscopic
behaviour of the powder assembly such as powder movement, density
distribution, stress state and the shape of the compact during and after
compaction. Thus, the powder medium is considered as a continuum that
undergoes large elastic-plastic deformation. In order to describe the effect of
stress state on the response of the powder material, constitutive model based on
granular material is used since it was found in the literature that powder behaves
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similarly to a frictional granular material with regard to dilatancy and densification
behaviour [3]. Details on cold compaction process can be found in [4], where the
numerical modelling of the complete cycle (compaction, relaxation, ejection and
emergence) has been developed, and validated by experiments.

Modelling of fracture and crack propagations involves suitable fracture
criterion and numerical model to represent the crack propagation process. Even
though methods for crack detection in green powder metallurgy (PM) parts exist
[S, 6], to date the crack propagation during the compaction process is unknown
and needed to improve the performance of parts produced by this process. 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
propagation is presented and compared with the findings of previous researchers
on crack propagation in materials under compression.

Fracture Criteria

A large number of inhomogenities due to soft and hard inclusions such as voids,
pores and microcracks in heterogeneous brittle materials like rock, concrete and
ceramic may be the reason for the macroscopic mode II failure under compressive
loads in such materials. Similarly, during the compaction process, inhomogenities
within the powder compact and frictional behaviour of powder under compaction
will obviously expected to lead to macroscopic failure in mode II.

Since powder behaves similarly to frictional granular materials like rock, it is
believed that fracture criteria of rock, is most likely the best criteria that can be
applied to fracture of powder compact during the compaction process. Based on
the fracture of rock, there are two fracture criteria available in the literature that
can be applied to powder compact.

Shear Fracture Criterion

Based on the examination of Mode I and Mode II stress intensity factors on the
arbitrary plane 6 in Figure 1, K, (6) and K, (6), varying with 6 (-180° <6
< +180°), no matter what kind of loading condition is applied, the shear fracture
criterion [17] is expressed as:

K” max KIIC

where Ky = Kyc at Oyc ey
K] max K]C max

Otherwise, crack will propagate as mode I if:
1< K”max < Kic

K K where K; =K, at 0, )
I max IC
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where K, ~and K, are maximum stress intensity factors of Mode I and
Mode Il respectively, while K, . and K|, . are critical stress intensity factors of
Mode I and Mode II.

For a crack length of 2a subjected to a uniform compressive stress, & and
taking into account the shear stress components, the variation of stress intensity

factors with 8 can be calculated as follows:

0 N 6
KI (9)= KI (0)0053 —2— + K” (O{— smEcos2 E] 3)

) 6 4] Y]
Ky (0)= Kl (0)sm ;cos2 ; + KII (O)COSE[I - 3sm2—2—) @)

where K (0) and K, (0) are the mode I and mode II stress intensity factors in the
original crack plane.

y

Arbitrary
plane 0

0 Original crack plane

—p
2a

Original
crack tip

Figure 1: Stress Component at a Point Near a Crack Tip in the Polar
Coordinate System

Maximum Shear Stress Criterion

An extension of the maximum tangential stress criterion has been proposed in
[7], for the initiation of shear crack in rock under compression. This criterion is
analogous to tensile crack initiation, but the direction and stress level of crack
initiation are determined by the direction and magnitude of the maximum shear
stress. It stated that:
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a) A shear crack will initiate when the maximum absolute shear stress computed
at a distance r = r, from the tip reaches a critical value, i.e:

qfl)maximum r=r, = qT )crit

b) and will initiate in a direction in which absolute value of the shear stress
computed at a radial distance r=r, attains a maximum, i.e:

il o’
26 26?

= Tcrit (5 )

r=ry

=0 and

r=ry

<0 (6)

r=r

The critical value of absolute shear stress is material dependent, and the radial
distance r is viewed as the size of the core region which also called a process
zone or plastic zone, that is a zone where the material has yielded.

Finite Element Modelling of Fracture in Powder
Compact

Extensive literature reviews on materials under compression reveal that generally
crack grows in mode II, no matter whether the material is brittle [8-12] or ductile
[13-16]. However, crack patterns are being influenced by the amount of applied
stress, and friction between the crack surfaces. Basically, it can be concluded
that crack can grow in three different manners:

i)  viaincipient kink by opening mode, at an angle from the original crack plane
ii) asaclosed crack, straight ahead from the original crack plane
iii) as a combination of (i) and (ii)

As compaction proceeds, powder will undergo large deformation, large
inhomogeneous density distribution present within the powder compact, while
inter-particle frictions as well as friction between powder particle and die wall
exist. The combination of (i) and (ii) as stated above are possible for metal
powder under compaction as the normal and shear stress acting on the powder
increases, while the density distribution keep changing. Since the area of plastic
region is difficult to be obtained during compaction process, fracture criterion
by [17] as stated in the previous section is simpler and possible to be applied.
Therefore, this shear fracture criterion is adopted in this work.

