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ABSTRACT

Keywords: Ceramics have played a very important role in the technological and socioeconomic development of mankind,
to such an extent that they can be used to identify different historical periods of humanity. Babylonians, Greeks,
Andalusians, among other cultures have used ceramics and developed various methods to improve the products
obtained from pottery. In general, ceramics can be divided into two main areas, traditional ceramics and structural
; ceramics. Ceramics made from clays, Traditional Ceramics, are currently being studied in the improvement of
Hot Pressing; structural materials, abrasives, cements, refractories, among others. On the other hand, ceramics developed as a
Spark plasma. consequence of new technologies and the exploitation of natural resources, Structural Ceramics, are of great interest
for the science of ceramic materials due to the development of ceramics with properties that manage to incorporate
attributes of diverse materials in a single material, in addition to contributing to the phenomenological study at
a scientific level. Advances in the densification and doping processes of these materials have allowed obtaining
ceramics with high mechanical strength, high hardness, high resistance to wear and corrosion, good chemical and
thermal stability; characteristics that have directly influenced the type of applications such as: bulletproof vests,
transparent shielding, high temperature electrical insulators, superconducting devices, electronic materials, among
other applications. In order to achieve optimum properties, the microstructure of the material is manipulated by
means of densification parameters which characterize each of the methods, conventional densification, densification
by plasma pulses and densification by hot pressing. This work aims to establish a relationship between the different
methods and their influence on ceramic materials, highlighting similarities, efficiency, validity, their possible and
future applications, advantages and disadvantages of each method.
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RESUMEN

Palabras clave: Las ceramicas han tenido un papel muy importante en el desarrollo tecnologico y socioeconémico de la humanidad,

a tal punto que pueden ser utilizadas para identificar diferentes periodos historicos de la humanidad. Babilonios,
Analisis bibliométrico, griegos, andaluces, entre otras culturas han utilizado la ceramica y desarrollado diversos métodos para mejorar los
Cemento, productos obtenidos a partir de la alfareria. En general, las ceramicas pueden ser divididas en dos grandes areas,
Sustitutos, ceramicas tradicionales y ceramicas estructurales. Las ceramicas fabricadas con arcillas, Ceramicas Tradicionales,
Tendencias de actualmente son estudiadas en el mejoramiento de materiales estructurales, abrasivos, cementos, refractarios, entre
otros. Por otro lado, las ceramicas desarrolladas como consecuencia de las nuevas tecnologias y la explotacion
de recursos naturales, Ceramicas Estructurales, son de gran interés para la ciencia de los materiales ceramicos
debido al desarrollo de ceramicas con propiedades que logran incorporar atributos de diversos materiales en un
unico material, ademas de contribuir con el estudio fenomenologico a nivel cientifico. Avances en los procesos
de densificacion y dopaje de estos materiales han permitido obtener ceramicas con alta resistencia mecanica, alta
dureza, elevada resistencia al desgaste y a la corrosion, buena estabilidad quimica y térmica; caracteristicas que
han influido directamente en el tipo de aplicaciones como: chalecos antibalas, blindajes transparentes, aislantes
eléctricos de alta temperatura, dispositivos superconductores, materiales electronicos entre otras aplicaciones.
Para que las propiedades sean Optimas se manipula la microestructura del material por medio de los parametros
de densificacion los cuales caracterizan cada uno de los métodos, densificacion convencional, densificacion por
impulsos de plasma y densificacion por prensado en caliente. Este trabajo pretende establecer una relacion entre los
diferentes métodos y la influencia de estos en los materiales ceramicos, resaltando semejanzas, eficiencia, vigencia,
sus posibles y futuras aplicaciones, ventajas y desventajas de cada método.
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Introduccion

Throughout history, technology has facilitated the
development of mankind, marking a focus of change
in human behavior that, in turn, has enabled new
technological innovations. Materials technology has
also had a great impact on the evolution of civilizations;
historians have defined several periods in human history
as the stone age, the bronze age, the iron age and the
age of synthetic materials. Each period followed by
another and triggered by the invention of better products,
the beginning of the 2lst century has witnessed the
emergence of smart materials, this has been categorized
by a revolutionary technology that exploits several
emerging technologies such as: materials science,
biotechnology, biomedicine, nanotechnology, molecular
electronics and artificial intelligence among other cutting
edge technologies in various fields of science that have
been developed by engineers, chemists, physicists and
materials scientists to synthesize, analyze and produce a
new generation of materials.

