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Abstract

This paper develops a phenomenological model for the densification and viscous behavior of alumina powder during sintering.
The free sintering strain rate part and the viscoplastic strain rate part of the constitutive model were determined from experimental

data by using the experimental method proposed for WC–Co mixture by Bouvard and co-workers. From densification data under
free sintering by using reference and stairway heating cycles with samples of three different green densities, a simple densification
equation was identified. This equation expresses the densification rate as a function of temperature, relative density, and green
density. The predictive capability of the identified densification equation was discussed by investigating the densification of alumina

powder during various sintering cycles and with different green densities. For the viscoplastic strain rate part of the constitutive
model, the axial viscosity and the viscous Poisson’s ratio of an alumina powder compact were determined by using an intermittent
loading method.

# 2003 Elsevier Science Ltd. All rights reserved.
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1. Introduction

To produce high quality components, ceramic products
must be manufactured to near-net-shape with controlled
microstructure.1 Thus, successful near-net-shape forming
of powder components requires the theoretical study and
the development of proper constitutive models that can
predict densification behavior under sintering. Espe-
cially, when the density distribution in a powder com-
pact is heterogeneous, the densification is not uniform
and the shape of the component does not change in a
self-similar fashion during sintering. So far, extensive
efforts2�6 have been carried out for the prediction of
densification kinetics for powder compacts. The shape
change of powder compacts has been investigated recently
with the help of numerical methods.3,7�9 For those pur-
poses, an analytical description of the densification rate
of the powder system as a function of relevant material
and process parameters is required.
Many authors2�4,10�13 attempted to obtain such a

description by the modeling of physical mechanisms for
sintering. Most of them derived the densification kine-
tics of a powder aggregate from the sintering of two
contacting spheres by viscous flow or diffusion pheno-
mena. Analytical equations have been proposed to inves-
tigate the two-sphere problem and derive the macroscopic
behavior.2,10,11 Later on, numerical methods gave a
more realistic description of interparticle neck geometry,
the coupling of several diffusion mechanisms, and the
processing of a large number of randomly packed parti-
cles.12,13 After more or less empirical adjustments for the
physical parameters, these models succeeded in describ-
ing experimental results for a given material. However,
it would likely require parameter adjustments again to
apply the models to other materials. Hence, though the
microstructural approach is certainly useful in under-
standing the physics of sintering, to identify the domi-
nant densification mechanism, and to predict the
microstructural changes, it is of little interest for an
effective control of the densification process.14
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An alternative approach is phenomenological model-
ing,4,15,16 which consists of fitting analytical expressions
directly from the results of sintering experiments. Thus,
it provides a constitutive equation describing as pre-
cisely as possible the real behavior of the material. Most
often these expressions are assumed to be formally close
to the equations predicted by microstructural models,
but the parameters are adjusted from the experimental
data without regarding their physical meaning.
The present work used a phenomenological approach

to describe the densification kinetics of alumina powder
during sintering. Experimental data were obtained by
using the experimental method proposed for WC–Co
mixture by Gillia and co-workers.15,16 From these data
a simple densification equation was identified. This
equation expresses the densification rate as a function of
temperature, relative density and green density, which
seem to be the minimal set of relevant variables. The
predictive capability of the identified densification
equation was discussed by investigating the densifi-
cation of the material during various sintering cycles
and for different green densities. To determine the
parameters for the viscoplastic strain rate part of the
constitutive model, the axial viscosity and the viscous
Poisson’s ratio of an alumina powder compact were
obtained by using an intermittent loading method under
uniaxial compression at various temperatures with
samples having three different green densities.
2. Constitutive model

