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1. Introduction

Viscous flow sintering is one of the important processes with a great variety of applications
in densification of ceramics. Sintering in the presence of liquid phase makes to fabricate
products with low porosity and high technical performance. The most of commercial prod-
ucts such as metals, glass and ceramics with low porosity are fabricated through the viscous
flow sintering. The morphology of pores widely affects the characteristics of end product.
Adjusting porosity can therefore, control the technical properties of products. During the
sintering, the success of process depends on the control of shrinkage and porosity conse-
quently. Many factors affect porosity and characteristics of final product. Some of the most
important parameters are the chemical and mineralogical composition of raw materials and
mixing ratio of them, glassy phase composition, particle size distribution, temperature and
soaking time. Each of these factors can affect shrinkage of product. During the manufactur-
ing process, modification of some parameters may be required to achieve desired porosity.
Porosity and pore size distribution of products change with variation in type and content of
fluxing materials. Sintering in the presence of liquid phase occurs through the melting flux
materials. The molten phase diffuses into the pores by capillary forces, creating closed pores
and shrinking the body. The viscosity of molten phase is able to influence shrinkage and po-
rosity of pieces, drastically.

Liquid phase which contains different amounts of oxides greatly affects creeping flow. The
mathematically study of momentum transport mechanism can be useful in improvement of
microstructure as a result physical-mechanical characteristics of fine ceramics. The term of
creeping flow denotes the motion of reactive phase whose Reynolds number is very low. In
this chapter the importance of viscous flow in densification and vitrification of ceramics is
discussed. The effect of wetting and capillary forces on the motion of liquid phase during
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sintering is studied in the other section. Along above dissuasion, the continuity and momen-
tum equations are presented for creeping flow of liquid phase in spherical systems and
boundary conditions are considered to obtain velocity distribution. A mathematical model is
proposed to describe isothermal variation in porosity of ceramic body according to the ob-
served phenomena. Finally, the kinetics of viscous flow sintering and variations in activa-
tion energy and frequency factor are studied. In addition, the computation of optimum
sintering time to achieve the minimum porosity at various conditions is explained by kinetic
model. The effect of several factors such as amounts of fluxing agents and particle size dis-
tribution are verified.

2. Chemical reactions in pre-sintering process

Pre-sintering reactions affect the microstructural development in pieces and consequently,
are important in the properties of final products. Firing of ceramics has gained wide recog-
nition in industrial scale, reducing production costs by efficient use of energy in this process.
From energy costs point of view, reducing firing temperature or time substantially influen-
ces manufacturing costs. There is obviously a maximum heating rate for any ceramic com-
position that allows thermal reactions to fabricate acceptable properties. Certainly, heating
at a slower than maximum rate leads to consider a safe margin for firing process. The firing
schedule requires knowledge of chemical reactions and microstructural changes occurring
during the process. In this sections a simplified method for determining the optimum firing
schedule of ceramics is demonstrated.

The firing profile of a ceramic body may be divided into three parts, representing structural
changes that occur with temperature and time [1]. (i) During heating, the green body is a
rather fragile and brittle. (ii) After, the formation liquid phase, the viscosity decreases as the
maturation temperature rises. In this temperature range that may be called pyroplastic
range, which extends into cooling period. Liquid phase loses its viscous characteristics at
glass transition temperature. Deformation of body may be occur due to applied stress. (iii)
The third division is the final portion of the cooling curve below the glass transition temper-
ature, where the body is a relatively strong and brittle. Thermal shock causing fracture can
occur in any of the three divisions but it is most dangerous during heating and cooling
when the body is brittle. During the heating, the ceramic body is fragile because of the rela-
tively low inter-particle bond strengths that may be compounded by residual strains from
shaping process. During cooling, the ceramic body is relatively strong but is subject to brittle
fracture as a result of strain such as phase inversion [2].

In order to design the optimum firing profile, the ideal curve should be determined. The
corrections of firing profile can be carried out based on physical and chemical reactions. The
actual rate schedule of each of three divisions can be determined. The basic data required
can be obtained by simultaneous thermogravimetry and differential scanning calorimetry,
TG-DSC or differential thermal analysis, DTA [3,4]. Hot stage microscopy, HSM [5-7], and
dilatometeric irreversible and reversible thermal expansion also should be used to optimize
heating and cooling stages [1,2].



Mechanisms of Momentum Transport in Viscous Flow Sintering
http://dx.doi.org/10.5772/53259

Figure 1 is an example of TG-DSC curves for a typical porcelain stoneware body for deter-
mining physical and chemical reactions in pre-sintering process [8]. These curves show that
clay minerals dominate the body in terms of non-linear thermal behavior and the particular
temperatures at which the firing profile should be modified. The first and second endother-
mic peaks around 40-100 °C in DSC curve is related to the loss of absorbed water. In this
temperature range, the absorbed water causes a temperature depression in the body which
will increase temperature gradient between the surface and center of pieces. The third endo-
thermic peak, 550 °C, is due to the dehydroxylation of kaolinite. The weight loss of 2.84 wt.%
confirms the elevated percentage of clay minerals. The dehydroxylation of kaolinite occurs
to form metakaolin. The crystal structure of kaolinite contains hydroxyl groups and the de-
hydroxylation of these groups to form metakaolin occurs at 550 °C. The chemical reaction
representing this process is:

Al,0,.25i0,.2H,0 — Al,0,.25i0, +2H,0 T (1)
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Figure 1. TG-DSC curves of a typical porcelain stoneware composition [8].

