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Abstract

This paper investigates densification and grain growth evolutions during gas pressure sintering of alumina. Isothermal sintering runs are
performed under different nitrogen pressures: atmospheric pressure and 2 MPa. Experimental data are fitted thanks to constitutive laws in order to
understand nitrogen pressure effect on densification and grain growth mechanisms of a fine-grained alumina. An optimal run of densification is

proposed as an application of these results.
© 2007 Elsevier Ltd and Techna Group S.r.l. All rights reserved.
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1. Introduction

In a previous work [1], we studied an insoluble gas
(nitrogen) pressure effect on non-isothermal alumina sintering.
It mainly attempted to characterize the nitrogen pressure effect
on non-densifying mechanisms. This paper is focused on
nitrogen pressure effect on a fine-grained alumina densification
and grain growth mechanisms. Young and Cutler [2] proposed
expressions which link size variation of sample during non-
isothermal sintering with diffusional mechanism which governs
densification: grain boundary diffusion or volume diffusion
and/or by lattice diffusion. Wang and Raj [3] performed
activation energy calculation from results obtained by
dilatometric measurements with different heating rates.
Recently, Fang et al. [4] showed that dilatometric results
obtained during non-isothermal sintering runs are not suitable
to determine activation energy because of depending on the
heating rate. Cocks and coworkers [5—11] used isothermal
sintering runs in order to determine mechanism densification.
They proposed that grain boundary diffusion or interface
reaction is the dominant mechanism. Model equations are
expressed as a function of two measurable and comparable
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physical quantities: relative density and grain size. Moreover,
densification rate and grain growth rate depend on the
sintering stage: open porosity domain and closed porosity
domain. Although it is established [3,12—15] that alumina
densification is controlled by grain boundary diffusion,
authors [10,11,16] showed that interface reaction can control
the densification. He and Ma [17,18] applied these models in
the case of alumina sintering. They calculated densification
activation energy and showed that interface reaction at grain
boundaries limits densification in the intermediate stage of
sintering.

The purpose of this work is to characterize the nitrogen
pressure effect on alumina densification mechanisms and to
determine the activation energy value by means of model
developed by Cocks et al. The use of this model involves
relative density and grain size characterizations. Experimental
conditions are deduced from a previous work [1] so the
nitrogen pressure influence on isothermal alumina sintering
will be focused on the differences on densification and
microstructure between atmospheric pressure and 2 MPa.
Kang and Yoon [19] showed that a pore which contains
insoluble gas under pressure cannot reduce its size below
critical size. Thus sintering runs under pressure have been
performed up to temperature for which porosity is still open
(T <1500 °C).
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2. Experimental procedure
2.1. Green compacts

A spray-dried pure (99.98%) alumina powder (Baikowski
Chimie, France) of 0.2 wm average particle size with 500 ppm
of MgO as doping element was used. Green compacts were
prepared by uniaxial pressing under 150 MPa in order to form
pellets of 13 mm diameter. The green compact density was
52 4+ 1% of the theoretical value (3.987 g/cm3).

2.2. Sintering run

Densification was performed by gas pressure sintering
(GPS) in a graphite resistance heated furnace (KCE FPW100/
150-2200-100-AS).

The typical isothermal sintering run involves: (1) pressur-
ization with N, gas to the desired pressure (0.1 or 2 MPa) at
room temperature, (2) heating to the selected temperature
(between 1350 and 1500 °C) at arate of 5 °C/min, (3) holding at
the fixed temperature for O and 120 min, (3) depressurization of
the system in 2 min as soon as the holding is ended and (4)
cooling to room temperature at a rate of about 40 °C/min. It
must be underlined that samples are neither encapsulated nor
introduced in an alumina powder bed. Green compacts are put
in the furnace and they are only under hydrostatic gas pressure,
without any external mechanical force.