The development of ceramic materials throughout history
has been very important for technological advances,
such as the creation of varistors, insulators, sensors,
among others. There is a direct relationship between the
progress in obtaining these devices with the densification
processes, as well as with the progress in ceramic
materials. For example, PZT ceramics currently used for
piezoelectric applications are intended to be replaced by
lead-free KNN ceramics, which reduces the impact on
human health. However, to achieve the characteristics of
lead-based compounds, it has been necessary to improve
the methods for obtaining KNN, such as the use of hot-
press densification and plasma pulse densification. In
general, the advances in the field of materials science are
highly influenced by the densification methods, since it
is essential to change the microstructure of the materials
and this requires a study and a transformation in the
parameters present in the densification [1], [2], [3], [4],

[5], [6].

The fabrication of most ceramic formings begins with
the preparation of the powder. These are pressed to
the required shapes and sizes, and densified to obtain
mechanically strong and dense ceramics, the most
important processes influencing the final ceramic
characteristics and properties being: powder preparation,
calcination and densification. [7].

Some of the processing conditions may include doping
and atmosphere control. For example, doping with
erbium in transparent PLZT ceramics results in increased
mechanical strength, thermal strength and chemical
stability, as well as decreased manufacturing cost [8].
Other studies relate grain growth to simultaneous doping
as in the case of ceramics doped with lanthanum and
niobium [9].

Studies have also been carried out on densification by
hot pressing assisted with oxygen atmosphere control,
obtaining transparent ferro-electric ceramics that
are used in the electro-optical industry [10], [4]. The
technique of densification by hot pressing with the aid of
oxygen created at the experimental level was so beneficial
for obtaining materials with optical and electro-optical
qualities that it has been assimilated by the industry, for
example, the Boston Applied Technologies, Inc, Bati,
manufactures modulators and optical switches with
ceramics of the PMN-PT: La system obtained by hot
pressing [11], [12], [13], [14].

In general the densification process can be considered
the most important step when looking for suitable
characteristics for a certain application, parameters
such as time, atmosphere, densification temperature and
heating and cooling rate, are responsible for obtaining one
or another crystalline structure, grain size and porosity,
which in the end accounts for the characteristics of the
ceramic material [15].

The relationships between chemical composition, atomic
structure, fabrication, microstructure and properties of
polycrystalline ceramics are illustrated in Figure 1. The
intrinsic properties should be considered at the time
of material selection, while the final properties can be
maximized during the calcination and densification
processes. The role of the fabrication process, then, is
to produce microstructures with the desired engineering
properties. For example, the measured dielectric constant
of the fabricated BaTiO3 will depend significantly on
the microstructure (grain size, porosity and presence of
any secondary phases). Typically, the overall fabrication
method can be broken down into a few or several discrete
steps, depending on the complexity of the method.
Although there is no generally accepted terminology,
these discrete steps are known as processing steps.
Within the processing, this review will emphasize
some of the commonly used methods for densification
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of ceramics (conventional densification, hot pressing
and plasma pulses), orienting the study to the influence
of densification processes on mechanical, electrical,
magnetic, optical properties, among others, and to the
possible applications, past, present and future, depending
on the densification processes of ceramic materials [15].
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Figure 1. Diagram of relationship between the different properties of ceramic materials.
Source: Own

History of densification processes

The densification of ceramic materials dates back to
10,000 BC with the potters and the creation of their
utensils, for domestic and artistic use, which were shaped
with clays and dried in the sun [16]. Around 575 BC it
was the Babylonians who innovated with new vitrified
resins, the Greeks proposed an improved heating process
that consisted of pre-firing the pots to mark them while
they were still wet and then putting them in the kiln to dry
to obtain better hardness and impermeability [17]. The
appearance of pottery, the advances and improvements
in the densification process influenced domestic,
cultural, artistic and commercial use, for example,
the Andalusians (in the year of the Andalusians) used
ceramics to embellish their streets as a new pavement,
replacing marble. With respect to the manufacture of
this type of ceramics, known as "traditional ceramics",
three steps can be highlighted in the process of obtaining
them: first, the selection and mixing of powders; second,
shaping; and third, densification. Each of these steps has
been improved over time, and the densification methods
and their relationship with the final properties of the
material have also been extensively studied in electro-
electronic ceramics [21], [22], [23], [24].