Dehydroxylation of clay minerals is observed in typical analytical investigations, such as
differential scanning calorimetry and thermogravimetry [9]. These measurements also, are
important in the design of fast firing profile. Dehydroxylation rate is directly proportional to
the surface area of kaolin. Experiments with large pieces at very high heating rates indicated
explosions caused by water vapor pressure at both the dehydration and dehydroxylation
temperatures. The last endothermic peak, 571 °C, is associated with the allotropic transfor-
mation of quartz. Because of the relatively great flexibility of the compact particles, the
quartz inversion is of little consequence during the firing schedule. The only observed exo-
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thermic peak at 988 °C is typical metakaolin decomposition, forming Al-Si spinel, amor-
phous silica and mullite phase as shown by following equation:

3(AL,0,.25i0, ) - 0.282Al4 (Al 33 @, ¢ ) O3, )

where @ represents a vacancy. A y-alumina type phase recently is the predicted product. At
950-1000 °C, the controversial exothermic peak appears where the excess silica is exolved
from the metakaolin to form a precursor for primary mullite crystallization and to begin sol-
id-state and liquid phase. The DSC-TG curves of the body confirm low weight loss, which is
mainly due to the metakaolin dehydroxylation. The y-alumina type phase, being a non-
equilibrium unstable phase, certainly transform to mullite above 1000 °C. The chemical reac-
tion describing the mullite formation is [9]:

0.282Al15 (Al 55 ®, ¢ )O5, — 3A1,0,.2Si0, +4SiO, 3)

The ceramic bodies generally contain three different mullite that are: (i) Primary mullite from
decomposition of pure clay such as kaolinite. (ii) Secondary mullite from reaction of feldspar
and clay, clay and quartz. (iii) Tertiary mullite may precipitate from alumina-rich liquid ob-
tained by dissolution of alumina filler [10]. The size and shape of mullite crystals is to large ex-
tent controlled by fluidity of the local liquid matrix from which they precipitate, and in which
they grow, which itself is a function of its temperature and composition. The composition of
this local liquid is determined by the extent mixing of the porcelain raw materials and the role
of fluxing agents is critical. The observation of polished and chemically etched surfaces points
out as in the samples containing nepheline-syenite, Figure 2. The amount of secondary elongat-
ed mullite is larger than in the body prepared without nepheline-syenite. That is essentially
due to the lower viscosity of the liquid phase formed in the presence of nepheline, that besides
to favor the sintering, allows a better and easy growth of the elongated crystals [11].

Figure 2. Comparing mullite size in porcelain stoneware body prepared (a) 10 wt.% nepheline syenite and (b) without
nepheline syenite [11].
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Also, the organic materials burn from 250 °C onward. The experiments with heavy electrical
porcelain result in explosions of body at 250 °C that is a result of the ignition of volatiles
from the lignites in the ball clays.

Hot stage microscopy provides an advantageous data for characterizing the firing and sin-
tering behaviors of ceramic bodies. It allows monitoring of thermal behavior of body from
room temperature to sintering steps. The application of this technique to study the sintering
of different ceramic substrates was reported by many investigators [5-7]. Hot stage micro-
scopy allows assessing the shrinkage of ceramic body. The compact sample is made from
powder by the uniaxial compaction technique. Hot stage microscopy is standard, well-
known devices in ceramic and glaze fields. Traditionally, the instrument has found applica-
tion mainly to assess the thermal behavior, particularly about softening and melting
temperatures of glazes, ceramics and other silicate materials. The cylindrical samples of the
powders are obtained by pressing in a die at room temperature, usually without addition of
any binder. For non-isothermal experiments the furnace of the microscope is heated to the
maximum temperature usually with constant rate. The samples are placed on a small ceram-
ic plate with the longitudinal axis coinciding with the vertical direction. By measuring the
changes of length and diameter of the samples during the sintering process, either by taking
photographs of the sample at pre-chosen time intervals during the sintering process, or by
video recording the whole experiment, it is possible to obtain the axial and radial shrinkage.
The height and diameter of the photographed or video-recorded sample images can be
measured with a relative error, <1%, on suitable enlargement.

To clarify the ability of HSM technique, Figures 3 and 4 show HSM graphs for a typical por-
celain stoneware body and a composition modified by 10 wt.% nepheline syenite. Listed be-
low the images is the characteristic shape temperature. Also, the measured valves of
reference temperatures for the mentioned compositions are reported in Table 1. The tradi-
tional single firing porcelain stoneware composition, reference body, is sintered about 20 °C
higher than sample containing 10 wt.% nepheline syenite. The use of fluxing agent like
nepheline syenite in composition clearly shifts the sintering of ceramic body to low tempera-
ture because of its tendency to melt and decrease the viscosity of liquid phase. It is evident
that the sintering speed of modified composition containing nepheline syenite is enhanced
and 20 °C is enough to obtain well sintered body. The range of dimensional stability is very
high for reference composition. When 10 wt.% nepheline-syenite is added, the range of sta-
bility drastically reduces, and a negative shrinkage, expansion, is observed. The addition of
nepheline causes the decrease in softening temperature.

Nepheline syenite

(wt. %) Starting shrinkage Maximum Shrinkage Expansion Softening point
Wt 7

0.0 1120 1220 1280 1340

10.0 1100 1200 1240 1320

Table 1. The technical temperatures of porcelain stoneware compositions obtained by HSM technique.
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Figure 3. The HSM images of a typical porcelain stoneware composition.
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Figure 4. The HSM images of porcelain stoneware composition prepared with 10 wt.% nepheline syenite.