During the last decade, many attempts were made to
simulate the conventional sintering of industrial
parts.17�19 A particular interest has been shown for
shape changes during sintering and for the sintering of
materials with poor compressibility such as hard mate-
rials or ceramics. These materials suffer large shrinkage
and the final shape of sintered parts is often non-scale
invariant due to non-homogeneous density field, gravity
effects or anisotropy. Since stresses may arise in the part,
it is necessary to know the behavior of the material under
these stresses. To describe this behavior, a general model
based on a Newtonian constitutive equation has been
extensively used.17�19 This choice suggests that the stress
level is low enough so that linearity between stress and
strain rate tensors can be assumed. The hydrostatic and
the deviatoric effects are separated through the definition
of two viscosities, K and G, respectively the bulk and the
deviatoric viscosity. The constitutive equation is written:

"
:~tot ¼

�P þ �s

3K
I~þ

1

2G
�0~ þ "

:~rev ð1Þ

where "
:~tot, "

:~rev, I~, and �0~ are, respectively, the total
strain rate tensor, the reversible strain rate tensor
(including elasticity and thermal expansion), the identity
tensor, and the deviatoric stress tensor. Also P is the
hydrostatic pressure and �s is the sintering stress, i.e. the
thermodynamic force associated with densification.19

The sintering stress can also be defined as the opposite
of the isotropic pressure that would stop densification.
Shrinkage during free sintering is introduced through
the sintering stress.
It appears that the non-reversible strain rate can be

split into two parts, the free sintering strain rate, "
:~s and

the viscoplastic strain rate, "
:~vp. We can define the free

sintering strain rate and the viscoplastic strain rate as
follows:

"
:~s ¼

�s
3K

I~ ð2Þ

"
:~vp ¼ �

P

3K
I~þ

1

2G
�~ 0 ð3Þ

Finally, we can express the total strain rate as follows:

"
:~tot ¼ "

:~s þ "
:~vp þ "

:~rev ð4Þ

We should recall that this relation is valid only under
the assumption of a Newtonian law.
To define the viscoplastic part of the constitutive

model, the parameters K and G have to be determined.
Generally K and G are dependent on internal variables
since the properties of the material strongly evolve dur-
ing sintering. The variables most often used are tem-
perature and density. Sometimes the grain size is
considered as a complementary variable and numerous
other choices are possible. However, in experimental
investigation, it is more convenient to determine the
equivalent pair (the axial viscosity, �z and the viscous
Poisson ratio, �vp) that can be defined as

�z ¼
"
:vp
z

�z
ð5Þ

�vp ¼ �
"
:vp
r

"
:vp

z
ð6Þ

where the index z indicates the direction of loading and
r indicates a perpendicular direction. Thus, K and G can
be calculated from:

K ¼
�z

3 1� 2�vpð Þ
ð7Þ

G ¼
�z

2 1þ �vpð Þ
ð8Þ
3. Experiments

3.1. Sample preparation

The powder used in this paper has been obtained by
granulation of micronic alumina particles. It contains
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5% in weight of sintering additive composed of silica
and magnesium oxide, as well as organic components
required for the granulation, which are eliminated
before sintering. The loose density ranges from 1.08 to
1.24 g/cm3 depending on the filtering procedure.
Cylindrical compacts of 6 mm diameter and 9 mm
height were prepared by double action die pressing with
several compacting stresses between 40 and 700 MPa.
The relative density, D, is defined as the mass density of
the sample divided by the theoretical density of pure
alumina at room temperature, 3.98 g/cm3. We thus
neglect the presence of sintering additives for the calcu-
lation of the relative density. The error resulting from
this simplification is estimated to be less than 2%. The
samples had green relative densities, Do, between 0.53
and 0.67. Most tests have been performed with com-
pacts with a green relative density, Do;ref ¼ 0:59, which
will be referred to as the ‘reference green density’. Since
the powder compact contains some organic components
as binders that can pollute the experimental apparatus,
the organic components were removed at 350 �C under
air for 30 min.
For bending experiments, powder compacts of 3.06

mm in height, 3.33 mm in width, and 15.31 mm in
length were prepared in a rectangular die by double
action pressing at 200 MPa. Since the compacts were
fragile enough to be broken during the loading, they
were pre-sintered at 1050 �C for 1 h to have moderate
strength without densification. The samples had the
average green relative density, Do=0.61.