The importance of densification methods in ceramic
materials has its beginnings from the use of firewood
as a fuel source to obtain bricks [17]. In order to make
more efficient use of the energy produced by firewood,
the Muslims created the so-called "Moorish kiln" (Figure
2), which allowed higher temperatures to be reached than

their predecessors. Higher densification temperatures
were only possible many years later with the appearance
of muffle furnaces [17], later with the advent of electricity,
it was possible to reach densification temperatures of
so many degrees, however, the need for new materials
prompted the development of densification systems such
as: conventional densification with atmosphere control,
hot pressing, microwave densification, plasma impulse,
among others [16].

The development of densification processes has also
been very significant in the electro-electronic ceramics
industry [25]-[28]. Improvements in densification
processes have allowed the optimization of materials
such as PZT, where the doping process (lanthanum) and
improvements in densification processes (hot pressing)
have allowed obtaining materials with various properties
(ferro-electric, electro-optical and magnetic) [26].

Densification by hot pressing aided by oxygen atmosphere
control, implemented in 1973, allowed obtaining ferro-
electric ceramics with higher transparency than those
obtained in 1969 [10], [29].

Figure 2. Morunos kiln of the first kilns used for the densification of ceramics.

Source: Own

In South America, advanced densification processes
have been used since the 1990s with the work of Garcia,
Kiminami, Londofio and others [6], [8], [30], [31].
Currently, densification techniques such as pulsed plasma
and microwave densification have contributed to improve
and obtain properties in ceramics such as SBT type
ceramics. The conventionally densified Sr0.5Ba0.5TiO3
ceramic reaches a dielectric constant of 250 and a Curie
temperature of 200K; when densified by microwaves, it
can reach a dielectric constant of the order of 1000 and a

201
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Curie temperature close to 275K [32]. Similarly, ceramics
of the KNN system, densified by plasma pulses present
an increase of the piezoelectric constant [33]. In the case
of YAG densified by plasma pulses, a decrease in the
grain size is noticeable in relation to those obtained by
the conventional method, in addition, the density of the
ceramics increases since with SPS a more homogeneous
structure is achieved [34], [35].

On the other hand, and without losing sight of the
aforementioned techniques, it is worth highlighting the
relevance of the evolution of the kilns in the case of the
conventional densification method, since the properties
of the materials can be optimized with variations of the
conventional method. In the 70's the densification of
ceramics by conventional method reached temperatures
between 1100 and 1500°C including atmosphere control,
densifying in periods close to 10 hours [36]; later on and
with the advance of technology, tubular kilns can reach
temperatures between 2000 and 2500°C, densifying
materials with temperatures close to 1750 for a period of
3 hours [37].

Conventional densification

Conventional densification is the most used and studied
process for obtaining ceramic materials throughout
history, the ways to optimize its applications and properties
have been of great importance [15];[38];[39];[40], [41]
[42][43][3]. This method plays an important role, both in
industry and in the laboratory.

The appropriate densification technique for obtaining
bricks, roof tiles and handmade ceramics 1is the
conventional method, due to the efficiency in terms of
energy in its manufacture. However, in the village of
"La codicia", department of Cauca, traditional ceramics
are improved by adding other clays in order to achieve
greater strength and hardness. According to the study
carried out in "La Codicia", the pieces obtained were
classified as high plasticity clays. In the Colombian
industry, the influence of plasticity and heating rates is
also investigated in the conventional densification of tiles
and bricks. [44]; [45].

At the research level, the influence of temperatures and
densification time of ceramic materials on mechanical,
electrical and thermal properties, among others, is

studied [41] [46]. The importance of these studies lies in
optimizing these properties by varying the densification
parameters for a given application and thus being able to
improve the ceramics used in the industry [9]. Advanced
ceramics must meet very specific property requirements
and, therefore, their chemical composition and
microstructure must be well controlled. Special attention
must be paid to the quality of the starting powders. For
advanced ceramics, important powder characteristics
are size, size distribution, shape, agglomeration state,
chemical composition and phase composition. The
surface structure and chemistry are also important [47].

In densification processes there are stages that describe
the transformation of ceramic powder particles into
grains, the process in which small particles are produced
by reducing the size of larger ones by mechanical forces
is generally referred to as comminution (operations such
as crushing, grinding and milling). The average particle
size and particle size distribution of the ground powder
depends on a number of factors, including the size,
distribution and hardness of the grains formed by them
after densification [39]. In general, higher powder quality
is associated with higher production cost. Therefore,
in each application it should be examined whether the
higher production cost is justified by the higher quality
of the powder produced [39]; [46].