Irreversible thermal expansion curve really consists of behavior of all unfired materials in
composition. The thermal expansions of some components are well known. For example, the
a-f quartz inversion causes a sharp increase in expansion [9]. Between the 500 and 550 °C,
dehydroxylation of the clay minerals modifies the expansion as the clay is contracted. On
the other hand, the fluxing agents like feldspars and nepheline syenite, which undergo no
transformations at this temperature range, continue to expand almost linearly. The phenom-
ena around 600 °C may be quite severe for some clay based ceramics such as porcelains and
porcelain stoneware bodies until the dense structure are formed. According the previously
explanations, the ceramic body begins to sinter between the 850 to 900 °C due to expulsion
of excess silica released from metakaolin when y-alumina spinel is crystallized. In this con-
dition the body presents pyoplasticity. When the feldspars begin to melt at 1050 °C [12,13],
the contraction accelerates and pyoplasticity increases remarkably.
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The dilatometric curve of a typical porcelain stoneware composition is shown in Figure 5. It
is observed that expansion increases until a maximum value about 900 °C. The sharp in-
crease at 571 °C is due to a- quartz inversion. From this temperature onward, the expan-
sion rate gradually decreases and sintering starts at 950 °C. From 950 °C, the shrinkage
increases in an exponential form with temperature. The shrinkage of ceramic bodies varies
with type and content of fluxing materials because, sintering of porcelain bodies occurs
through the melting of fluxing materials. The molten phase diffuses into the pores by capil-
lary forces, creating closed pores and shrinking the body. The viscosity of molten phase is
able to influence shrinkage and porosity of porcelain stoneware bodies drastically. From di-
latometric curves for compositions containing 10 wt.% nepheline syenite, Figure 6, it can be
noticed that the shrinkage rate increases. When shrinkage reaches to maximum value at
1225 °C, the open porosity of body containing nepheline syenite reaches to zero. As a result,
the pores of these bodies are closed at this temperature. The use of fluxing agents like
nepheline syenite favors the sintering behavior, allowing sintered materials with minimum
porosity. The maximum value of shrinkage, reached by the samples containing nepheline is
higher than the maximum value of composition prepared without nepheline syenite. Fur-
thermore, it is reached in rather low temperature.
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Figure 5. The dilatometeric curves of a typical porcelain stoneware composition.
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The reversible thermal expansion occurs in fired ceramics such as electrical porcelain and
porcelain stoneware due to the a-3 residual quartz inversion at the glass transition tempera-
ture in which a viscoelastic material transforms to a elastic solid in cooling stage [2]. The
glass content in different porcelains may be vary from 50 to 80 wt.% according the selected
composition. Usually porcelain stoneware body shows the inflection at 570-600 °C but elec-
trical porcelains may not show this inflection clearly due to increasing glass content during
firing process. It should be note that the glass phase should be annealed in the cooling to
reduce the total stress when the residual quartz inverts at 570-600 °C. The industrial experi-
ences clearly showed that nothing can prevent the -a quartz inversion with its consequent
stress development in ceramic body. It is interesting to note that quartz particles as small as
1 pm produce crack in porcelain body. Therefore, there are two major sources for develop-
ment of stress in the cooling of ceramic bodies. If there is no thermal arrest at glass transition
temperature, the glass phase will be improperly annealed and strain energy will be stored.
When [-a quartz inversion occurs at 570-600 °C, the inversion stresses are added to the re-
sidual glass stresses. If stresses exceed the strength of ceramic body, fracture occurs immedi-
ately otherwise, the stresses may be large enough to cause crack growth and it may be
developed hours or even months later. Fabricating an absolutely free-stress ceramic body is
actually impossible but it is possible to manufacture reliable product by minimizing stress.
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Figure 6. The dilatometeric curves of porcelain stoneware compositions prepared with 10 wt.% nepheline syenite.

In design of firing profile, the irreversible and reversible thermal expansion data should be
considered in first step and then it can be modified by DSC or DTA data. This procedure
establishes the shape of firing profile at three stages. The heating rate should be separately
determined in each section. The irreversible thermal expansion data are used in heating step
and the reversible expiation data should be used in design cooling step. Critical points on
the profile are identified by DSC or DTA data. Ceramic body can be damaged by steam
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pressure at both adsorbed water removal and dehydroxylation of clay occurring in 100 and
550 °C, respectively. The combustion of volatiles from lignites causes crack in very large
cross section bodies. It is important that the ignition of organic materials is completed before
the ceramic bodies become impervious. Because the nature of the ceramic bodies are sub-
stantially different in the three major section of firing profile, the heating and cooling rates
should be determined in next step. The firing profile should be determined empirically if it
is not available for a new composition. In summary, the most critical points are between 550
and 600 °C during the heating. The pyroplastic section may be modified slightly but the ma-
turation should be completed. The cooling profile should be adjusted separately. The ceram-
ic body can almost be quenched from the maturing temperature to 800 °C and then it should
be annealed until 550 °C by considering the 3-a quartz inversion.

3. Wetting and liquid migration during sintering

Wetting and surface phenomena play important role in sintering in the presence liquid
phase because the surface area of the compact powder reduces during the heating process.
Therefore, the microstructure of product is affected remarkably by surface phenomena. The
fundamental problem of sintering in the presence liquid phase is explanation of mechanisms
that reduction of energy occurs which are especially important for understanding the factors
affecting process. During the sintering process the particles weld together and pores be-
tween them become more nearly spherical and the porosity of compact decreases simultane-
ously. The driving force for both phenomena is due to excess surface free energy. An atom
at a free surface is bonded to fewer neighboring atoms than an atom within the particles.
Since bonding reduces the potential energy, a surface atom has extra energy, called the sur-
face energy, which can be partially reduced by slight adjustments in the composition and
bonding between the atoms in the surface. Nevertheless, surface atoms or ions are more ac-
tive. Thermodynamically, the surface tension, v, is defined as [1]:

| oG
Y=o, @
PJpTN;

where, G is the Gibb's free energy of the system. During the change in particle area, A,, the
independent variables of pressure, P, temperature, T, and number of species, N;, in the sys-
tem remain constant. If the radius of pore r, in ceramic structure is considered as shown in
Figure 7, surface tension will tend to contract the surface area and the internal volume, in-
creasing the internal pressure by an increment AP. At equilibrium condition, the word of
contraction APAV is equal to the decease in surface free energy ydA.

AP4T(I‘12dI‘1 —v8mr,dr, =0 (5)
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Therefore,

Ap=2Y 6)
Iy

where AP and AV are the pressure and volume differences, respectively. In sintering process
AP are considered respect to atmospheric pressure.

Figure 7. The pressure difference in pore produced by surface tension.

It should be note that the radius r, is negative when the curvature is concave. The effect of sur-
face curvature may cause the average chemical potential of atoms in microscopic particles to be
greater than that in large particles. The atoms in a microscopic region of sharp positive curva-
ture are of a higher chemical potential than atoms in a flat surface. In this section the interfaces
between a solid and liquid phase is considered to study sintering process. Consequently, the
surface curvature effect is that equilibrium pressure is a function of surface energy and surface
curvature. An example for processing consequence of the surface curvature effect is capillary
phenomena. Spreading liquid on solid occurs when the contact angle measured through the
liquid phase approaches zero. In the sintering in the presence liquid phase, wetting and
spreading phenomena affect the pore morphology as a result microstructure of ceramic body.
Liquid phase that wets the surface of particles will spread over the surface and concentrate in
contact region, forming necks as shown in Figure 8. The pressure difference across the curved
meniscus is negative and a compressive stress occurs in contact region. The pressure differen-
ces across a curved meniscus can also, cause the migration of liquid phase between the pores or
migration of liquid from a saturated region to a less saturated region.

liguid phase
neck —» 9 <+ neck

particle

Figure 8. Liquid phase distributed on surface of spherical particles.
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As illustrated in Figure 9 liquid phase will rise in capillary spaces if it wets the surface. On
the other hand, it will be depressed if non-wetting of particle surface occurs. In this case, it is
impossible to sinter the ceramic body. This phenomena rarely observed in sintering ceramic
materials. For the fine capillary spaces, the meniscus is approximately hemispherical. At
equilibrium condition, this pressure difference will offset the hydrostatic pressure which
may rise above the meniscus external to the capillary space. The penetration of liquid into
the porous medium will be grater for a liquid lower viscosity and higher surface tension.
Finer pores produce a greater suction. An increase in temperature may reduce surface ten-
sion/viscosity ratio and improves penetration. In sintering of ceramic bodies in the presence
liquid phase, the capillary force provides a mechanism for the cohesion, migration of liquid
in pores and rearrangement of particles. Capillary suction produces a driving force for mi-
gration of liquid in sintering [14].