A displacement based finite element procedures have been developed to
simulate the powder compaction and fracture process. Mohr-Coulomb yield
criterion is used in this work and FORTRAN programming language is used in
developing the finite element procedures.



Fracture Behaviour of Metal Powder Compact

Geometry and Boundary Conditions of Finite Element Model

A multi level component, in this case a rotational-flanged component, is modelled
by an axisymmetric representation as shown in Figure 2 and Figure 3. Iron
powder with material properties as listed in [18] is compacted by bottom and
top 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. In this work,
the compaction is performed in 20 steps movement of bottom and top punch
respectively, and in turn as shown in Figure 3. This mean that a total displacement
of 7.69 mm is 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).

Top punch r=6.3

4.6 mm 15.6 mm

11.7 mm

13.7 mm

I
Bottom punch ' \
Core rod

Figure 2: Geometry and Boundary Conditions of a Rotational Flanged
Component
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j (a) Step 1 {b) Step 20 o) Step i

Figure 3: Axisymmetric Representation of Compaction Process
at (a) Step 1, (b) Step 20 and (c) Step 40

Adaptive Mesh and Crack Mechanism

An adaptive finite element mesh is applied to accommodate large displacement
changes in geometry of the domain. Error estimator based on stress error norm
[19] is used, where automatic remeshing is calculated at each step during the
compaction process. Crack initiation and propagation have been developed and
implemented in the model, without having to predefine the direction of crack.
Initially, three nodes triangle element is used. After the first stage of remeshing,
the three nodes elements are automatically changed into six nodes triangle
elements to have better accuracy.

Nodes around
crack tip

+6
Original crack
-0 direction

Figure 4: Nodes Around Crack Tip for Calculation of K, and K,

Calculation of Stress Intensity Factor (SIF)

Equations (3) and (4) are used to calculate the variation of stress intensity factor
(SIF) of mode I, K(6) and mode II, K,(6). These values are calculated on the
nodes around the crack tip, as illustrated in Figure 4.

The criterion in equation (1) stated that crack occurs when the ratio of
maximum K, over K, exceed the ratio of critical values or fracture toughness, of



Fracture Behaviour of Metal Powder Compact

K, over K. 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 ,and K,
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 and follows
the direction of maximum K, [11]. Without pre-crack in this work, the point with
maximum shear stress is taken as the point where the crack starts.

Crack Mechanism

In this work, crack is assumed to propagate by an extremely small opening,
which is quickly being closed as compaction proceeds. In finite element
modelling using advanced remeshing technique, crack propagation can be
modelled by inter-element or intra-element in the mesh [20]. Since the values of
K(0) and K, (@) are calculated on the nodes around the tip, crack is modelled
to propagate inter-element, by splitting mechanism of crack tip node. This is
similar to the release node mechanism except that the direction of crack
propagation is depending on direction criteria. Referring to Figure 5, the crack
tip node is split into two new nodes by adding an extremely small gap if the crack
criteria is fulfilled.

Figure 5: Split node model

Friction Criteria

When two surfaces are in contact, a criteria defining tangential stick or slip
occurrence is needed. In general, friction criteria between two surfaces can be
stated as:

Ff (T,O'” )=

<0 stick

. 7
=0 slip ™
Coulomb friction law which is often adopted in friction problems is used in this
work, given by:

F.(t,0,)=|t|+uo, ®)

where 7 is the friction shear stress, 0, is the normal stress which should be
compressive for friction to developed, and U is the coefficient of friction.

Six nodes isoparametric elements are used as interface elements for friction
between powder material and die wall during the compaction process. Details on
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constitutive model of friction based on plasticity which is incorporated into the
interface elements, can be found in [4]. The interface elements are also used to
model friction on the crack faces in contact. Using adaptive finite element mesh,
the interface element can be inserted automatically on the crack faces, whenever
a crack starts and grows.

Fracture Toughness

The fracture criterion in equations (1) and (2) require values of the critical stress
intensity factors, K. and K,, . which are the material parameters and also called
fracture toughness. Standard procedures exist for determination of fracture
toughness for solids, such as three point bending test or four point bending
test. However, fracture toughness of powder compact during compaction process
is not as simple as solids due to continuous changing of density and other
material properties at each compaction step. Thus, the variation of fracture
toughness with relative density must be obtained in order to provide these
fracture parameters as compaction proceed.

Mode | Fracture Toughness (K,)

Based on approximate formulas for mode I fracture toughness (K ) by [21], finite
element models have been developed by [22] 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:

o

Ky = il - 18

O-leX (9)
where O is the ultimate strength of the material and o, is the maximum
principal stress.

Study on mechanical properties of iron compact has been carried out by [23].
Three point bending tests have been performed on iron compacts, which provide
the variation of green strength with relative density, as shown in Figure 6.