2.3. Characterizations

Final relative density was measured by using the water-
immersion method. Microstructures were observed by field
emission scanning electron microscopy (Model 6500F, JEOL,
Japan) on polished surfaces and then thermally etched during
30min at T'= Tgpiering — 50 °C. Average grain sizes were
obtained by the intercept method on micrographs and statistical
diameter distributions were determined by use of image
analyser software (Analysis).

3. Results
3.1. Results on densification

Relative density evolution of alumina samples during
isothermal sintering under nitrogen pressure is represented in
Fig. 1.

This figure shows that a holding at temperature allows to
improve densification whatever the nitrogen pressure applied.
However, results on materials sintered at lowest temperatures
under 2 MPa are still lower than results obtained on
atmospheric nitrogen pressure sintered materials. At 1350
and 1425 °C, the relative density obtained under nitrogen
pressure is always lower than those obtained at atmospheric
pressure. At 1500 °C after 30 min under pressure, relative
densities are close to those obtained under atmospheric
pressure (indeed, the relative density reduction under pressure
is 1%).
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Fig. 1. Relative density of materials sintered at different temperatures under
nitrogen pressures of 0.1 and 2 MPa vs. sintering time.

3.2. Results on microstructure

Fig. 2 represents average grain size evolution versus time at
the considered temperatures and pressures. Nitrogen pressure
has no significant influence at 1350 °C, however the reduction
of the average grain size is about 5% at 1425 °C and 20% at
1500 °C. Fig. 3 represents grain diameter distributions for
materials sintered at 1500 °C under 0.1 and 2 MPa for a holding
of 30 min (a), 60 min (b) and 120 min (c). For materials
sintered under 2 MPa, whatever the holding duration, the mode
of the distribution is shifted towards smallest average diameters
and it must be noticed that pressure reduces distribution width.

Non-isothermal alumina sintering under nitrogen pressure
underlined the importance of sintering trajectory representation
proposed by Kanters et al. [20]. The sintering trajectory, which
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Fig. 2. Average grain size as a function of sintering time.
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Fig. 3. Grain diameter distributions of materials sintered at 1500 °C during (a)
30 min, (b) 60 min and (¢) 120 min.

is defined as the average grain size versus relative density, is
represented in Fig. 4. This figure shows that grain growth
evolution is the same one whatever the nitrogen pressure
applied during isothermal sintering run (0.1 or 2 MPa).
Sintering trajectories representation shows that fine-grained
alumina grain growth law is not influenced by nitrogen under
pressure even during isothermal runs up to a relative density of
95%.

4. Discussion

The aim of the part below is the experimental results
interpretation in order to determine densification and grain
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Fig. 4. Sintering trajectory of alumina samples isothermally sintered under
nitrogen pressures: 0.1 and 2 MPa.

growth mechanisms thanks to models developed in the
literature.

4.1. Constitutive laws

Micromechanical models developed by Cocks and co-
workers [5—11] are established for each stage of sintering in
order to predict the shape change, development of stress field
and microstructure evolution during hot isostatically pressed
materials. Sintering process is divided into two stages. In the
early stage of densification, pores are connected, discrete necks
exist between particles and the relative density of materials is
less than 0.9: this stage is called stage 1. With the increase in
time, the pores become isolated: stage 2 begins. The transition
between stage 1 and stage 2 occurs for relative density of
materials typically included between 0.9 and 0.95.

