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Chapter

Fabrication of Fine-Grained
Functional Ceramics by
Two-Step Sintering or Spark
Plasma Sintering (SPS)

Wallace R. Matizamhuka

Abstract

The majority of functional materials today are based on ceramic materials which
find use in a wide range of applications that include magnetic, electronic, optical,
thermoelectric (TE) and piezoelectric energy. The properties and reliability of func-
tional ceramic materials are highly depended on the density, grain size and existence
of heterogeneities in the microstructure. It is a well-known fact that there is property
enhancement at finer grain sizes for most functional materials through a multitude
of mechanisms depending on the application. However, what remains a challenge is
the success in maintaining fine-grained microstructures using conventional sintering
methods. The use of such methods results in uncontrollable grain growth and coarse
microstructures which negate the benefits of fine-grained related properties. The use of
spark plasma sintering (SPS) technique offers an opportunity to produce fine-grained
microstructures with minimum grain growth. However, grain refinement is not always
guaranteed during SPS sintering especially under high-temperature sintering condi-
tions. Therefore, sintering conditions that allow densification with minimal grain
growth are well suited for microstructural refinement. A modified two-step sintering
(TSS) methodology in SPS has proven to yield promising results and has potential use
in the production of functional ceramic materials with controlled microstructures.

Keywords: two-step sintering, functional ceramics, spark plasma sintering,
functional properties, grain refinement

1. Introduction

Over the past few decades, functional ceramics have played a significant role
in advanced technologies owing to their unique thermal, electrical, magnetic,
opto-electrical, superconducting and gas-sensing properties. As such, functional
ceramics have become the frontiers for advanced technologies such as informa-
tion technology, medical technology, energy transformation, storage, supply and
manufacture technology. For instance, functional ceramics are widely used for
electronic applications as they can operate at high power and high frequencies, at
high temperatures and harsh conditions. Their capability to combine properties
such as electrical insulation and magnetism, which is not possible with metals, gives
them an additive advantage.

1 IntechOpen
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Functional ceramics are produced from chemically synthesised powders in the
form of oxides, nitrides, carbides and borides mainly through a powder metallurgy
route. The properties of functional ceramics are microstructure sensitive, and
microstructural features such as grain size, composition, homogeneity and grain
boundary constituents are critical to their performance and reliability. The process-
ing route dictates the final microstructural features obtained; thus, the choice/
design of a processing route is key in material functionality. For instance, fine grain
size has been experimentally proven to amplify functional material properties such
as electrical conductivity, thermal conductivity, piezoelectric and ferroelectric
properties [1]. It must be mentioned though that the fabrication of dense nano-
structured functional ceramics by conventional sintering methods is quite challeng-
ing owing to the uncontrollable high grain growth rates [2]. This explains the shift
in research focus towards nanostructured functional materials in the past few years.

In recent years, spark plasma sintering (SPS) technology has proven its capabil-
ity to fabricate fine-grained microstructures possessing superior properties for
a wide range of materials [2]. This method is increasingly being applied in the
production of functional ceramic materials. It is against this background that
the present chapter is aimed at giving an insight on the progress made so far and,
furthermore, how the resulting microstructures and properties align with the
required functions. It is imperative that a background on the various applications
of functional ceramics be given prior to a detailed discussion on the SPS sintering
methodologies.

2. The most popular functional ceramics and their applications

Functional ceramics are materials tailored to possess exceptional properties
(electrical, thermal, optical, piezoelectric and magnetic properties) by controlling
the composition and microstructures [3]. These materials are being utilised in a
broad range of applications owing to the distinct advantages they offer in compari-
son to metals. The list below is not meant to be exhaustive but to give a qualitative
review on the applications of the most popular functional ceramic materials.