Other studies explain the densification process from the
formation of the neck and the pore, for example, Wang
et al, indicate that, the smaller the amount of pores, the
higher the strength of the material, in addition, Doni et al,
talk about the directly proportional relationship between
porosity and elasticity in a material. On the other hand,
Yang talks about the advantages and applicability of
porous materials, for example, applications such as
catalyst supports, high temperature filters, acoustic or
thermal insulators, bioreactors, gas sensors, among
others [23]; [46].
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Figure 3. Model of an ideal atomic particle system.
Source: Own.

Figure 4. Spherical pores located at grain boundaries, final stage of tungsten.
Source: []

During the conventional densification process, neck
growth reaches a limit at which diffusion will take over
pore shrinkage. The stage change from neck formation to
pore shrinkage occurs gradually, and pores appear during
the mass transport of neck formation or during grain
growth, as shown in Figure 3. Approximating the shape
of pores to interconnected tubes, which generally form
between grain boundaries, are seen as inherent elements
of conventional densification and generally do not bring
benefits to the applications one wants to target in ceramic
manufacturing [15], however, there are applications for
which porosity is important, as in the replacement of
bone tissue for which material such as alumina is used,

which for application to these tissues it is important that
it is 99.5% pure combined, less than 0.1%, with alkali
oxides such as Na20; porosity plays an important role
since it improves mechanical properties, making alumina
implants up to 30 GPa hardness [48]. However alumina
can, despite its hardness, fracture over time, therefore it
is replaced by zirconium oxide which has better chemical
and dimensional stability, excellent mechanical strength
and fracture toughness, its Young's modulus is close to
stainless steel alloys, making it suitable, for example, for
femoral head prostheses [48].

UFSCar - DF

15 KV 3.000x 10 ym

Figure 5 Illustrates how the growth of neighboring neck grains impinge around the
pore

Source: [callister].

In general, the shape, size and amount of pores, is
information that is observed with Scanning Electron
Microscopy micrographs Figure 4; the shape and grain
size is usually maintained and the amount of pores tends
to decrease [15], this decrease improves the mechanical
and optical properties of the ceramics [49]; decreasing
the amount of pores or decreasing the pore size can be
achieved by controlling the densification atmosphere [50]
or by doping the sample [51].

Grain growth occurs as long as it is not kinetically limited.
If the formation rate is high, it can promote the isolation
of pores within the grain, hindering densification, which
is sometimes required, as in the work of Wang where the
YbB6 type ceramic prepared with Yb203 and B4C is
analyzed and where porosity values of 58.7, 64.6 and 70.7
percent, with an average pore diameter of 12.58um, are
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found for the manufacture of porous ceramics [46]. On
the other hand, when a porous ceramic is not desired, it is
solved by means of doping that helps to obtain materials
with densities close to their theoretical density and a more
homogeneous grain distribution or the use of alternative
densification methods such as hot pressing [52], and in
the search to inhibit grain growth, methods that apply
pressure during densification are chosen. On the other
hand, abnormal grain growth, crack formation and pore
formation frequently appear in ferroelectric tungsten-
bronze ceramics prepared by conventional methods,
which significantly deteriorate their physical properties
[53], [54]. Several strategies have been used to solve such
problems, including hot uniaxial pressing, [55], [56] and
hot isostatic pressing [55].

As for KNN materials, until recently little was known
about these ceramics, and their piezoelectric properties,
particularly ceramics such as NaNbO3, KNbO3 and
NaNbO3-KNbO3, due to their poor sinterability. In
addition, processing control is required to improve the
homogeneity of the composition, as high temperatures
and long sintering times lead to volatilization of alkali
metals. For further densification, temperatures as high as
1200 C are necessary and these temperatures and long
residence times lead to abnormal grain growth, especially
in NaNbO3 rich compositions and degradation in the
microstructure is observed. Good electrical properties
can be found, in the literature, in dense Na0.5K0.5NbO3
ceramics prepared by hot pressing methods [28], [57]-

[59].
Densification by hot pressing

The properties of ceramic materials can be improved
by varying the densification parameters, for example by
applying pressure and changing the type of heat energy
delivered to the system, which implies a change in
the residence time of the sample inside the furnace in
question, as occurs in hot pressing (HP), where pressure
and heat are applied simultaneously, achieving that the
ceramics treated by this method achieve compaction and
densification in a single step. This method facilitates
obtaining stronger, harder, denser ceramics (with
porosity close to zero and a complete inter-particle bond)
[60], a better microstructure, decreases the densification
temperatures and accelerates the densification time with
respect to the conventional method [61].