Using the variation of green strength in Figure 6 and by assuming that
green compact behaves as foam metal, where open and closed porosity in green
compact are corresponding to open and closed cells in foam, equation (9) hence
becomes:

148.66p'-65.627
Y — (10)

Omax
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where p ' is the relative density of the iron compact with respect to solid iron,
and 0, is the maximum principal stress.

35
.
30 - S
= /
s = .65 627
S s G,.= 148660 -65.627
. pd
z L
€ | .-
E /
375 -
310— ,/,
z .
0 S — . . .
04 045 05 0s 06 065 07

5
Relative Density, p'

Figure 6: Variation of Green Strength with Relative Density

Mode Il Fracture Toughness (K )

Fracture toughness of a material is basically the amount of energy a material can
absorb before fracture, or energy required to create new crack surfaces. Thus, it
is also equal to the area under stress-strain curve up to fracture. Experimental
data by [24] is used in this work to obtain the shear stress-strain curves at
different compaction load as shown in Figure 7. These curves are subsequently
used to estimate the variation of mode II fracture toughness (K,,.) with relative
density, as depicted in Figure 8. From Figure 8, the values of K, . as compaction
proceeds can be obtained from:

K = 0117457 (11

where p 'the relative density of iron compact as in equation (10).

Since the crack is predicted to follow the direction of K, _, the relative
density at the point with maximum K, around the crack tip is used in the calculation
of both K. and K|, .
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Figure 7: Shear Stress-Strain Curves at Different Compaction Load
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Figure 8: Variation of K. with Relative Density

Results and Discussion

Crack Initiation

A single crack propagating inward from the boundary surface is considered in
this work. It is found that the point with the maximum shear stress is always

10
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generated around the sharp corner as shown in Figure 9. Crack starts at the end
of compaction in Step 9, and the shear stress distributions as well as the relative
density distributions at Step 10 are shown in Figure 9 and Figure 10 respectively.
From these two Figures, it can be seen that crack starts in the region with high
shear stress but low relative density.

time =10

Pl ewe-wm - acween

- 2%~
~ 1rgee-ni
P - -3715E-01

D - 5280

- La7EEs

- -2022Ee0

~2I2ITH00 - ~257ICe
SRETIE00 - 223604
4224406 - ~3ETIo

S477ATa06 - ~4224E0

T 53248400 - ~4.7745 +0f

~SHTSEE0 - ~5.324E+

HA25TH00 - 5BTSE 008

~RSTEESIG - ~6425E

—

Figure 9: Shear Stress Distribution at Step 10
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Figure 10: Relative Density Distribution at Step 10
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Crack Propagation

As compaction proceeds, the crack propagates at step 17, 18 and 20, where the
crack propagation directions, 6 at these steps are shown in Table 1. No further
propagation occurs after step 20, until compaction is completed at step 40.

Table 1: Crack Propagation Direction

Compaction Step 0°
17 +22.7883
18 +5.34889
20 +13.74237

The value of 0 is calculated with respect to the earlier crack direction, using
the sign convention as shown in Figure 4. These values of 8 as listed in Table 1
show that the crack always extended away from the original crack direction. Based
on the general agreement between the previous researchers, this means that the
confining pressure or in this case the compaction pressure, causes the crack to
propagate microscopically in opening mode, even though the macroscopic failure
is due to mode II fracture. The crack propagation direction however, is much nearer
to the original crack plane compared to crack propagation direction when crack
extended via a kink by opening mode in materials under compression.

The shear stress distributions and relative density distributions at step 21
are shown in Figure 11 and Figure 12 respectively. Neglecting the sign convention
which indicates the direction of stresses, it can be seen from Figure 11 that the
crack propagates towards the region with higher shear stresses. Figure 12 shows
that the crack also propagates in the direction where the relative density is much
higher. Since relative density increases as compaction pressure increases [23,
241, it can be deduced that the crack grows in the direction of higher compaction
pressure. This is in line with the conclusion made by [15] which argue that crack
grows in the direction of higher confining hydrostatic pressure, which is
equivalent to the compaction pressure in this case.

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 as shown in Figure 12. The relative density or compaction pressure gradient
around the sharp corner causes the crack to propagate in such direction as in
Figure 12. Furthermore, the shear stresses which are initially higher at the
boundary as shown in Figure 9 become much lower as compaction proceeds,
while the region with higher shear stresses is formed slightly centred, near the
sharp corner as in Figure 11. As the consequence, the crack propagates inward
starting from the boundary, towards the region where the shear stresses are
much higher.

12
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Conclusion

A displacement based finite element model has been developed to simulate the
crack initiation and propagation in a rotational flanged component made of iron
powder. A fracture criterion of mode Il based on fracture of granular materials in
compression has been successfully used to model the crack propagation process.
Simulation of the crack propagation process in the iron compact reveals that
crack starts in the region with the highest shear stress and the lowest relative
density distributions. 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 the crack grows in the direction of higher compaction
pressure, which is in line with the conclusion made by previous researchers on
crack growth in materials under compression.
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