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Summary:

The functionally gradated materials (FGMs) are distinguished from isotropic
materials by gradients of composition, phase distribution, porosity, and re-
lated properties. For FGMs made by powder metallurgy, sintering control is
one of the most important factors. In this study sintering process of FGMs is
modelled and simulated with a computer. A new modelling approach was
used to formulate equation systems and the model for sintering of gradated
hard metals, coupled with heat transfer and grain growth. A FEM module was
developed to simulate FGM sintering in conventional, microwave and hybrid
conditions, to calculate density, stress and temperature distribution. Behav-
iour of gradated WC-Co hardmetai plate and cone specimens was simulated
for various conditions, such as mean particle size, green density distribution
and cobalt gradation parameter. The results show that the deformation be-
haviour and stress history of graded powder compacts during heating, sinter-
ing and cooling could be predicted for optimisation of sintering process.
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1. Introduction:

Powder metallurgy is one of major processing methods for fabrication of
Functionally Graded (more correct, Gradated) Materials, or FGM (1-3). Com-
bination of powders layout techniques gives a versatility of virtually any kind
of component distribution in the volume of final article. However, for FGM
consist of phases of too different properties (metal - ceramics, etc.), sintering
is usually becoming a problem due to rather different sintering temperatures,
shrinkage rates and resulting shrinkage non-uniformity as well as possible
accumulation of stresses.
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Hence a special attention should be given to sintering behaviour of FGM, be-
cause of higher probability of appearance of bending or distortion of the sin-
tered bodies, or cracks, due to the difference in shrinkage between the
phases (1-5). Recently, the stress state and cracks in heterogeneous powder
compacts induced by non-uniform shrinkage have been analysed. Finite ele-
ment analysis for sintering process has been widely used to predict deforma-
tion behaviour during isothermal sintering of gradated compacts, including
WC-Co hardmetals (3-7). It was underlined that compacts may exhibit differ-
ent behaviour (elastic or visco-plastic) at different stages of sintering.

The deformation of the test piece and internal stress during entire cycle
(heating, isothermal holding and cooling) are necessary to know for optimisa-
tion of the sintering and prevention of defects and undesired distortions, as
mentioned above. In this work, the finite element analysis based on the ther-
mal elasto-visco-plastic sintering model proposed by the authors (8,9) was
carried out for sintering of functionally gradated hardmetals of simple (plate)
and more complicated shape (cone). Gradated hardmetal plate and cone sin-
tering was simulated with various parameters, like particle size, green density
distribution and cobalt gradation parameter.

2. Model for Sintering of FGM:

The behaviour of sintering gradated bodies is usually considered to be ade-
quately represented by elasto-visco-plastic model (8,9). The basic feature of
the generalised equation is that the deformation is divided into four different
contributions: elastic, viscous, sintering shrinkage and thermal deformation
(11). This model was applied for calculation of distribution of temperature,
density, strains/strain rates and displacements, as well as normal and shear
stresses:

{da} = [D* \{de} - ViY{(j}dt - {des}- d{aT}) (1)

where {do}, {de} are stress and strain increment matrixes, \y\] is viscoplastic
matrix, d{aT} is thermal strain increment, {des} is volumetric sintering strain
increment, and [D*] is a modified elastic compliance matrix (6,8,9,11).

The constitutive equation (1) is also coupled with the heat transfer. The latter
is based on the energy balance and material parameters (thermal conductiv-
ity, specific heat and density). Here these parameters have been introduced
as a function of temperature, cobalt volume fraction and porosity were
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calculated using original micromechanical model (10). For the solid state sin-
tering, the dominant mechanism of mass transport is assumed the grain
boundary diffusion. The grain growth during sintering was described as

(2)

where d0 is the initial average grain size, T(x) is the current temperature, and
the constants C-i, C2, are obtained from experimental data (5,6,8,9).

3. Sintering of Gradated WC-Co Plate and Cone:

For the stress and deformation analysis, a graded WC-Co plate and a cone
with gradated outer layer was considered (Fig. 1). The plate of 25 x 31 x 6
mm was supposed to have with 6% Co at the top and 10%Co at the bottom.
Cone specimen has 10% Co inside (core) and 6%Co on the rim.

6% Co

10% Co

WC-6%Co
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Fig. 1. FEM mesh for simulation of sintering of
FGM plate and cone specimens. Numbers
show elements designations.

Cobalt concentration change across the thick-
ness is governed by power law with the gradation parameter p (9,11):

%Co(z) = %Co(0) + {%Co(H) - %Co(0)) • ( — (3)
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where H is plate thickness, z - vertical coordinate and p = 0.5... 2.5 (i.e. p = 1
means the linear function). Respective function for a cylinder takes form of:

%Co(0), 0<r<r.,.,

%Co(0) + (%Co( R) - %Co(0)) • ; '""'c

In these simulations, the program code was implemented into ABAQUS
(Standard and CAE), where quadric elements have been chosen for the
meshing for fully coupled displacement analysis (12). Heating and cooling
rates have been chosen of 10 K/min and sintering was performed at 1573 K
during 30 min. The same parameters (except cooling rate) have been also
used previously in dilatometric experiments (8,9).