Wetting Non-wetting

]

—— Capillary spaces

Liquid phase | Liquid phase

Figure 9. Wetting and non-wetting behaviors of liquid phase.

4. Vitrification and microstructural changes

The vitrification of fine ceramic products such as electrical porcelains, whitewares and por-
celain stoneware bodies is complex since sintering occurs with reaction of materials and for-
mation new crystalline and amorphous phases. The glassy phase coats quartz, new crystals
such as mullite and cristobalite and remained fluxing agents such as feldspars [9]. The ce-
ramic body shrinks when metakaolin transformed into primary or secondary mullite crys-
tals and amorphous silica between 950 and 1000 °C. The amorphous silica liberated during
the metakaolin decomposition is highly reactive, possibly assisting eutectic melt formation
at 990 °C. Feldspars, minerals with high alkali content, are generally used as fluxing agent in
the production of fine ceramics [12]. A eutectic melt of potassium feldspar with silica starts
at this temperature. The eutectic temperature depends on the type of feldspar. Sodium feld-
spar forms eutectic melt at 1050 °C. The lower liquid formation temperature in potassium
feldspar system is beneficial for reducing the ceramic body sintering temperature. The pres-
ence of albite in potassium feldspar can reduce the liquid phase formation. Quartz in contact
with the feldspar liquid dissolves slowly above 1250 °C. The rate of mullite formation and
quartz dissolving is very dependent on particle size of materials and type of impurities and
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secondary fluxing agents. The particular important factors that influence the rate of vitrifica-
tion are viscosity, surface tension and particle size distribution.

The viscosity of the liquid phase, influenced by the kind of the fluxing agent used and
the sintering cycle, is able to drastic affect the microstructure of fired products, in partic-
ular to change the amount, morphology and size of the porosity [11]. Nepheline, even if
it enters in the formulation of different ceramic products, such as sanitary ware, electri-
cal porcelain and china ware bodies, reduces the firing temperature and increases the al-
kali level in the glass phase [13]. Nepheline is a major component of several igneous
rocks called nepheline-syenite, nepheline-monzonite and nephelinite. The basic difference
among these rock types is the amount and type of feldspars present. In nepheline-syen-
ite, feldspars are the most important phase. In the nepheline-monzonite rocks both potas-
sium feldspars and plagioclase are present in nearly equal proportions. In nephelinites
there is little feldspar present and the rock is mostly nepheline. Nepheline is a member
of the feldspathoid group of silicates, minerals whose chemistry is close to that of the al-
kali feldspars, but they are poorer in silica. About the use of nepheline and nepheline-
syenite for the production of high temperature ceramic products, such as glasses, glass-
ceramics or ceramics, it is important to make some distinctions. Nepheline should not be
confused with nepheline-syenite, which is actually a mixture of about 55 wt.% albite, 25
wt.% potassium-feldspar and only about 20 wt.% nepheline. The chemical and physical
properties are consequently very different. The melting point of pure nepheline is very
high, 1520 °C [13], compared to that of the other feldspars: 1118 °C for sodium-feldspar,
1150 °C for potassium-feldspar and, 1223 °C for nepheline-syenite [12]. Compared to
pure feldspars, the advantages coming from the use of nepheline-syenite are: (i) the con-
tent of potassium and sodium is higher, K,O + Na,O is about 9-12 wt.% in feldspars,
whereas it is larger than 14 wt.%, in nepheline syenite, and (ii) the melting temperature
is generally lower than that of potassium-feldspar, which always contains other phases,
such as quartz, which shift the melting point to higher temperatures. In the glass pro-
duction, the use of nepheline-syenite provides the necessary additives of alumina and al-
kali for the glass formulation, and it is low in silica and does not contain free quartz.
Furthermore, due to the lower melting point of nepheline-syenite, in comparison with
potassium feldspar, the glass batches obtained have lower viscosity and easier workabili-
ty. The content of Al,O; is high and the content of SiO, is lower in nepheline-syenite
with respect to feldspars (considering that in feldspar Al O,/ SiO, is about 0.2, whereas
in nepheline Al,O,/SiO, is 0.5).

When higher amounts of nepheline-syenite are added, the range of dimensional stability
drastically reduces, and a negative shrinkage, expansion, is observed [11]. The fracture
surface of a typical porcelain stoneware body is presented in Figure 10(a). It is character-
ized by the presence of round pores, essentially closed porosity, whose sizes are signifi-
cantly larger than the ones present in the nepheline-syenite modified composition, Figure
10(b). Spherical pores indicate a mature microstructure, where a sort of equilibrium is
reached, from the equilibrium between the pressure of gas and the viscosity of the liquid
phase, spherical pore results.
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The microstructures of bodies prepared with high amounts of nepheline syenite do not
present substantial differences among them [11]. The presence of nepheline-syenite re-
sults in fired bodies with a larger degree of vitrification. Even 5 wt.% of nepheline-syen-
ite produces nearly 10 wt.% more glass than the body prepared without nepheline
syenite. The glass fraction linearly increases with the amount of nepheline syenite. The
crystalline phases, such as quartz and mullite, which are unstable in the alkali oversatu-
rated glass matrix, decompose more easily. The fraction of albite linearly increases with
the addition of nepheline-syenite. The replacement of the potassium feldspathic sand
with nepheline-syenite strongly favors the sintering behavior of material. Even only a re-
placement of 5 wt.% of nepheline syenite, causes a drastic decrease of the soaking time
necessary to reach a minimum total porosity.