4.1.1. Boundary diffusion controlled densification

If grain boundary diffusion controls densification, during
stage 1 and stage 2 the densification rate, p during sintering can
be written as

. LO 3 O
P9,080b<L> fb(P)(d)) )]

where &g, is the uniaxial strain rate under an applied stress oy
(defined by Eq. (2)) for a material of initial grain size Ly and L is
the grain size:

oy =— 2)
"L
with y superficial energy equal to 1 Jm™ 2 [18].
Sintering stress o expressions are given for stage 1 and stage
2 of sintering by Eqs. (3) and (4), respectively:
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where p is the relative density and p, is the initial relative
density.

f»(p) expressions are given for stage 1 and stage 2 of
sintering by Egs. (5) and (6), respectively:

2
£y(0) = 0.54 =P 5)
p(p — po)
12
frlp) = 32% (6)

4.1.2. Interface reaction controlled densification
For stage 1 of sintering, if interface reaction controls
densification the densification rate expression p is obtained by

. . Loy 2 Os g
P=27,080r(z>fr(,0)<0—0) (7

with
1 (1 —Po)
filp) =5 —7—— (3
& 3 03204 (p — po)

For stage 2 of sintering, if interface reaction controls
densification, the densification rate expression is

o (10 pos ()
p=21pi( ) 1) (2 o)
with

0.042

‘MMZU—LﬁU—mmﬂ3 (10)

4.1.3. Grain growth modelling

Grain growth activation energy calculation is based on the
model proposed by Du and Cocks [11] and applied by He and
Ma [17,18] in case of free sintering. Grain growth rate
controlled by surface diffusion, L = f(p,L,T), depends on
material densification state. Parameters which determine
densification state of material are relative density p, grain size
L and sintering temperature 7. Grain growth rate expressions
are given by Egs. (11) and (12) for, respectively, stage 1 and
stage 2 of sintering:

(L -3/2
t=ta( %) 1-0) (an

L 3
L:L0<f0> (1-p)* (12)

where L is the initial grain size and Ly is a grain growth rate
constant which is linked to sintering temperature 7. As for
densification activation energy calculation, grain growth acti-
vation energy Q, is deduced from Ly expression:

L():LTwexp<%%> (13)

where Lo is a material constant independent of temperature and
O, the activation energy for grain growth controlled by surface
diffusion.

4.2. Analysis

4.2.1. Densification

Densification rate p is expressed as a function of one of both
possible limiting mechanisms. Thus, experimental results are
modelled by considering grain boundary diffusion (identified as
GB control) and interface reaction (identified as IR control) as
limiting densification mechanism for each sintering tempera-
ture: 1350, 1425 and 1500 °C. Moreover, densification rate
expressions are defined for each stage of sintering: stage 1
(pores are interconnected) and stage 2 (pores are closed).
According to Du and Cocks, the transition between stage 1 and
stage 2 occurs for a relative density of 0.9-0.95. Fig. 1 shows
that we can consider materials sintered at 1350 and 1425 °C as
materials in stage 1 of sintering for the two nitrogen pressures
studied. Results obtained on materials isothermally sintered at
1500 °C under 0.1 and 2 MPa show that most of those samples
present closed porosity: they are in stage 2 of sintering.

Fig. 5 represents densification modelling of a fine-grained
alumina (Ly = 0.2 pwm) sintered under nitrogen pressure. Green
compact relative density pq is taken equal to 0.52. &y, and &, are
determined by fitting of the constitutive model to the
experimental data. These figures show that modelling which
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Fig. 5. Modelling of densification at 1350, 1425 and 1500 °C under (a) 0.1 MPa
and (b) 2 MPa.
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considers grain boundary diffusion as limiting densification
mechanism proposes the best experimental results fit, contrary
to He and Ma [17,18] who showed that interface reaction is the
limiting densification mechanism of alumina with initial grain
size of 0.9 pm. In addition, limiting densification mechanism
can be confirmed by (In(dp/df))t =f(In r) plot. Indeed, the
densification rate dp/dt can be linked with the average grain
size r by the following equation:

1dp
pdr

DyS$2
pr"RT

(14)

where n depends on mechanism of densification (n = 3 or 4 for
respectively volume and grain boundary diffusion) and where p
is the relative density, K a proportionality coefficient, D a
diffusion coefficient, y the surface energy and () is the molar
volume of the material.