The pressing can be performed in two ways, isostatic
(PIC) Figure 7 uniaxial (PUC) Figure 8 [62], [24]. The
furnace used in PUC is shown schematically in Figure
7, it consists of a graphite furnace, sheathed with CaF2
and Pb foil. The CaF2 layer crumbles at high pressure
and acts as a pressure transmitting medium. The Pb
foil acts as a lubricant for the furnace assembly during
ejection after the experiment [23]. However, hot pressing
presents some technical problems: selection of the mold
to withstand the high densification temperatures, long
production cycles, and maintenance of atmospheric
control [60]. Hot isostatic pressing (HIP) consists of
making a perpendicular pressure on all surfaces of the
powder, which is in a flexible mold, is usually performed
by an argon or helium gas and is given by the ratio
between the particle force and the particle contact
area, as illustrated in Figure 7. The furnace, Figure 8,
consists of a heater that produces high temperature, a
thermal barrier that keeps the inside of the furnace at
high temperature and a temperature control system; PIC
furnaces use a combination of the heat transfer types,
conduction, convection and radiation, where the gas has
a low conductivity, resulting in the sample not being
significantly heated by the gas [24].

Presion efectiva entre particulas en contacto
. Fuerza entre particulas

Al‘l'ﬂ en contacto

Figure 7. Interparticle pressure diagram
Source: Own [61]
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Figure 8. Diagram of the furnace used for the PIC

Source: Own [24]

Powders contained in glass or metal vessels that determine
the shape of the sample for hot-press densification
allowed finding a model in which grain growth occurs by
grain boundary migration where, as in the conventional
method, it is mediated by atomic diffusion, interfacial
reaction and by the activation energy related to the
temperature and residence time of the sample [63].

The relationship between size and length of stay is
described by Beck's equation (7)
D-D =k, t" (6)

Where D is the average grain size measured in m, DO
is the average initial grain size of the sample, t is the
residence time, k1 is the material constant and n is the
grain growth exponent [63], [64]. The coefficients n
and k1 can be calculated, experimentally, by ratifying
equation (8)

Ln(D — D,) = Ln(k,) + nLn(t) (7)

T T] T
e S ]
Alslante - J
Heja de
Espaciador / alumino
Plato superior & ; Muestra
Puente ‘\ Alumina
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| —

INIE -

- -
0 om

Figure 6. Diagram of the furnace used for heating at PUC
Source: [24]

The experimentally calculated values were found to
fit the theoretical data adequately. Jia also analyzed
the relationship between the average grain size and
temperature at a given time and is described by the
Hillert equation (9) [63].

-Q
D? — D¢ = k,teRr (8)

Where Q is the activation energy, R the gas constant and
T the temperature; the activation energy and the material
constant k2 are obtained from equation (9) [63].

12
Ln (=2 = Lnk, -2 (9)

Relying on the above model and experimental data
taken by Jia, it is observed that the Beck equation and
the data coincide temporally [63]. The alloy studied
was Ti22Al25Nb, initially treated with 1050°C under a
pressure of 35MPa and for 1h, the structural analysis was
performed with temperatures between 1010 C and 1110
C, with residence times of 10, 30 min, 1, 2 and 3 hours.
The grain growth, grain boundary reduction and grain
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boundary free energy decreased; the increase in average
grain size is more affected by the increase in temperature
than by the residence time [63]. The experimental part
showed that

2 _ 7ol —R) 2.D2 =72 625¢10° () 2
D3 = 184x107tel 7 )+ 2182 D2 ,, = 2,625x10%tel e ) + 218

Using the Hillert equation (9).

However, there are properties that make a material not
so efficient and that appear specific to the densification
method, for example, in the manufacture of transparent
PLZT ceramics, lanthanum-modified lead =zirconate
titanate improves its optical properties with hot pressing
and controlled atmosphere [65], [66].

