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Abstract The specific micro- and mesopore volumes
(V) of alumina compacts fired between 900 and 1250 °C
for 2h were determined from nitrogen adsorption/
desorption data. The V value was taken as a sintering
equilibrium parameter. An arbitrary sintering equilibrium
constant (K,) was estimated for each firing temperature by
assuming K, = (V; — V)/V, where V;, is the largest value
at 900 °C before sintering. Also, an arbitrary Gibbs energy
(AG,°) of sintering was calculated for each temperature
using the K, value. The graph of In K, versus 1/T and
AG,° versus T were plotted, and the real enthalpy (AH®)
and the real entropy (AS°) of sintering were calculated
from the slopes of the obtained straight lines, respectively.
On the contrary, real AG° and K values were calculated
using the real AH® and AS° values in the AG° = —RT
InK = 165814 — 124.7T relation in SI units.
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Introduction

Sintering is densification of a powder compact by firing,
which is the last step in ceramic production. Sintering
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parameters may be divided into two major parts such as
material variables and process variables [1]. Main
material variables are chemical composition, particle
shape, particle size distribution, agglomeration degree,
porosity, crystal structure, impurity, and homogeneity of
the powder. Process variables include sintering condi-
tions such as compaction type and pressure, atmosphere,
temperature, time, firing schedule, etc. Various measur-
able parameters of a ceramic including porosity, density,
crystallinity, hardness, catalytic activity, permeability,
adsorptivity, thermal, and electrical conductivity, etc.
change depending on both types of variables [2-4].
These variables have been controlled by the ceramics
processing. Changes in the measurable parameters with a
variable can be only investigated when other variables
were kept constant.

Besides different experimental observations, kinetic
and thermodynamic studies are the most powerful tools
to understand sintering. Kinetic for sintering needs the
changes in a measurable parameter only with time,
whereas thermodynamics only with temperature at
equilibrium conditions. The sintering kinetics has been
intensively investigated by many researchers previously
[1-8].

Since there are many experimental difficulties in
obtaining exact basic thermodynamics data for high-
temperature systems, there is lack of intense studies
on the sintering thermodynamics. However, various
approximate calculations have been made for this phe-
nomenon in the absence of the complete data for exact
determinations [9-14]. For this reason, new approaches
are required for sintering thermodynamics. Accord-
ingly, the purpose of this study is to develop a ther-
modynamic model for sintering using porosity measure-
ments.
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Experimental

Preparation, compaction, and firing of the alumina
powder

An alumina precursor was obtained by homogeneous pre-
cipitation from a boiling aqueous solution of 0.20 M AI*™
and excess urea. The precursor was calcined at 900 °C for
2 h to yield 6-Al,O5; powder. The morphology, particle size
distribution, agglomeration degree, crystal structure,
adsorptive properties, and initial stage sintering kinetics of
the powder used in this study were extensively investigated
in our previous studies [15, 16].

Powder compacts with a diameter of 14 mm were pre-
pared using oleic acid (12% by mass) as binder under
32 MPa by a uniaxial press (Graseby/Specac). They were
outgassed by heating from room temperature to 900 °C with
a heating rate of 10 K min~" and kept at this temperature of
2 h using a furnace (Protherm, Model FFL 120/7, Alser).
The outgassed compacts were then fired to different tem-
peratures between 950 and 1250 °C with a heating rate of
5 K min~' and kept at this temperature for 2 h using same
furnace. All firings were repeated for 4 h using different
compacts. After firing, each compact was cooled sponta-
neously to room temperature, without any cooling regime.

Nitrogen adsorption on the fired alumina compacts

The adsorption and desorption of nitrogen on all the fired
alumina compacts at liquid nitrogen temperature were
investigated by a volumetric adsorption instrument [17,
18]. Two repeated measurements were performed for each
sample. The instrument was constructed completely of
Pyrex glass and connected to high vacuum. Before mea-
surements, each sample was outgassed at 150 °C for 4 h
under a vacuum of 10~> mmHg.

The indirect thermodynamic model

Since exact changes in basic thermodynamics quantities
such as heat capacity, enthalpy, and entropy are not
available during firing, and thermodynamic calculation can
not be directly performed by sintering of ceramics and
composites. To overcome these obstacles, an indirect
thermodynamic model for sintering as well as some other
processes was developed in our previous works, on the
basis of the following assumption [19-22].