Fig. 6 represents (In(dp/df))t=f(Inr) for the sintering
temperatures and nitrogen pressures studied; slope (n) and
regression coefficient values are summarized in Table 1. Linear
regression of experimental results shows that slope values are
close to —4 and regression coefficient values are almost higher
than 0.9, which highlights a good agreement with the equation
of densification controlled by grain boundary diffusion. Thus,
results deduced from micro-mechanical modelling proposed by
Cocks and co-workers show that the alumina sintering under
nitrogen pressure is controlled by grain boundary diffusion
whatever the nitrogen pressure applied: 0.1 or 2 MPa.

Considering grain boundary diffusion as the main mechan-
ism responsible of alumina densification during sintering under
nitrogen pressures of 0.1 and 2 MPa, densification activation
energy is calculated by &y, = (é00b/T)exp(—Qg,/RT) proposed
by He and Ma [18]. Activation energy value deduced from
slopes is 517 + 17 kJ mol " whatever the nitrogen pressure
applied (Fig. 7). The value is in agreement with those found in
the literature [2—4,22,23]. Considering incertitude linked to &gy
determination, we can conclude that alumina densification
controlled by grain boundary diffusion is not influenced by the
presence of nitrogen under pressure in the domain of relative
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Fig. 6. (In(dp/df))t =f(In r) for different isothermal sintering conditions.

Table 1
Slope and regression coefficient values from Fig. 6

Sintering conditions Slope Regression coefficient
1350 °C 0.1 MPa —3.49 0.87
2 MPa —3.52 0.97
1425 °C 0.1 MPa -3.74 0.94
2 MPa —3.59 0.93
1500 °C 0.1 MPa —3.91 0.95
2 MPa —3.72 0.94

densities considered. But, for a considered temperature, the
densification rate under atmospheric pressure is higher than the
one under 2 MPa.

4.2.2. Grain growth activation energy

Grain growth activation energy determination is based on
surface diffusion model proposed by Du and Cocks [11]. Grain
growth rate, L, is calculated with an initial grain size
Ly =0.2 pm thanks to Eq. (11) in order to model grain growth
of materials sintered at 1350 and 1425 °C and, thanks to
Eq. (12) for the grain growth modelling of materials sintered at
1500 °C. Modelling results are represented in Fig. 8. Curves
which represent model on these graphs are obtained by grain
growth rate constant (L) adjustment in order to fit the
experimental data, which are also reported on these graphs.
These figures show a good adequacy between experimental
results and model, which supposes that the grain growth was
controlled by surface diffusion. Whatever the nitrogen pressure
applied during isothermal sintering of a fine-grained alumina,
the grain growth controlled by surface diffusion model is
verified. Same results are obtained by He and Ma [17,18] on
alumina slightly coarser than that of this work.

Since grain growth modelling considering a process
controlled by surface diffusion is verified, grain growth
activation energy can be determined from In(TLo) = f(1/T)
plot (Fig. 9) as expressed by Eq. (13). The linear regression of
experimental results obtained on materials sintered under
atmospheric nitrogen pressure gives grain growth activation
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Fig. 7. In(Tép,) = f(1/T) for sintering runs under 0.1 and 2 MPa.
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Fig. 8. Modelling of grain growth at 1350, 1425 and 1500 °C under (a) 0.1 MPa
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Fig. 9. In(TLy) = f(1/T) for sintering runs under 0.1 and 2 MPa.

energy of 638 kJ mol ™' for a regression coefficient which is
0.99. This result is slightly higher than those of the literature:
476 kJ mol ! [17] and 500 kJ mol ™" [21].

Concerning the interpretation of results obtained on
materials sintered under 2 MPa, linear regression of the three
experimental results gives grain growth activation energy of
437 kJ mol . This activation energy value is quite lower than
that obtained on materials sintered under 0.1 MPa. This low
value of energy would indicate that, for a given sintering
temperature, grain growth would be favoured for materials
sintered under 2 MPa. However this conclusion is not in
agreement with results in Fig. 2 which shows, for a given
sintering temperature, a reduction of the average grain diameter
of materials sintered under 2 MPa compared to materials
sintered under nitrogen atmospheric pressure.