For other types of ceramics such as KNN, increasingly
better results are observed with materials, in particular
with NaxK1-xNbO3, the pulsed plasma technique seems
to be the more suitable method than hot pressing, to
improve mass transport, reducing both temperature and
densification time. The study by Wang [67] using the
plasma method clearly demonstrated that ceramics with
a density close to 98 % can be obtained at temperatures
of 1040-1100 for x=0.5, 0.6 and 0.7. The authors also
characterized plasma sintered ceramics, comparing the
results with hot pressed ceramics. They concluded that
the plasma pulse sintered NaxK1-xNbO3 samples have
higher room temperature dielectric constants, higher
coercive fields, lower remanent polarizations and lower
electromechanical coefficients. All these results seem
to be related to smaller grain sizes or, consequently,
larger grain boundary areas. The same system was also
studied by Li for x values ranging from 0;2 to 0;8 [2] [68].
They obtained ceramic materials with a high degree of
densification when by plasma method was carried out at
a temperature as low as 920C.

Plasma pulse densification

Ceramics generally must meet a number of properties that
make it a competent material with the new technologies
that are becoming more demanding every day, and the
conventional method and hot pressing, although still in
force, fail to give the ceramics the characteristics of the
new requirements, while the plasma pulse improves the
microstructure and makes the material more competent
in relation to the materials densified by other methods.

Plasma pulse densification consists of the application of
direct current on the sample (conductive or insulating),
while external pressure is applied; if the sample is
conductive, then it will be heated by the Joule effect and
if the sample is insulating it will be heated by induction
through a graphite mold, which contains the sample
[69]. The parameters that influence the densification of
the samples are: current, residence time and pressure.
The current has a great effect, since the temperature
gradient will depend on its distribution in the sample,
which will directly affect the transport mechanisms in
the densification. The distribution will depend on the
geometry of the mold and the electrical characteristics of
the sample and the mold. The way the sample is radiated,
with the on:off pattern of current pulses, influences the
rate of densification; for conductive samples the final
grain size will be affected as the on:off ratio increases
as the temperature increases, while for insulating
materials the homogeneity of the microstructure may be
compromised. Temperature distribution, particularly in
insulating samples, can result in density gradient which
results in decreased mechanical strength [69], [70]. The
plasma pulse method has very short densification cycles,
which contributes, so that grain growth is minimized;
the effect of residence time can contribute to minimize
temperature gradients, but if it is prolonged it also results
in grain growth. The pressure contributes to the decrease
ofthe densification temperature helping to eliminate pores
and agglomerates, which generates a better distribution
of the temperature gradient and a greater homogeneity
in the sample avoiding defects [69].En este caso, el horno
de densificacion consta de una prensa uniaxial, camara
de refrigeracion, el generador de corriente eléctrica y
un pirémetro para medir la temperatura del sistema
y se muestra un esquema basico en la Figura 9, es
importante tener en cuenta que el equipo puede trabajar
con atmosferas reductoras o inertes mas no con medios
oxidantes para evitar el desgaste del molde grafito [69].
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Figure 9. Plasma implosion densification furnace

Source: Own [73]

In polycrystalline and lead-free ceramic materials such
as 94Na0.5 Bi0.5TiO3 6BaTiO3, plasma densification
improves the density of the sample even in polycrystalline
samples such as this one. Some properties that may
show advantages of plasma pulse densification over
conventional densification are reflected in results such as
the high density achieved by the plasma method of 99.9
%, which translates into a material without pores; while
the same material conventionally densified achieves a
percentage of density with respect to the theoretical 94%.
In addition, the dielectric properties are also improved in
plasma densified samples compared to the conventional
method. The importance that they are lead-free is
because it reduces the negative effects on human health
in the manufacturing process [71].

Also, although the activation energy of the direct current,
in the plasma method, and the grain contribution, in the
conventional method, are similar, it is observed that in
materials such as (Lil+x MxTi2x PO4)3 for the plasma
method, the ionic conductivity improves because, if
the density increases, as in the case with plasma, the
conductivity of the material also increases.

Due to the number of variables involved in the plasma
pulse method, few models describing the mass transport
have been developed considering only the Joule effect

which disregards the direct participation of the current,
therefore, considering this direct influence, we will
speak of the Olevsky and Froyen model as the closest, so
far, in the description of the process of densification by
plasma pulses. The approximations of this model, omit
factors such as spatial non-uniformity, sources of grain
growth, role of surface diffusion, phase transformations,
possible (still debatable) plasma formation, presence of
surface oxides and considering as main components
grain boundary diffusion and power law creep. The
driving sources for these material transport mechanisms
are: externally applied charge, surface tension and
electromigration (electric field contribution to diffusion)
[72].
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Figure 10. Grain diagram in plasma pulse densification.

Source: Own

The Olevsky and Froyen model is based on the half-axes
of rectangular grains and elliptical pores, as shown in
Figure 10.
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