The lower viscosity of the liquid phase, that decreases with the increase of nepheline-syen-
ite, favors the shrinkage, but also the growing of rather large closed pores, that, trapped in
the glassy matrix during cooling, cause the observed expansion, for the longer soaking
times. The presence of the nepheline-syenite in the body mix strongly favors the sintering
behavior to obtain sintered materials with a minimum porosity. The fired modified compo-
sitions show homogeneous microstructures, characterized by smaller pores, with a narrow
pore size distribution. The use of a 5 wt.% of nepheline-syenite allows reaching the best re-
sults. Higher percentages reduce, in an unacceptable way, the range of dimensional stability.

For clay based ceramics the surface tension is not changed much by composition [15,16].
However, surface tension is not a variable that normally causes difficulty during the design
of composition or control of sintering process.

Figure 10. SEM micrograph of the fracture surface of the porcelain stoneware composition prepared (a) without
nepheline syenite and (b) 5 wt.% nepheline syenite.

The particle size has a strong effect on the sintering rate and should be controlled if vitrifica-
tion process is going to be controlled. In changing from 10 to 1 um particle, the rate of sinter-
ing is increases by a factor of 10 [2]. When the porcelain stoneware composition - milled at
longer time, the compact microstructure is formed with very few and narrows pores, Figure
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11. The increase of the milling time, allowed obtaining a finer powder. As a consequence,
more reactive particles are produced, that allows producing a very compact and homogene-
ous material.

5. Creeping flow

For liquid phase, the physical property that characterizes the resistance to flow is viscosity.
Laminar flow is orderly type of flow that is usually observed, in contrast to turbulent flow.
In order to characterize the type of fluid flow Reynolds number is used as a follows [17]:

NRe =T (7)

where N, is Reynolds number, o is fluid density, u is velocity, 1 is characteristic length such
as diameter and 1) is viscosity of fluid. Experimental observations show that there are actual-
ly three flow regimes and these may be classified according to the Reynolds number for the
flow. The three flow regimes are: (i) laminar flow with negligible rippling, Ng.<20, (ii) lami-
nar flow with pronounced rippling, 20< Ng.<1500, and (iii) turbulent flow with Ng.>1500.
For the Reynolds number less than 20, the ripples are very long. This number is the desired
method that provides the flow regime. When is less than 0.1, Ng.<<0.1, and the flow is car-
ried out slowly, this type of flow is referred as creeping flow or Stokes flow. If the flow of
incompressible fluid into the spherical pore is considered, such as viscous flow sintering, the
fluid approaches the center of pore diametrically. In this case, the creeping flow means that
Reynolds number is less than 0.1.
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Figure 11. SEM micrograph of the fracture surface of a typical porcelain stoneware composition containing 10 wt.%
nepheline syenite milled (a) 8 h (b) 12 h.
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6. Continuity and motion equations

In order to calculate the flow characteristics such as average velocity and force, the velocity
distribution should be determined by the shell momentum balance method. It is tedious to
set up a shell balance for each flow. A general mass and momentum balances that can be
applied to each flow are needed, including cases with non-rectilinear motion. These are the
main points of this section. The continuity and motion equations that are related to mass
and momentum balances respectively, can be used as a starting point for studying the vis-
cous flow. The equation of continuity is developed by making a mass balance over a small
element of volume through which the fluid is flowing. Then the desired partial differential
equation is generated. The following equation describes the time rate of fluid density at a
fixed point in space. This equation can be written more concisely by using vector notation as
a follows [17,18]:

o
a—f =—(Vou) (8)

where t is time. This equation shows that the rate of increase of mass per unit volume is
equal to net rate of mass addition per unit volume by convection. A very important special
form of continuity equation is that for an incompressible fluid. For example, the following
particularly simple form is considered in spherical coordinates (r, O, ¢):

0 1 0 ) 1 0
§(rzur) + Tsim0 90 (esin®) + 5g w(%)):() ©)

1
2

Of course, no fluid is truly incompressible, but the assumption of constant density in viscous
flow sintering results in considerable simplification.

The equation of motion is developed by making a momentum balance over a small element
of volume and letting the volume element become infinitesimally small. Again a partial dif-
ferential equation is generated. The equation of motion can be used along with continuity
equation to solve many more complicated flow problems. It is a key equation in transport
phenomena. The following motion equation was obtained by momentum balance:

0
aQu = —[V.Quu] -V.p- I:V.T] + fg (10)

where V.p is pressure gradient, V.t is divergence of shear stress and f, is external
force acting on fluid per unit volume. For incompressible fluid with Newtonian behav-
ior the motion equation can be written as very famous Navier-Stokes equation. If the
acceleration and external force terms in this equation are neglected, the following equa-
tion is obtained:
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V.p=nV?u (11)

which is called the creeping or Stokes flow equation.

7. Velocity distribution in spherical systems

The sintering in the presence of liquid phase is complex process, because a lot of phe-
nomena simultaneously occur during sintering. Raw materials react and new crystalline
phases are formed. The melting process of raw material produces a liquid phase whose
viscosity decreases by increasing the sintering temperature so that it can enter the pores
and eliminate them. Some crystals such as quartz tend to dissolve in the liquid phase.
A characteristic shrinkage is observed when the metakaolin formed from the clay min-
erals at high temperature transforms into needle-shaped mullite crystals in the presence
silica glassy phase between 950 and 1000 °C. A liquid phase forms between 950 and
1150 °C when the fluxing agents such as feldspars are presented in contact with silica,
eutectic point [1]. The above considerations clearly illustrate that it is impossible to de-
velop a theoretical kinetic model only on the basis of the chemical reactions that occur
during sintering. Very few models are developed for the case in which the solid phase
partially reacts with the liquid phase but theoretical models are developed by consider-
ing the pore size and the shrinkage variations. In those models [19,20] some geometri-
cal assumptions are exaggerated respect to microstructure of compact body. Therefore,
the results of these equations have an approximate validity regard to the influence of
kinetic parameters such as temperature and soaking time on sintering rate. In the sin-
tering in the presence liquid phase, the viscosity changes continuously by increasing
soaking time due to the formation of new crystalline phases and melting of some crys-
tals such as quartz. The average pore size increases progressively and kinetic models
were proposed to describe the isothermal sintering based on the average pore size
[21-23]. In this section a kinetic model is developed to describe the changes in porosity
of compact body during the soaking time, using the Navier-Stokes equation. The sinter-
ing process is due to the liquid phase diffusion, by capillary pressure, in the intercon-
nected pores.