3.2. Free sintering

The compacts were sintered in air in a dilatometer
(TMA92, SETARAM, France), which allows appli-
cation of an axial loading during sintering. This apparatus
measures the length variation of a sample in a �2000
mm range with 4 mm accuracy. However the interaction
between the alumina push rod and the sample decreases
the accuracy to about 25 mm.15 Throughout the test, a
load of 5 g is applied upon the rod to ensure its contact
with the sample. It has been verified that this small load
has no influence on the deformation of the sample. The
heating cycles were as shown in Fig. 1. For the reference
cycle, a uniform heating rate (6 �C/min) was applied. A
cycle with five isothermal sequences between 1300 and
1575 �C has been also adapted following the reference
cycle according to the method described in Gillia and
Bouvard.15 It will be called the ‘stairway cycle’ in the
following. After a holding time at 1575 �C, the sample
was cooled naturally by turning off the heating power.
Densification of Al2O3–SiO2–MgO systems mainly

operates by liquid phase sintering. The liquid phase that
appears during heating wets alumina interparticle con-
tacts and then classical liquid phase sintering mechanisms
are activated, particle rearrangement under capillary
forces and dissolution-reprecipitation of Al2O3 in the
liquid phase.20 Fig. 2 shows a SEM picture of a sample
with Do=0.67 after the reference sintering cycle. It can
be observed that most alumina grains have grown up to
a few micron sizes and show an elongated shape. They
are separated either by residual pores (black) or by a
vitreous phase (darker grey) formed during cooling.

3.3. Viscosities

Axial viscosity was investigated in air using the
SETARAM dilatometer. The applied stress has to be
typically of the order of magnitude of the sintering
stress. The axial stress created by a load of 85 g was
about 0.03 MPa, which was enough to modify the
densification kinetics. The axial viscosity of an alumina
powder compact during sintering was investigated with
the help of the intermittent loading method proposed by
Cai et al.21 and Gillia et al.16 A continuous load may
induce a severe mechanical history that undoubtedly
affects the behavior of the material. Thus, rather than a
continuous load, an intermittent load was applied to the
sample. For example, Fig. 3 shows the heating and
loading cycle for intermittent loading during a long iso-
thermal period at 1400 �C.
The viscosity was also investigated from bending tests

in air using the SETARAM dilatometer. A three-point
bending jig was made of alumina and placed in the
dilatometer. The distance (span length) between two
lower supports is 12 mm. A constant heating rate of
6 �C/min was first applied up to different temperatures;
then, during temperature holding, a constant load of 15
g was continuously applied on the center of the sample.
Since the sample may have some deflection due to its
weight, experiments with a constant load of 2 g were also
carried out for reference data. Therefore, the deflection
data due to the stress caused by the applied load of 13 g
can be obtained by subtracting the deflection data with 2
g from that with 15 g. Then, the viscosity was calculated
Fig. 1. Heating cycles of the reference and the stairway tests.
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from the measured deflection data of the sample by
using the analogy between elastic and viscous theories
that will be explained later in this paper.
The viscous Poisson’s ratio was investigated under

vacuum using a furnace mounted on a mechanical test-
ing press. Two quartz windows were set in opposite
sides of the wall of the furnace in order to observe the
deformation of the sample at the experimental tem-
perature with a 1000	1000 CCD video camera. After
holding for 5 min at the experimental temperature, the
upper punch was set in contact with the sample and was
driven down at a constant speed of 0.001 mm/s. At that
time, the force increases and the diameter of the sample
also increases significantly. The downward movement of
the upper punch was then stopped after which the force
and the diameter of the sample decrease. This scheme
(moving down and pause of upper punch) was repeated
to the end of the experiment with the force increasing
each time. The detailed method can be found in the lit-
erature.16 From the camera image, the average diameter
and the height of the sample during the experiment were
calculated. Unfortunately the maximum temperature of
the furnace was 1340 �C, thus, the experiment for vis-
cous Poisson’s ratio was carried out at this temperature
only.
4. Results and analysis