2.1 Piezoceramics

Piezoelectric ceramic materials couple electrical and mechanical responses in
their functioning and are widely used for electromechanical sensors and actuators.
These materials normally produce an electrical response in the form of either a
voltage or charge proportional to the applied stress when subjected to a mechanical
force. Conversely, an applied voltage can be converted into mechanical energy such
as in piezoelectric motors and sound-/ultrasound-generating devices. Piezoelectric
materials are widely used in dynamic applications which include mechanical
impact, ignition systems, vibration suppression and sensing [4]. Typical examples
of piezoelectric materials include crystalline quartz, barium titanate (BaTiO;),
vanadium niobate and lead zirconate titanate (PZT) [3]. In recent years, research
focus on lead-free piezoelectric materials has been intensified aimed at replacing
lead-based materials in electronic devices for the sake of human health and preser-
vation of the natural environment [5].

Piezoelectric materials are produced as multilayered components consisting of
electrode-ceramic stacks which can be simple/complex shapes. Various techniques
have been developed to fabricate the piezoelectric ceramics without conducting
post-processing. These include injection moulding [6, 7], embossing [8] and
fused deposition method [9]. The powder injection moulding (PIM) process has
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received much attention owing to its ability to produce complex-shaped, micro-
sized PZT components with minimum damage to the sintered ceramic [10]. The
multilayered components are subsequently co-sintered at temperatures less than
the melting point of the electrodes typically 1200-1300°C. However, lower sinter-
ing temperatures are preferred to avoid damaging the inner electrodes in the stack.
It has been observed that the piezoelectric coefficient which directly influences the
performance of piezoceramics is strongly influenced by the grain size [11]. Despite
the extensive studies carried out over the past decades on the grain size effects

on the physical properties of these materials, there are still major controversies

on the dependence of piezoelectric and ferroelectric properties on the grain size
[12]. There are a number of discrepancies in the existing literature which will be
discussed later in this chapter.

2.2 Magnetic ceramics

Magnetic ceramic materials are extensively used in electronics and information
communication fields [13]. They are generally classified as ‘soft’ and ‘hard’ mag-
nets where soft implies large magnetic fields cannot be generated on the outside,
whereas in the case of hard magnets, a magnetic field is generated around the
magnet itself. Two broad groups of materials are widely used in the industry;, i.e.
metal magnetic materials and complex oxide containing trivalent iron ion (ferrites)
magnetic materials (referred to as ceramic magnets).

Magnetic materials are generally used in the form of multilayer core of rolled
thin plates or in the form of dust core [13]. At high frequencies, most metallic
magnets tend to lose their magnetic properties (permeability and magnetic flux
density) due to low electrical resistivity. On the other hand, ferrites (ceramic
magnets) show higher electrical resistivity and smaller eddy current loss at high
frequencies; hence, they are more widely used in alternating magnetic fields in
comparison to metal magnetic materials. The hard ferrite is used extensively as
permanent magnets for speakers and motors. One of the critical magnetic charac-
teristics required for high-frequency materials is high permeability and is defined as
the ratio between the magnetic flux density, B, and magnetic field, H, as follows:

= (1)

T

Permeability is a structure sensitive characteristic and is strongly affected
by the microstructure of the sintered material. There are two general composi-
tions used for oxide magnetic materials, spinel type (MeFe,0;) and garnet type
(MejFes045); typical examples include MnFe,0, and Y3FesOy,, respectively. Owing
to the complex compositional nature of these oxides, a powder metallurgy route
is normally employed for the production of oxide magnets. The microstructure
and compositional control are quite critical elements of the magnetic properties of
the final products. Further, magnetic properties of materials have been shown to
change from those of multidomain to those of single-domain structure as the grain
size is reduced below a critical size [14]. The introduction of fine-grained sintered
magnetic materials has opened some opportunity for new potential applications as
well as complexity on basic research [14].