The type of pores in compact materials is divided to open and closed pores. An open
pore is cavity or channel that communicates with surface of body. Closed pores are lo-
cated inside of the compact body and are completely isolated from the external surface.
The summation of open and closed porosity gives the value of total porosity. The open,
total and closed porosity of a special ceramic body versus soaking time are shown in
Figure 12. With increasing soaking time both open and total porosity decrease progres-
sively. The closed porosity, however, increases with rising soaking time. The trends of
open and total porosity at lower soaking times are very similar, indicating that all
pores are open. As the soaking time increases, the value of closed porosity increases,
reaching a point where all pores are closed. Scanning electron microscopy observations
of fracture surfaces of the bodies show a microstructure which lacks homogeneity, char-
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acterized by some closed pores. Longer soaking times favor the development of larger
amounts of glassy phase, so the sample becomes more compact and interconnected
pores tends to disappear, in agreement with minimum porosity. At the sintering condi-
tions able to reach the minimum porosity, the pores are generally spherical and they
are small. It is interesting to note that a too large increase in soaking time causes ab-
normal growth of the closed pores which in turn, influences mechanical strength. In-
deed, the total porosity is affected by two factors. (i) The capillary pressure, due to the
surface tension of liquid phase, tends to reduce the pore size, which in turn, reduces
the open and total porosity. (ii) The pressure of gas inside the closed pores tends to ex-
pand the pores, when the minimum porosity is reached, therefore, the total and closed
porosity increase simultaneously [16].
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Figure 12. The variations of open, total and closed porosity as a function of soaking time for a typical porcelain stone-
ware composition.

In the sintering in the presence liquid phase two types of pressure act on the pores during
the process. One of those is the capillary pressure, P, that is produced in the fine pores. The
other one is the gas pressure inside the pores, P,. The capillary pressure and gas pressure
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work in opposite directions. Therefore, the total pressure, AP, is the difference between the
two pressures, AP=P_-P,. The general capillary pressure for spherical pores is given by equa-
tion 6 where 1, is the average pore radius and vy is the surface free energy. In the first and
intermediate stages of the sintering process the effect of gas pressure inside the pores on the
sintering rate is assumed to be negligible as compared with the capillary pressure. In the fi-
nal sintering stage, where the pores are almost closed, the pressure of the gas inside the
pores becomes high and influences the sintering rate. The minimum porosity is where the
gas pressure becomes equal to the capillary pressure. After this point, the total and closed
porosity both increase and the pieces expand with increasing soaking time. Since the sinter-
ing process is finished when minimum porosity is reached, in this section the change in total
porosity is investigated until this point. In developing the model for this phenomenon we
considered an average radius, r;, for a total of pores which are surrounded by a spherical
shell and an equal amount of real incompressible material with radius of r, [24].

Pore Viscous flow

Figure 13. The diffusion of materials into spherical pore.

When an external or a negative internal pressure is applied, the flow of the material inside
the shell decreases the pore volume by radial movement. Also, it is assumed that the varia-
tion in density of the liquid phase is negligible. Therefore, the porosity of the system, &, is

expressed as:
3
e= Lr—lJ (12)
b

If we assume Newtonian behavior and creeping conditions for the system, the mass and mo-
mentum balance can be written in spherical coordinates according to equations 9 and 11:

Mass balance:
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wr? = (13)

Momentum balance:
_@ + lg 1'2 6ur — 0 14
or N r2 or or (14)

where u, and u, are the velocity of real material at radiuses r and r;, respectively. Substitut-
ing equation 13 into equation 14 and integrating between capillary and atmospheric pres-
sures, we obtain the flow velocity at the boundary between the pore and real material, u,, as
a function of total porosity:

dr
f dP=V[2u1ﬂr%—4 (15)
2y B f
3y 1
Lll= - ?E (16)

The equation 16 shows that the velocity of pore and material boundary decreases as sinter-
ing reach minimum total porosity.

8. Porosity variation in isothermal viscous flow sintering

In the sintering process the compact powder is usually held at constant temperature and the
porosity is measured as a function of soaking time. The volume of real material approxi-
mately remains constant and the total number of pores does not change, if they are all equal
in size but, the pores really are not equal in size. The small pores disappear more rapidly
than the larger ones, so that the total number of pores decreases as soaking time increases
[22]. Therefore, it is important to evaluate the number of pores per unit volume of real mate-
rial, n, to find the relationship between the different parameters. In this case the relationship
between pore radius and porosity is given by:

AR

and, since u;=dr;/dt, substituting equation 17 into equation 16 we find:
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ds_(9y) %(47{)% 2 1
—E—?n T & (1—8) (18)

The densification process of compact body is usually carried out at constant temperature in
experimental scale and total porosity is measured as a function of soaking time. The ob-
tained results by Orts et al. showed that the pores with small dimensions are eliminated
during sintering process and the average pore size increases continuously [22]. Theoretical-
ly, it is assumed that total number of the pores per unit of real volume of material do not
change if their dimensions are equal during sintering process. Also, the average volume is
considered for all of the pores. If the equation 18 is integrated, it is possible to calculate the
soaking time as a function of total porosity:

€ t

I_ide =afdt (19)

2 1
e €2(1-¢)® o

where a=(9y/n)n'3(41/3)'". The left part of above equation can be easily evaluated by substi-
tuting x* = ¢/(1-¢) and the result is summarized as a follows:

F(x)-F(xy)=at (20)
1, xXC+1 af2x-1

F(x,) is the value of F(x) if the sintering process is started at ¢ = ¢,. The effective viscosity of
the system largely depends on the amount and viscosity of liquid phase formed from the
quartz and fluxing agents present in the mix. Consequently, evaluation of the effective vis-
cosity is very complex. According to Sack and Vora [25] the effective viscosity of a system
non-linearly varies with time. Also, it was shown that the average pore size of compact body
changes non-linearly in isothermal conditions [22]. The surface tension is assumed to be con-
stant [15,16]. Therefore, the generalized form of equation 20, which is applicable for all the
materials that are sintered in the presence of liquid phase, can be expressed by following
equation:

F(x)-F(x,)=at” (22)

The parameters of equation 22 can be obtained by non-linear regression method. The con-
stant of a must be related to surface tension/viscosity ratio of system and total number of the
pores per unit volume of real material.
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The total porosity—soaking time plots shown in Figure 14 refer the sintering of a special por-
celain stoneware composition at three firing temperatures. All curves are identical in nature
and are characterized by exponential behavior. This kind of plot is generally observed in
sintering in the presence of liquid phase. The observed exponential behavior can be attribut-
ed to diffusing liquid phase formed at high temperatures. The total porosity decreases as
soaking time rises, expect for temperature and soaking times that body undergoes over fir-
ing followed by expansion of air inside the occluded pores. The decrease in total porosity is
result of diffusing liquid phase into the open pores due to capillary pressure. As the sinter-
ing progresses, the closed pores grow and open pores are transformed into the closed pores.
Finally, the total porosity increases due to expansion of air into the closed pores, leading to
an expansion in body dimensions. It is obvious that there is a clear increase in densification
rate with increase in temperature [24].
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Figure 14. The variations of total porosity as a function of soaking time for a typical porcelain stoneware composition
sintered at three different temperatures [26].