1. The time elapsed during sintering should be sufficient
to establish a thermodynamic equilibrium, after which,
the values of measurable properties such as porosity,
density, and shrinkage of the sintered material do not
change.
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2. The values of the measurable properties do not change
when the sintered material is cooled to room temperature.

3. When the sintering process is at equilibrium, an
arbitrary equilibrium constant can be defined using a
selected measurable variable.

4. The basic thermodynamic equations should be valid
for arbitrary thermodynamic calculations.

5. Temperature dependence of arbitrary and real thermo-
dynamic state functions may be different from each
other, but their temperature derivative or slopes of the
related straight lines should be the same. An exact
match of these lines is not generally expected but if
that happens, it may be a sign of the validity of
equilibrium constant selected.

Results and discussion

Nitrogen adsorption/desorption isotherms and specific
micro- and mesopore volumes

The nitrogen adsorption and desorption isotherms at liquid
nitrogen temperature for all fired compacts were examined,
and representative ones are shown in Fig. 1. The isotherms
show that adsorption capacity decreases with increasing
sintering temperature and approaches minimum at
1250 °C. According to Brunauer, the classification of the
isotherms is similar to Type II [23, 24]. The shapes of the
adsorption and desorption isotherms show that the fired
compacts are mainly mesoporous solid but also contain
some micropores. The widths of micropores are smaller
than 2 nm and mesopores between 2 and 50 nm. The other
empty spaces in a solid, the widths of which are larger than
50 nm, are known as macropores. Recently, the pores with
the widths between 1 and 100 nm are called nanopores
[25]. The radius of a pore, assumed to be cylindrical, can
be taken as half of the pore width. The volume of pores in
1 g solid is defined as the specific pore volume.

After respective monomolecular and multimolecular
adsorption at the relative equilibrium pressure interval
0 <x<0.35 were complete, capillary condensation
began, and all micro- and mesopores filled up to x = 0.96
[26]. Bulk liquid nitrogen forms at x = 1. The liquid
nitrogen outside and within the pores evaporates sponta-
neously as soon as the relative equilibrium pressure by
desorption is low enough, at the intervals 1 > x > 0.96 and
0.96 > x > 0.35, respectively. The coincidence of the
adsorption and desorption isotherms over the interval
0.35 > x > 0 shows that the multimolecular and mono-
molecular adsorption are reversible. Capillary condensa-
tion begins from the narrowest mesopores and capillary
evaporation begins from the largest mesopores. This
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Fig. 1 Adsorption and desorption isotherms of nitrogen at liquid
nitrogen temperature for some alumina compacts fired at different
temperatures for 2 h (n: adsorption capacity defined as the molar
amount of nitrogen adsorbed on 1 g of adsorbent, p: the adsorption
and desorption equilibrium pressure, p°: the vapor pressure of bulk
nitrogen at experimental temperature, p/p° = x: the relative equilib-
rium pressure)

difference causes the hysteresis between adsorption and
desorption isotherms.

The adsorption capacities as liquid nitrogen volume
which were estimated from desorption isotherms at
x = 0.96 are taken as the specific micro- and mesopore
volumes of the fired compacts and given in Table 1. It was
noticed that the micro- and mesopores are reduced in fre-
quency by increasing the firing temperature but the mac-
ropores do not change to a great extent [27]. For this

reason, macropore volumes were not determined. Since the
specific micro and mesopore volumes of the sintered
compacts are not changed by increasing of the firing time
from 2 to 4 h, we conclude that the sintering equilibrium is
established in the time of 2 h.

Indirect thermodynamic calculations

The specific micro- and mesopore volume (V) is taken as
an equilibrium variable for sintering. When the sintering
process is at equilibrium, an arbitrary constant (K,) can be
defined using this variable as follows:

Residual porosity (V) < Closed porosity (V; — V) (1)
Ki= (Vi=V)/V (2)

where V; is the initial and largest specific micro- and
mesopore volumes before sintering of the compacts cal-
cined at 900 °C for 2 h.