2.3 Dielectric ceramics

In the last few decades, the rapid development of modern communication
devices such as cellular telephones, antennas and global positioning systems has
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energised research in microwave dielectric materials [15]. Dielectric ceramics are
materials used widely in advanced electronic devices such as capacitors and micro-
wave resonators. They are classified into two broad groups based on their dielectric
properties. High-quality factor materials are characterised by linear changes in
polarisation with applied electric field. This group is dominated by titanate-based
materials which normally sinter at temperatures higher than 1100°C; typical
examples include TiO,, MgTiOs, CaTiO; and SrTiO; [13]. This group is character-
ised by a dielectric constant €, of less than 1000. The second group is characterised
by materials possessing a dielectric constant €, higher than 1000. Typical examples
include BaTiOs-based dielectric and lead-based dielectrics.

Ceramic capacitors are widely produced as sintered thin plates in a reducing
atmosphere (low Pp,). In previous studies, the particle size effects of BaTiO; on
dielectric properties have been carried out with several models of the critical size of
ferroelectricity being proposed. Reliability study results have shown that the dielec-
tric layer should be pore-free with fine grain sizes (typically 0.8 pm) for enhanced
performance [13].

2.4 Thermoelectric ceramics

Thermoelectric (TE) ceramic materials can directly convert heat energy to
electric energy due to thermoelectric effects [16]. TEs provide an alternative
environmentally friendly energy conversion technology which is compact, high reli-
ability, has no pollutants and is feasible over a wide temperature range. The majority
of thermoelectric devices operating near room temperature are based on Bismuth
telluride (Bi,Te;) and its alloys. These materials have been produced by a variety of
methods which include powder metallurgy techniques such as hot pressing (HP),
SPS, Bridgman and zone melting and high-pressure sintering methods. Recent
studies have shown that grain refinement of Bi,Te;-based alloys can greatly enhance
thermoelectric performance [16]. The performance of thermoelectric materials is
based on a dimensionless figure of merit (ZT) as follows:

Zr-S8T__S'T (2)

K 7 (Ke+ KDp

where S, 6, k, p and T represent the Seebeck coefficient (S), electrical conductiv-
ity (8), thermal conductivity, resistivity and absolute temperature, respectively.

Thermal conductivity of TE materials consist of two parts: lattice thermal
conductivity (k;) and electronic thermal conductivity (k,). In principle, a high ZT
is obtained by large values of both seeback coefficient and electrical conductivity,
while thermal conductivity (k) is minimised to maintain the temperature differ-
ence (T) producing the Seebeck coefficient [17, 18]. However, this requirement
contradicts the Wiedemann-Franz law which requires the electronic part of thermal
conductivity to be proportional to electrical conductivity, and the Pisarenko rela-
tion limits the simultaneous enlargement of « and & [19]. This makes it difficult to
enhance the ZT using the tuning of carrier concentration alone.

Over the years, a number of strategies have been adopted to enhance the power
factor and reduce thermal conductivity of TEs. This has resulted in the develop-
ment of three generations of TEs over the 200-year period since their discovery in
1821. The development history has been characterised by achieving high ZTs > 2.0
through new concepts and technologies. The first TE generation devices are charac-
terised by ZT ~ 1.0 operating at power conversion efficiencies of 4-5% [17]. In the
1990s the introduction of nanostructures increased the ZT values by about 70% to
ZT ~1.7, and the power conversion efficiencies can be expected to be 11-15%. In the
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third generation, some new concepts such as band structure engineering by doping,
reduction in lattice thermal conductivity, nanostructuring and all-scale hierarchical
architecturing and quantum confinement effects have been introduced to enhance
Seebeck coefficients [16].

3. Processing of functional ceramic materials

It is apparent that the increasing demand for ceramic materials in more
advanced technological applications has resulted in greater need for improved
properties and reliability of functional materials [2, 13]. The fabrication process
plays a critical role in final material characteristics. In other words, the properties
of ceramic materials are dictated by the microstructure which is a function of the
processing method utilised. Thus microstructures can be tailored through fabrica-
tion processes to produce desired properties. In the past few decades, there has
been a wide acceptance among powder metallurgists that the quality and reliability
of ceramic materials are largely dictated by utilising powders of controlled purity,
particle size and size distribution, shape and degree of agglomeration. The charac-
teristics of starting powders are determined by their production method of which
a variety of methods are available for the production of ceramic materials. The
processing methods are broadly classified into solid-state processing (e.g. mechani-
cal alloying, self-propagating high-temperature synthesis (SHS), laser ablation)
and solution chemistry (e.g. sol-gel, polymer pyrolysis, hydrothermal methods)
[2]. The chemical processing methods are generally more expensive than solid-state
methods but offer more strict control of the powder characteristic [13]. The choice
of a powder processing route will therefore largely depend on the production cost
and its capability to achieve desired powder characteristics.