In order to obtain the parameters of equation 22 and thereby to calculate the total porosity
for each body composition, the modified model is used to correlate total porosity-soaking
time data. This equation is significantly complex model and depicts structural changes tak-
ing place in the pores of body during sintering process. Equation 22 also is used for estimat-
ing exponential behavior of total porosity-soaking time data. Since the sintering of body
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occurs by diffusing liquid phase and takes place by capillary forces, application of this mod-
el is justified. Model parameter, a, is related to kinetic rate constant and depends on temper-
ature. Parameter b is related to physical changes occurring in ceramic body matrix. This
parameter is very important since its value determines the total porosity characteristics.
Thus for b=1, the total porosity changes follows homogenous first order kinetic. For b<l a
exponential behavior is guaranteed. The model given by equation 22 is a general one and is
applicable to all temperatures and compositions. A non-linear plot of F(x)-F(x,) versus t will
give the values of a and b [26]. The total porosity—soaking time data fit the model very nice-
ly. From the parameters of the non-linear correlations, the constants of a and b are easily cal-
culated. By use of the constant parameters the rate constant is computed in each
temperature. For example, the values of a and b are tabulated in Table 2 for a typical porce-
lain stoneware body and compositions containing different amounts of nepheline syenite.
The value of b virtually remains constant for each composition whilst the parameter a in-
creases considerably as sintering temperature rises.

9. Kinetics of viscous flow sintering

If the values of a are plotted versus the inverse of temperature on semi-logarithm scale ac-
cording to equation 23, the plots fit straight lines well, which indicate that the variation of a,
with temperature may be represented by an exponential equation form as a follows:

a:aoexp(_%j 23)

where a; and Q are the constant parameters. Table 3 details the values of these parameters.
Since sintering process takes place in the presence of liquid phase, the rate of densification
defined in term of rate constant, k(¢), varies continuously with soaking time due to continu-
ous structural changes in pores of ceramic body. The densification rate can be expressed as
following equation:

—d—:k(a) (24)

k(e)=ba® (25)
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k(e) can be calculated at each total porosity, for example in minimum total porosity. Arrhe-

nius plots can be applied for different compositions according the following equation:

k(e)=k0exp(—%) (26)
Nepheline syenite (wt. %) Temperature (°C) a b
1260 0.0897 0.5035
0.0 1270 0.1073 0.4940
1280 0.1231 0.4973
1240 0.0435 0.7043
5.0 1250 0.0578 0.7089
1260 0.0702 0.7134
1240 0.0357 0.8182
10.0 1250 0.0480 0.8196
1260 0.0593 0.8127
1240 0.0235 0.9438
15.5 1250 0.0306 0.9587
1260 0.0442 0.9205

Table 2. The constant values of equation 22 for a typical and modified porcelain stoneware compositions [26].

Nepheline syenite (wt. %) a, Q (K)
0.0 4.3%x10° 37689
5.0 2.2x10' 54719
10.0 2.9x10" 58871
15.5 2.4x10" 73235

Table 3. The parameters of equation 26 for a typical and modified porcelain stoneware compositions [26].

where E, is activation energy, kK, is the frequency factor and R is the constant of ideal gas.
The values of kinetic parameters are presented in Table 4. Also, the values of activation en-
ergy special compositions are shown in Figure 15 at three values of total porosity as a func-
tion of nepheline syenite content. This range of porosity is considered because it covers all of
the minimum porosity values for special compositions. The value of activation energy ap-
proximately remains constant for each composition in the domain of porosity. The value of

this parameter increases, reaching to maximum value in the presence 5.0 wt.% of nepheline
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syenite. This phenomenon indicates that the mechanism of pore changes in ceramic struc-
ture is different in the presence mentioned amounts of nepheline syenite.

The total porosity changes involve typically with surface tension/viscosity ratio of liquid
phase that increases as nepheline content reaches to 5.0 wt.% in body composition. As
the amount of nepheline syenite rises in body composition this ratio falls down because
of dissolving quartz and mullite crystals in melted phase [11]. The surface tension/viscos-
ity ratio of liquid phase grows and reaches maximum value in the presence of 5.0 wt.%
nepheline syenite, Figure 16 [16]. The increase in surface tension/viscosity ratio acceler-
ates the removal rate of porosity but the more increase in nepheline content cannot posi-
tively increase the surface tension/viscosity ratio. Therefore, the increment of nepheline
syenite content in body composition has negligible role on densification rate of body.
The trends of these changes in kinetic parameters show an overall positive effect on den-
sification rate and as a result, total porosity decreases considerably in the presence 5.0
wt.% nepheline syenite. The addition of nepheline syenite in porcelain stoneware compo-
sition results an increase in activation energy and frequency factor for composition pre-
pared with 5 wt.% nepheline syenite. Finally, the variations of kinetic parameters
improve the densification rate in the presence of 5.0 wt.% nepheline syenite. The densifi-
cation of a porcelain stoneware body is governed by the viscosity of the liquid phase
formed at high temperature which is controlled by the Na,O+K,O content. The
Na,O/K,O ratio is also a controllable factor on viscosity of liquid glassy phase. In the
compositions modified by nepheline syenite, the bodies contain more Na,O with lower
amount of K,O and SiO,. Although, potassium oxide leads to a liquid phase with less
viscosity compared to sodium oxide but, increasing Na,O+K,O content and low content
of silica in modified compositions are compensated this negative effect. These variations
bring about a lower viscosity of liquid phase in materials containing nepheline syenite.
Fluxing agent like nepheline syenite should help in enhancing the densification rate of
ceramic bodies if melted phase viscosity is reduced by addition fluxing agent. The rate
constant is improved in the presence 5.0 wt.% nepheline syenite. The addition of nephe-
line syenite content more than 5.0 wt.% has negligible role in densification rate. There-
fore, the viscous melted phase is not able to diffuse into the pores by capillary pressure
since viscosity of liquid phase is not effectively influenced by nepheline syenite content
especially at low sintering temperature.