4.1. Free sintering

Fig. 4 shows the densification behavior of an alumina
powder compact with reference green density under the
reference and stairway cycles. It can be observed that all
isothermal sequences are approximately centered with
respect to the reference cycle. It can be also observed
that the densification starts around 1100 �C.
Fig. 5 shows the experimental data for the densifi-

cation rate of an alumina powder compact with refer-
ence green density under the reference and stairway
cycles. The curve corresponding to the reference cycle
shows two successive bumps. The transition between both
occurs at about 1350 �C, which is the lowest temperature
Fig. 2. SEM image of an alumina sample after the reference heating cycle. Some residual pores and vitreous phase regions are marked with ‘P’ and

‘V’, respectively.
Fig. 3. Heating and loading cycles for intermittent loading experiment.
1678 HG. Kim et al. / Journal of the European Ceramic Society 23 (2003) 1675–1685



of formation of an eutectic in the Al2O3–SiO2–MgO
phase diagram.22 It thus indicates the beginning of
liquid phase sintering. At the isothermal sequences the
densification rate decreases rapidly. Here, an expression
of the densification rate has been obtained by fitting an
equation to the isothermal sections of the stairway cycle
in Fig. 5. A simple equation has been chosen, which was
used by Gillia and Bouvard15 and is also close to the
one used by Hsueh et al.: 23

"
:s ¼ � Tð Þ
 D1 Tð Þ � D½ 


n
ð9Þ

where D1 Tð Þ can be considered as the maximum relative
density that can be reached during an isothermal test at
each temperature. From Fig. 5, it is observed that the
densification rate during the isothermal test at each
temperature decreases in a set of almost parallel curves.
Thus, for simplicity, we fixed the parameter n as the
value determined at 1575 �C, i.e. n=1.42. The values of
D1 Tð Þ for each isothermal temperature during the
stairway cycle were determined by finding the values for
the best fit of the densification rate data of each iso-
thermal section in Fig. 5. And by using the determined
values of D1 Tð Þ, the values of �(T ) for each tempera-
ture were also determined by finding the values for the
best fit of the densification rate data of each isothermal
section in Fig. 5.
Fig. 6 shows the evolutions of D1 Tð Þ and �(T ) ver-

sus T that have been determined with n=1.42. There
may be some arbitrariness in the estimate of D1 Tð Þ, but
this arbitrariness does not have much significance as
long as the constitutive equation is used in the vicinity
of the reference sintering path of relative density versus
temperature. The value of D1 Tð Þ increases mono-
tonically with temperature, however, the evolution of
�(T ) is not monotonic. D1 Tð Þ and �(T ) can be repre-
sented by the following relationships:

D1 Tð Þ ¼ 0:27356
tanh
T � 1441:48

303:6

� �
þ 0:78793

� Tð Þ ¼ �8:781116	 10�10 
T 3 þ 3:996546	 10�6 
T 2

� 6:052163	 10�3 
T þ 3:05762

where �(T ) is the temperature in �C and O is in s�1.
The dashed curve in Fig. 5 shows the calculated

results from Eq. (9) making use of the determined
representations for values of D1 Tð Þ, �(T ) and n. It can
be observed that the calculated results represent rea-
sonably well the experimental data for the reference
green density sample.
Fig. 7 shows the comparison between experimental

data and results calculated by integration of Eq. (9) for
the variation of relative density with time for the refer-
ence green density sample during the stairway cycle. The
constitutive equation gives good representation for the
reference green density sample. The error between the
Fig. 4. Comparison of sintering paths during the reference and the

stairway cycles.
Fig. 5. Densification rate during the reference and the stairway cycles