Chemical methods involving chemical reactions under carefully controlled
conditions normally result in ultrafine nanometric powders (<100 nm) with a
narrow particle size distribution [13]. The main attraction in using nanometric
powders is their ability to sinter at lower temperatures (typically <0.5 Tm); this
is in accordance with Hering’s law discussed in the next section. The diffusion
distance during sintering is drastically shortened in nanostructured powders.
Moreover, an enhancement of material properties is expected owing to a reduc-
tion in the flaw size, and a higher density of highly disordered interfaces is also
attained at nanometric particle size range. On the other hand, powders produced
by mechanical methods possess a wide particle size distribution which may lead to
higher packing density in the green body. However, this advantage is far outweighed
by the difficulty in microstructural control during sintering as large grains grow
uncontrollably at the expense of the smaller grains, thus making grain size control
impossible. However, it is important to underline that as particle size decreases,
below ~0.5 pm, particles become more difficult to handle and tend to agglomerate
resulting in nonuniform consolidation of powders. Thus the use of nanopowders
requires proper control and handling to ensure high-quality properties are attained
in the final products.

4. Spark plasma sintering technology

In 1906, Bloxam filed the first patent on the successful consolidation of powder
using the SPS technology [20]. Steady progress was made in the mid-1980s into the
1990s. The SPS technology sinters in a conducting die with a simultaneously applied
mechanical pressure and DC pulses which allows for simultaneous densification
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and sintering process [21]. The SPS set-up consists of a graphite die filled with
powder feedstock, uniaxial hydraulic pressing device which achieves 50-250 kN
and an electric pulse current of low voltage (<10V) and high currents (1-10 kA) [2].
The system has achieved heating rates of up to 1000°C/min which makes it possible
to sinter over very short durations [22]. It can be operated under vacuum or inert
gas atmosphere at atmospheric pressure with a maximum temperature of 2400°C.

The sintering mechanisms in SPS are a result of three effects, namely, mechani-
cal, thermal and electrical [2]. The fast heating rates achieved in SPS enables
densification while retarding microstructure coarsening owing to the short times
required to reach sintering temperature. This allows for the densification of
nanopowders with minimal grain coarsening [22]. The SPS system offers a number
of advantages over the conventional sintering systems such as hot pressing, hot
isostatic pressing (HIP) which include high sintering speeds, high reproducibility,
better control of sintering energy and reliability.

The mechanism of sintering is not well understood but several authors have
postulated a number of theories. The widely accepted SPS sintering mechanisms
involve joule heating, plasma generation and electroplastic effect [2]. The electrical
effects are a function of the electrical properties of the powders. For powders that
are electrically conducting, current can easily flow through, and heat is generated
mainly by joule heating and transferred to the bulk of the powder by conduction
(see Figure 1) [23]. In the presence of an applied pressure, the electric current
through the particles enhances formation of interparticle bonds through localised
welding, vaporisation or cleaning of powder surfaces [22]. This ensures a smoother
and more favourable path for the current flow. This also promotes the production
of high-quality sintered compacts at lower temperatures in a shorter time than
conventional sintering methods. The sintering of nonconducting powders, although
not well understood, is thought to occur through grain boundary migration and
matter transport at higher input voltages.