But we could think that it’s more suitable to consider two
slopes as shown in the graph. At lower temperatures a unique
value of grain growth activation energy exists in the
intermediate stage of sintering whatever the nitrogen pressure
applied. The change of slope imposed by the point
corresponding to the sintering at 1500 °C induces that grain
growth is limited by another mechanism, which takes into
account mobility of pores containing gas under pressure since
at this temperature, porosity closure occurs during the stage.

5. Application for optimal microstructure

During intermediate stage of the sintering (open porosity
domain), nitrogen pressure has no significant effect on
densification and grain growth mechanisms. But densification
rate and grain size are lower under pressure than under
atmospheric pressure. With these considerations, we can affirm
that materials sintered under nitrogen pressure can reach the
end of the intermediate stage of sintering (just before pore
closure) with a finer microstructure than materials sintered
under atmospheric pressure. Moreover the pore closure occurs
at higher temperature under 2 MPa than under 0.1 MPa. The
next section of this paper is devoted to the study of
depressurisation effect on densification and microstructure of
alumina samples.

5.1. Experimental process

The samples are maintained under pressure (2 MPa) during
the ramp of temperature up to 1500 °C to keep an open porosity.
Then the nitrogen pressure is released with different rates (in 2,
10, 20 and 30 min) at 1500 °C. And a holding time of 30 min at
atmospheric pressure is required before the temperature
decrease to room temperature in order to continue densification
(this cycle is identified as C2).

5.2. Results

Fig. 10 represents relative densities versus the total holding
time at 1500 °C for materials isothermally sintered under
nitrogen atmospheric pressure and materials sintered with a
pressure release as described above. This figure shows that
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Fig. 10. Relative density evolution vs. time of alumina samples sintered in
different nitrogen pressure conditions.

sintering run with depressurisation is able to slightly improve
densification of alumina samples compared with isothermally
sintered ones for a given duration at 1500 °C.

Sintering trajectories of materials sintered during these
different heating runs are represented in Fig. 11. It illustrates
that heating under nitrogen pressure followed with depressur-
isation modifies the sintering trajectory. Indeed for a given
relative density, material sintered during the cycle C2 presents
average grain size which is 15% lower than isothermal sintered
material.

5.3. Interpretation

Du and Cocks [11] proposed to calculate the sintering stress
o, for a sample with closed porosity from the formula given by
Eq. (4). Fig. 12 which represents sintering stresses o calculated
for studied materials highlights higher sintering stresses for
materials sintered under C2 conditions than isothermal sintered
ones. So we can explain the sintering trajectory modification
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r--- O ----isothermal sintering at 0.1 MPa

124
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\
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Fig. 11. Influence of nitrogen pressure release on sintering trajectory.
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Fig. 12. Sintering stress for different sintering runs.

thanks to this higher sintering stress value. Indeed temperature
increase up to 1500 °C under nitrogen pressure maintains finer
microstructure, which confers high sinterability to these
materials when depressurisation occurs. Thus, compared with
isothermal sintering run under 0.1 MPa nitrogen, this sintering
run permits to keep finer and more homogeneous micro-
structure with a slight increase of relative density.

6. Conclusion

Densification and grain growth activation energies are
deduced from models developed in the literature. In the
intermediate stage of sintering, the gas pressure does not have
any effect on densification and grain growth mechanisms but
their kinetics are modified. It is possible to use this property to
obtain a finer microstructure for a slight increase of relative
density. Indeed this study showed that a temperature increase
under nitrogen pressure followed by a depressurization and a
stage under atmospheric pressure is able to improve densifica-
tion and decrease grain size compared with an isothermal
sintering run under nitrogen atmospheric pressure.
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