with the reference green density.
Fig. 6. Evolution of D1 and O parameters versus temperature

obtained from the stairway cycle with the reference green density.
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experimental data and the calculated result for relative
density is smaller than �1.1%.
However, Eq. (9) has been formulated for a powder

compact with reference green density. To investigate the
effect of green density, experiments with the stairway cycle
have been carried out with compacts of different green
densities of 0.53 and 0.67. Fig. 8 shows the densification
rate measured during the stairway cycle with green
densities of 0.53, 0.59 and 0.67. We found that the den-
sity difference regularly decreased during sintering,
however, the compacts reach final densities different
from each other. We thus assume that the densification
rate of a compact can be deduced from the curve
obtained for the reference green density through either a
contraction or an expansion along the D-axis, depending
on whether the green density of this compact is higher or
lower than the reference value.15 This is obtained by
introducing the following variable change in Eq. (9):

D ! Df ;ref 

D � Do

Df � Do
þ Do;ref 


Df � D

Df � Do
ð10Þ
where Df is the final density at 1575 �C for each green
density. This variable change makes the densification
rate curves of lower or higher green densities transform
to that of reference green density with the lower limit
(green density) and higher limit density (final density at
1575 �C). In Fig. 8, the dotted curves show the calcu-
lated results by using the determined parameters
[n, D1 Tð Þ, and �(T )] for reference green density and
the variable change equation, i.e. Eq. (10) for intro-
ducing the green density effect. The calculated results
represent reasonably well the experimental data for dif-
ferent green density samples. However, it is observed
that a relatively large discrepancy happens at 1575 �C
due to the largest difference of n values between experi-
mental data and the fixed value of n=1.42 for different
green density samples. From experimental data of Fig. 8,
it can be observed that the n clearly increases with green
density at 1575 �C, however, in the calculation we
assumed n as a fixed value for every temperature and
green density for simplicity.
Fig. 9 shows the comparison between the experi-

mental data and the calculated results for the variation
of relative density with time during the stairway cycle
with compacts of different green densities of 0.53 and
0.67. The calculated results (the dotted curves) give rea-
sonably good prediction for the lower and higher green
density samples. The errors between experimental data
and calculated results for relative density are smaller
than �3.0%.
The variable change equation proposed in this paper,

i.e. Eq. (10) has a form alike to that proposed by Gillia
and Bouvard15 for WC–Co mixtures. To consider the
effect of green density, Gillia and Bouvard15 proposed
the following variable change equation:

D ! D þ
Df ;rt � D

Df ;rt � Do
	 Do;ref � Do

� �
ð11Þ
Fig. 7. Comparison of the experimental and theoretical densification

curves during the stairway cycle with the reference green density.
Fig. 8. Comparison of the experimental and theoretical densification

rate during the stairway cycle with the different green densities.

Fig. 9. Comparison of the experimental and theoretical densification

curves during stairway cycle with different green densities.
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where Df,rt is the final density at room temperature after
the experiment. In Fig. 9, the dash-dotted curves are
calculated results by using the variable change equation
proposed by Gillia and Bouvard,15 i.e. Eq. (11). The
dash-dotted curves do not well predict the experimental
data. This discrepancy may be partially due to their
having proposed the equation from experimental data
of narrow green density variation (Do=0.52–0.57) and
partially due to the different sintering behavior of the
materials.
Fig. 10 shows the comparison between the experi-

mental data and the calculated results for the variation
of relative density with time during the reference cycle
with compacts of different green densities of 0.53, 0.59,
and 0.67. The calculated results (the dashed curves)
predicted reasonably well the experimental data for
three samples. The errors between the experimental data
and the calculated results for relative density are smaller
than �3.0% for the low green density sample and
�2.0% for the reference and higher green density sam-
ples.
Fig. 11 shows the comparison between the experi-

mental data and the calculated result for the variation
of densification rate with relative density during a more
complex heating cycle with a reference green density
sample. The sample was heated with a rate of 6.2 �C/min
up to 1000 �C, 7.5 �C/min up to 1350 �C, 2.6 �C/min up
to 1450 �C, and 8.0 �C/min up to 1575 �C. The calcu-
lated result (the dotted curve) gives reasonably good
prediction. The error between experimental data and
calculated result for relative density is smaller than
�1.0%.