Nepheline syenite (wt. %) ko (min) E, (kJ/mol)
0.0 7.4x10" 76.7
5.0 8.8x10% 923
10.0 1.8x10" 71.7
15.5 9.6x10" 66.9

Table 4. Thekinetic parameters of Arrhenius equation foratypical and modified porcelain stoneware compositions [26].
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Figure 15. The variation of activation energy as a function of nepheline syenite content at three different total
porosity [26].

10. Role of particle size distribution on sintering

As previously discussed in section 4, the particle size distribution of composition can effec-
tively influence sintering process. For example - if the composition containing 10 wt.%
nepheline syenite milled during 8 and 12 h is considered, Figure 11, the kinetic parameters
of equations 23 and 26 are summarized in Tables 5 and 6, respectively. The values of activa-
tion energy this composition show that the increase in milling time changes the activation
energy values considerably, indicating that the mechanism of sintering in these particular
cases are different due to changes in surface tension/viscosity ratio. An increase in the spe-
cific surface area of particles is sufficient to increase the sintering rate. The particle size dis-
tribution of raw materials is more important factor in densification rate and plays a
beneficial role on specific surface area of materials to absorb energy. This is evident from the
fact that the value of frequency factor which is the function of specific surface area is more in
the composition milled for 12 h. The increase in milling time ensures a higher surface area to
improve the densification rate.
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Figure 16. The variations of surface tension/viscosity ratio of liquid phase and melting point of glassy phase of porce-
lain stoneware body with nepheline syenite content [16].

Milling time (h) ag Q (K)
8 2.9x10™ 58871
12 7.0x10" 66623

Table 5. The parameters of equation 23 for a porcelain stoneware composition containing 10 wt.% nepheline syenite
milled at different time [26].

Milling time (h) ko (min-') E, (kJ/mol)
8 1.8x10™ 71.7
12 1.2x10% 919

Table 6. The kinetic parameters of Arrhenius equation for a porcelain stoneware composition containing 10 wt.%
nepheline syenite milled at different time [26].
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After substation equation 23 into equation 22, the following equation is developed to relate
the optimum soaking time to temperature:

B
Ity = A+ 27)

where t, is the optimum soaking time to achieve minimum value of total porosity and A, B
are the model constants that are reported in Table 7 for mentioned compositions. The validi-
ty of this model for obtaining optimum soaking time in other temperatures for a typical por-
celain stoneware composition is summarized in Table 8. The agreement between
experimental data and model predictions is again excellent [26].

Nepheline syenite (wt. %) Milling time (h) A (h) B(K")
0.0 8 -4444.6 697.7
5.0 8 -2858.8 442.6
10.0 8 -1198.0 187.7
15.5 8 -1923.1 297.9
10.0 12 -1912.6 295.6

Table 7. The parameters of equation 27 for a typical and modified porcelain stoneware compositions [26].

1230 °C 1240 °C 1250 °C

Soaking time (min)
Eexp. (%) Ecal. (%) Eexp. (%) Ecal. (%) Eexp. (%) Ecal. (%)

120 3.51 3.64

180 3.22 3.51

260 3.51 3.88

Table 8. Experimental and calculated values of total porosity for a typical porcelain stoneware composition
corresponding to minimum value of 3.51 % [26].

11. Conclusions

Because of the complex interplay between the ceramic materials and the kinetics of sintering,
the viscous flow represents some of most complicated systems. Due to importance of liquid
phase motion, momentum balance is required to develop fundamental equation for under-
standing sintering. Major challenges are the development of kinetic model and improvement
of viscous flow sintering theory. The liquid phase diffusion may produce unsatisfied micro-
structure. The sintering behavior of ceramic materials is affected by surface tension/viscosity
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ratio. The surface tension is not altered by material composition in silicate systems such as por-
celain and porcelain stoneware bodies. Surface wetting of liquid phase produces capillary phe-
nomena in porous ceramic systems. In this chapter a complicated model was presented for
studying viscous flow sintering. For achieve an acceptable firing profile the relation between
soaking time and temperature should be determined. Since the surface tension/viscosity ratio
controls total porosity during the sintering, increasing fluxing oxides enhances the removal
rate of total porosity. A modified kinetic model was proposed to describe the variation of total
porosity during the isothermal sintering with temperature and soaking time. Also, the value of
frequency factor which is function of specific surface area, increases as the composition is pre-
pared at high milling time. The proposed model can be used for the bodies that are sintered in
the presence of melted phase to achieve minimum porosity at each temperature. It is possible to
estimate the proper soaking time to obtain minimum total porosity at a given firing tempera-
ture. The data of theoretical porosity are very similar to the experimental one. In summary, the
alkali oxides accelerate the sintering process by reducing viscosity of liquid phase. In effect at
constant temperature the soaking time is reduced by increasing temperature.

Nomenclature

constant parameter (s) A
particle area (m?) A,
constant parameter a
constant parameter Ay
constant parameter (K) B
constant parameter b
activation energy (kJ/mol) E,
porosity function F(x)
value of F(x) fore= ¢, F(Xo)
external force per unit volume (N/m?3) fy
Gibb's free energy (kJ/mol) G
rate constant (s ™) k(g)
frequency factor (s) ko
characteristic length (m) |
number of species N,
Reynolds number S
number of pores per unit volume of real material n
pressure (Pa) P
capillary pressure (Pa) P.
gas pressure (Pa) P,
pressure difference (Pa) AP
constant parameter (K)

constant of ideal gas (kJ/mol. K) R
average radius of pore (m) r

average radius of material (m) ry
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temperature (K) T
time (s) 1
optimum soaking time (s) topt
velocity (m/s) u
velocity of real material at radius of r,; (m/s) u,
velocity of real material at radius of r (m/s) u,
volume difference (m?3) AV

x

porosity variable

quartz allotrope a

quartz allotrope B

surface tension (N/m) Y

total porosity €

initial porosity €9
fluid viscosity (Pa. s) n

fluid density (kg/m?3) o

shear stress (Pa) T
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