In the calculations, attention was directed on influence of other parameters
(grain size, density) on final stress level and shape of the specimen. Impact
of gradient function (p value) is discussed elsewhere (11,12).

4. Results of simulation:

4.1. Plate sintering:

In the first case, a flat plate design (Fig. 1) was chosen to get closer corre-
spondence with other literature data (7). For the aspect ratio H/L = 0.2 ("large
plate") and applied pressure of 630 MPa, the green density variation was re-
ported to be between 0.60...0.65. In the 10% Co - 20% Co combination
these differences were found to be 0.52...0.62 of theoretical density (7). Co-
rich mixtures show higher green densities at higher pressures (>100 MPa),
whereas at lower pressures mixtures with smaller Co content have higher
green density. Thus, all cases shown below (Table 1) may be realised by ad-
justing particle size, cobalt content and compaction pressure.



266 GT34 1 Gasik et al.
15 International Plansee Seminar. Eds. G. Kneringer. P. Rodhammer and H. Wildner. Plansee Holding AG. Reutte (2001), Vol. 3

Table 1. Plate design (top = 6%Co, bottom = 10%Co, linear gradation)

Layer #

1 (top)
2
3
4
5

6 (bottom)

%Co

6
7.33

8
8.66
9.33
10

V%Co = const

Case 1

0.62
0.636
0.653
0.666
0.683
0.70

Case 2

0.70
0.683
0.666
0.653
0.636
0.62

Case 3

0.62
0.63
0.64
0.65
0.66
0.67

Results of sintering simulation for these cases 1-3 are shown in Fig. 2. For
these data, it is clearly seen that the green density distribution is necessary
to know for the prediction of the final shape for correct shape estimations
(also, the grain growth and real particle size/distribution are needed).
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Fig. 2. Final shape of three plates with
the same cobalt gradient from 10 to 6%
(in the direction "3", i.e. to the top) and
different density gradients: case 1 (a),
case 2 (b), and case 3 (c).

Elastic stresses appeared during cool-
ing might be also important because
bending of the plate at the sintering
temperature may be opposite to that
after cooling (i.e. similar to the phe-
nomenon of thermal vibration of bi-
metallic beams).

No full analogy with bimetallic beams may be, however, applied because all
shrinkage, shrinkage rate and thermal expansion are acting simultaneously.
One may conclude that the green density variations among with particle size
are very important parameters to control sintering and to obtain a compliant
shrinkage in FGMs.

4.2. Cylinder and cone sintering:

In the second simulation case, cylindrical specimen with a cone top part (as
for punching tools) was chosen (Fig. 1). Radial and hoop stresses in this
specimen "after sintering" (i.e. after isothermal soaking, but before cooling
starts) are shown in Fig. 3. Here at the tip tensile radial and hoop stresses
are being induced of order -27 MPa. Compressive stresses (-15 ...17 MPa)
appear in Co-rich underlay.

In respect to radial direction, these stresses are highest at the tip, but in re-
spect to tangential direction (hoop stresses), they are the highest at the sur-
face of cylinder (-35 MPa). This effect could be expected due to higher radial
shrinkage of WC-10% Co, as also found by experiments (8,9,11). When cool-
ing starts, some porosity in the material still exists, and final shrinkage hap-
pens together with thermal contraction of the material.
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Fig. 3. Radial (S11) and hoop (S33) stresses in the cone specimen after sin-
tering (before cooling).

These differences in shrinkage rate and thermal expansion coefficients result
in new stress distribution. In this case, after cooling to room temperature, Fig.
4, the tip, edges and surface should be under compression with stress level
of 8...43 MPa. Tensile stresses appear the highest in the core and in the
layer close to edges. These stresses are, however, much lower than WC-Co
tensile or fatigue stress level (400...700 MPa according to literature data), so
risk of cracking during and after sintering could be minimised.
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Fig. 4. Radial (11 ) and hoop (33) stresses in the cone specimen after cooling.

Stress values are found to be strongly influenced by elastic module and ther-
mal expansion dependencies of temperature. Little data are available for
high-temperature properties of WC-Co materials and yet less for these made
of new, submicron and nanopowders.
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In order to prevent bending and decrease residual stress level, further opti-
misation of the component parameters is necessary. This could be made us-
ing several ways like green shape adjustment, green density and/or particle
size distribution, position of the specimen in the furnace, proper substrate se-
lection, etc.

5. Conclusions:

The behaviour of the graded compacts during heating, sintering and cooling
can be simulated with FEM technique using developed thermal elasto-visco-
plastic model. If compositional gradient (e.g. cobalt for the WC-Co FGM
hardmetals) is only used, the final distortion and residual stresses of the sin-
tered component may be significant.

For the WC-Co plate with both gradated cobalt and density gradients it was
demonstrated that an optimal combination of these gradients exists, which
may retain the flat shape of the plate after sintering.

The optimisation of FGM design should consider also additional gradients of
such parameters like distribution of green density, particle size and possibly
FGM green shape to minimise residual stresses incurred during entire sinter-
ing cycle.

This work is part of the project BE97-4176, supported by the European Com-
mission under the contract BRPR-CT97-0505.
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