4.2. Axial viscosity

The axial viscosity, �z, can be determined from Eq. (5)
if the viscoplastic strain rate "

:vp
z and the axial stress �z

are known. Owing to the linearity of the Newtonian
law, "
:tot

z is divided into two parts, a sintering contri-
bution "

:s
z and the contribution of the load "

:vp
z ; thus the

viscoplastic strain rate can be obtained from:

"
:vp

z ¼ "
:tot

z � "
:s

z ð12Þ

During our experiments, only "
:tot

z was measured and,
thus, we need to know the contribution of sintering to
deduce the viscoplastic strain rate. Fig. 12 shows the
variation of the axial strain rate with relative density
under intermittent loading at 1400 �C. Here, the fol-
lowing hypothesis was used to determine the axial visc-
osity. The free axial sintering strain rate can be obtained
by connecting the portions of the curve before and after
the application of the load. The instantaneous visco-
plastic strain rate for a given density is therefore the gap
between the free axial strain rate and the recorded rate.
Unfortunately, there is clearly a strong transient regime
during the entire loading sequence. Thus, the calcu-
lation of the viscoplastic strain rate was carried out at
Fig. 10. Comparison of the experimental and theoretical densification

curves during the reference cycle with three different green densities.
Fig. 11. Comparison of experimental and theoretical densification

rates during a more complex heating cycle with the reference green

density.
Fig. 12. Axial strain rate recorded during the intermittent loading at

1400 �C with the reference green density.
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unloading by using the free axial strain rate fitted with
the free axial strain rate data where the effect of loading
seems excluded (the later data in unloading sequence),
as shown in Fig. 12.
Fig. 13 summarizes the axial viscosity obtained from

the experiments of intermittent loading during a long
isothermal period at various temperatures. The axial
viscosity depends on green density as well as on relative
density and temperature. Every isothermal test gives the
exponential variation of the axial viscosity with relative
density. In Fig. 13, even though it is obvious that the slope
decreases as the temperature rises, we assumed the same
slope for all temperatures for simplicity. Then, the axial
viscosity for reference green density (open data points)
may be reasonably well represented by the equation:

�z ¼ Aoe
Q=kT 
eB
D ð13Þ

where T is the absolute temperature and k is the Boltz-
mann’s constant. The parameters in Eq. (13) were deter-
mined as Ao ¼ 6:1262	 10�25 MPa
s,Q ¼ 590 KJ=mol,
and B ¼ 29:47. To introduce the effect of green density
on the axial viscosity, the same variable change equa-
tion, i.e. Eq. (10), used in the densification model for free
sintering was applied again. The solid, dotted, and dash-
dotted curves are the calculated results by using Eqs.
(13) and (10) for reference, lower, and higher green
density samples, respectively. The calculated results by
using Eqs. (13) and (10), represent reasonably well the
experimental data for the axial viscosity obtained at
various temperatures and with three different green
densities.
4.3. Viscosity obtained from bending test

From elastic theory, the deflection, u, due to the
applied load on the center of the three-point bending
sample is calculated as follows:

u ¼
1

4

F
l3

b
h3

� �
1

E
ð14Þ

where F, l, b, h, and E are, respectively, the applied
force, the distance between the two lower supports of
the three-point bending jig, the width and height of the
sample, and Young’s modulus.
With the elastic–viscous analogy, the deflection incre-

ment of a viscous material, "u, during a time interval,
"t can be estimated by replacing u by "u="t and E by
� in Eq. (14), where � is the viscosity at time t. Thus, the
viscosity can be obtained from:

� ¼
1

4

F
l3

b
h3

� �
1

"u="t
ð15Þ

The variation of the deflection, "u="t in Eq. (15) was
obtained from the bending experiment, however, the
variations of width and height of the sample could not
be measured from the bending experiment. Thus, we
also measured the variations of b and h from free sin-
tering of the bending sample. Here, we assumed that the
applied load on the bending sample does not affect the
densification behavior of the sample.
Fig. 14 summarizes the viscosity obtained from the

bending tests of loading during a long isothermal period
at various temperatures. For comparison, the axial
viscosity obtained from compression tests with reference
green density samples is also shown in Fig. 14. Con-
sidering the data of 1525 �C, the viscosity increases
exponentially with relative density at first, but later it
increases rapidly. This may be due to that the deflection
of the sample is too large to apply the analogy between
Fig. 13. Comparison of the experimental data and the calculated

results for the axial viscosity with different green densities at various

temperatures.
Fig. 14. Viscosity measured from the bending experiments at various

temperatures (for comparison, axial viscosities from compression

experiment are also shown).
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elastic and viscous theories. Thus, it is worth believing
the experimental data of the exponential region only at
this temperature. It is observed that the viscosity
obtained from the bending test shows the same trend
(almost the same slope) with that obtained from the
compression test, however, the viscosity from the bend-
ing test is larger than that from the compression test.
The discrepancy may be due to the different stress level.
The maximum stress under the bending test is about
0.12 MPa, while that under the compression test is
about 0.035 MPa. Similar experimental data, i.e. larger
viscosity due to larger applied stress, can be found in the
literature by Gillia et al.16 for WC–Co mixtures under
the compression test. Furthermore, in the compression
test the applied stress is compressive and almost homo-
geneous in the sample, while in the bending test the
stress is not uniform since it varies from tension to
compression along the height. Also, the estimation in
the elastic–viscous analogy may be one of the reasons
for this discrepancy.
We also obtained the axial viscosity from the com-

pression test and the viscosity from the bending test
under loading during the stairway heating cycle. The
viscosity was almost consistent with that from the
intermittent loading during a long isothermal period.
Thus, the data from loading during the stairway heating
cycle were not shown in this paper. By experiments with
the stairway heating cycle, the viscosity at various tem-
peratures may be obtained easily from faster experi-
ments; however, it is difficult to obtain the variation of
viscosity with relative density at the given temperature.

4.4. Viscous Poisson’s ratio

Fig. 15 shows variations of axial strain, radial strain,
and applied load at 1340 �C for a reference green density
sample during compression with repeated displacement
loading and pause of displacement. Before the upper
punch comes into contact with the sample, the free sin-
tering shrinkage is recorded, i.e. the diameter and height
of the sample decrease simultaneously. After the upper
punch is set to contact, the force increases and the axial
strain decreases at an almost constant strain rate and
the radial strain increases rapidly during the period of
displacement loading. However, during the period of
pause of displacement, the force decreases rapidly, the
axial strain stays as a constant value, and the radial
strain decreases due to sintering shrinkage. The effect of
free sintering on the radial strain during the period of
pause progressively disappears with time.
According to the partition of the strain rate, viscous

Poisson’s ratio is rewritten as:

�vp ¼ �
"
:total
r � "

:s
r

"
:total

z � "
:s

z

ð16Þ

During experiment, "
:total
r and "

:total
z are measured con-

tinuously. To estimate the free sintering radial strain
rate, "

:s
r during the loading periods, the radial shrinkage

rates before and after a loading period were used.
However, the free sintering axial strain rate was
assumed to be zero during the periods of displacement
loading since the axial strain rate due to displacement
loading is much higher than the free sintering axial
strain rate that may exist during the loading periods.
Fig. 16 shows the variation of the viscous Poisson’s

ratio with relative density at 1340 �C for reference,
lower, and higher green density samples. The viscous
Poisson’s ratio increases with relative density, but con-
verges to 0.5 as relative density reaches a certain relative
density, D