The K, value for each temperature was calculated from
Eq. 2. The corresponding arbitrary Gibbs energy AG,° for
each temperature was calculated from the relation

AG®° = AH®° — TAS® = —RTInK (3)

where AH® and AS® are the enthalpy and entropy changes,
respectively, T is the absolute temperature, and R is the
universal gas constant. The calculated arbitrary K, and
AG,° values are given in Table 1.

The variation of the K and AG with the temperature pro-
vides a useful way of determining the enthalpy and entropy
changes, respectively. According to Eq. 3, the slopes of the
graphs of InK versus 1/T and AG,° versus T in Figs. 2 and 3
give the real enthalpy (AH®) and real entropy (AS°) changes
for sintering. These quantities were calculated as
AH®° = 165814 T mol~' and AS° = 124.7J K ' mol ',
respectively. Therefore, the initial stage sintering of alumina
is of endothermic nature and gives rise to an entropy increase.

The real K and real AG®° change were calculated for each
temperature from Eq. 3 using the calculated AH® and AS°

Table 1 Temperature dependence of the specific micro- and mesopore volumes (V), arbitrary equilibrium constant (K,), arbitrary change in
Gibbs energy (AG,°), real change in Gibbs energy (AG®), and real equilibrium constant (K) for the initial stage sintering of the Al,O3; compacts

(AG = —RTInK = AH — TAS = 165814 — 124.7T)

1

7/°C T/K Q/nNo~* Kt Viem® g~ K, AG®,/J mol™! AG®/J mol ™! K

900 1173 8.525 V, = 0.157 - - - -

950 1223 8.177 0.120 0.3088 11963 13306 0.2702
1000 1273 7.855 0.102 0.5398 6537 7071 0.5127
1050 1323 7.559 0.071 1.2113 —2108 836 0.9268
1100 1373 7.283 0.052 2.0192 —8021 —5399 1.6048
1150 1423 7.027 0.033 3.7576 —15661 —11634 2.6735
1200 1473 6.789 0.023 5.8261 —21583 —17869 43021
1250 1523 6.566 0.022 6.1364 —22972 —24124 6.7100
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Fig. 2 The van’t Hoff plots of the arbitrary and real sintering
equilibrium constants (K, and K)
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Fig. 3 The variation of the plots of the arbitrary and real Gibbs
energy changes (AG,° and AG°®) as a function of sintering temperature

values, and given in Table 1. The plots of InK versus 1/T
and AG® versus T are also given in Figs. 2 and 3, respec-
tively. The nearly overlapping of the arbitrary and real
straight lines proves the validity of the definition of the
arbitrary equilibrium constant. The temperature depen-
dence of the real Gibbs energy and the real equilibrium
constant of the initial sintering of the alumina between 950
and 1250 °C given in Fig. 4. The relationship of those may
be expressed by the function in SI units:
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Fig. 4 The variation of the arbitrary and real equilibrium constants
(K, and K) as a function of sintering temperature

AG®° = —RTInK = 165814 — 124.7T. 4)

If T is low enough, AG® will be positive and the initial
sintering will not occur spontaneously. In contrast, when
T is high enough, AG® will be negative, which means a
spontaneous initial sintering process. The similar
relationship for same fired compacts was found to be

AG°® = —RTInK = 157301 — 107.6T (5)

by taking linear shrinkage instead of specific micro- and
mesopore volumes as thermodynamic variable in calcula-
tion of the arbitrary equilibrium constant for initial sin-
tering process [19]. The relations are not overlapped but
are close to each other. This shows the validity of the
developed model for the initial sintering thermodynamics.

Conclusions

Sintering process of compacted ceramic powder could be
examined Kkinetically as well as thermodynamically.
Although there are numerous kinetic studies on this pro-
cess, not enough thermodynamic treatments of such solid
phase changes have been reported so far. For this reason,
an indirect thermodynamic model has been presented in
this study to investigate the sintering process of an alumina
powder based upon the specific micro- and mesopore
volumes as an equilibrium parameter. It was concluded that
by using this parameter and similar ones such as shrinkage
and density, the real changes in enthalpy, entropy, and
Gibbs energy and also equilibrium constant for sintering
can be calculated using well-known basic thermodynamic
equations.
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