0

1, that depends on green density. Bordia and
Scheror24 extensively overviewed the variation of the vis-
cous Poisson’s ratio with relative density by using various
densification models. According to them, the viscous
Poisson’s ratio converges to 0.5 as relative density goes to
Fig. 15. The variations of axial strain, radial strain, and load with

time during the compression test at 1340 �C.
Fig. 16. Comparison of the experimental data and the calculated

results for the viscous Poisson’s ratio with three different green den-

sities at 1340 �C.
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1 since they considered that the powder compact
underwent full densification. In our case, the powder
compact is able to densify until a certain maximum
relative density (much lower that 1) that may depend on
temperature, green density, and the applied stress. This
maximum relative density has been called D1 for free
sintering in Section 4.1 in this paper. In this experiment,
since the applied axial stress goes up to 6.4 MPa during
the displacement loading periods, the maximum relative
densities at 1340 �C increased a little when compared
with those under free sintering for each green density
sample. The average increment in the maximum relative
densities of reference, lower, and higher green density
samples was about 0.0134; thus, we assumed D

0

1 ¼

D1 þ 0:0134 for each green density samples. The vis-
cous Poisson’s ratio with reference green density may be
represented by the following equation:

�vp ¼ 0:5� Av 
 D � D
0

1

� �nv
at 0:67 < D < 0:717 ð17Þ

where, Av and nv are, respectively, determined as 150
and 2. To introduce the effect of green density on the
viscous Poisson’s ratio, the same variable change equa-
tion, i.e. Eq. (10) used in the densification model for free
sintering was also applied on relative density, D and the
maximum density, D

0

1. The solid lines are the calculated
results by using Eqs. (17) and (10) for three different
green density samples. The calculated results by using
Eqs. (17) and (10) represent reasonably well the experi-
mental data for the viscous Poisson’s ratio obtained
from three different green densities at 1340 �C. When
the experimental temperature changes, Av and nv as well
as the increment in the maximum relative density may
change. Thus, for more general equation for viscous
Poisson’s ratio, more experiments at higher tempera-
tures seem to be needed.
5. Conclusion and perspectives

Sintering tests have been performed on alumina pow-
der compacts with three different green densities to
investigate the densification kinetics of a powder system.
From the results of these tests, a simple equation has
been formulated, which expresses the densification rate
under free sintering as a function of temperature, rela-
tive density and green density. It contains two para-
meters as functions of temperature and one temperature
independent parameter. The densification behavior pre-
dicted by this constitutive equation has been compared
with experimental data for compacts of green densities
between 0.53 and 0.67. The agreement is particularly
satisfactory.
The viscosity of alumina powder compacts during

sintering was investigated by using the intermittent
loading method under a compression test and a bending
test. Every isothermal test gives an exponential variation
of viscosity with relative density. A general equation was
proposed for the axial viscosity of an alumina compact
as a function of temperature, relative density, and green
density.
The viscous Poisson’s ratio of alumina powder com-

pacts during sintering was investigated under compres-
sion at 1340 �C by using CCD video camera. The
viscous Poisson’s ratio increases with relative density,
but converges to 0.5 as the compact reaches a certain
maximum relative density that may depend on tem-
perature, green density, and the applied stress. A para-
bolic equation was proposed for the viscous Poisson’s
ratio of alumina compacts with three different green
densities at 1340 �C.
This set of data for the free sintering densification

rate, the axial viscosity and the viscous Poisson’s ratio
makes it possible to identify the parameters of a con-
stitutive equation with a Newtonian form. Note that the
same type of equations has already been used for
describing the sintering of different powder materials, in
particular tungsten carbide/cobalt mixtures. The con-
stitutive equation proposed in this paper has been
implemented in a finite element code. With this code it
has thus been possible to investigate the shape change of
a complex shaped alumina powder compact due to
heterogeneous green density field.25
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