Although the SPS has the capability to sinter at high heating and cooling rates,
the expectation is that the system can sinter without appreciable grain growth.
However in reality this is not always the case; a complete avoidance of the grain
growth at the sintering temperatures for most nano-grained materials will always
promote grain growth. It is therefore imperative to adopt an approach/methodology

Pressure

DC Pulse Generator

Graphite Die
Vacuum Chamber

Figure 1.
Pulse curvent flow through the spark plasma sintering technology [22].
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that is more effective in minimising grain growth using the SPS system. The two-
step sintering (TSS) approach has been found to be effective in minimising grain
growth of ceramic materials during sintering. It is thus important to dedicate the
following section to the success studies on the sintering of functional ceramics to
give an insight and a better understanding of the TSS method.

5. Two-step sintering methodology

The reliability of ceramic materials is a key function, and it dictates their ultimate
performance. A carefully controlled microstructure has a greater impact on the
properties and reliability of functional ceramic materials. In the previous section, it
has been shown that the development of highly dense nanometric or ultrafine-grain-
sized ceramics is not easily achievable through conventional sintering. Although the
SPS technology has shown great potential in the production of highly dense nano-
metric materials, it is difficult to maintain microstructural refinement under the high
sintering temperatures. It must be underlined that solid-phase sintering requires high
temperatures to facilitate diffusion which promotes material densification. However
diffusion processes promote not only densification but also grain growth [24]. To
achieve grain refinement during sintering, it is therefore imperative to develop a
sintering methodology which promotes only densification without stimulating grain
growth. This method has been improved over the years to achieve better microstruc-
tural refinement. The so-called two-step sintering (TSS) was subsequently intro-
duced in the 1990s by Chu et al. [25]. In essence, the technique consists of two stages
of consolidation process, i.e. a first stage performed at relatively low temperature
followed by a higher-temperature stage and subsequent cooling.

However, the higher-temperature stage if not adequately controlled can lead to
some grain growth. In 2000, Chen and Wang proposed a modified TSS methodol-
ogy which effectively suppresses the accelerated grain growth in the second stage
[24, 26]. In the modified TSS approach, a high-temperature heating is performed
first for a short duration followed by structural freezing and sintering at a lower
temperature. The idea of heating to a higher temperature (T1) followed by fast
cooling with no sintering holding time (stage 1 in Figure 2) is to eliminate residual
porosity at higher temperature and develop a network of grain boundary anchoring
at triple points [11].

These anchored triple points are thought to have higher activation energy for
matter migration than the grain boundaries. The second step effectively proceeds in

TSS-C TSS-CW

—
N

Temperature
Temperature

.......

o

e o b 40 s o w5 w0 4 0 B 9 5 4 5 90 60 B0 8
e cccccccccccccccccccn=

Timer Time

Figure 2.
Schematic illustration of the differences between the two TSS approaches [11].
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afrozen microstructure due to slower kinetics [27, 28]. The kinetic window separates
grain boundary diffusion and grain boundary migration. Grain growth experienced
at intermediate and high temperatures in fine-grained materials is driven by the
significantly higher capillary pressures available in ultrafine grains. For instance, for
a grain boundary energy (and surface energy) in ceramics of 1J/m?, a capillary pres-
sure of the order 20 MPa at 100 nm, 200 MPa at 10 nm and 2000 MPa at 1 nm grain
size. This implies there are significantly higher pressures locked in ultrafine grains
to ignite additional kinetic effects at elevated temperatures. Thermodynamically,
the temperature (T?2) is sufficiently high to allow grain boundary diffusion with
minimal grain boundary migration; this promotes densification without significant
grain growth. It is however important to select the most suitable T2 temperature. In
the case that T2 is too low, sintering proceeds for a prolonged period until it becomes
exhausted; on the other hand, if T2 is too high, grain growth is likely to occur.

5.1 Two-step sintering as applied to functional ceramic materials

The use of the TSS methodology to obtain ceramic materials of controlled
microstructure has become standard practice. This section gives a detailed discus-
sion on the effects of processing characteristics on grain density and size as well
as their contribution to the improvement of mechanical properties of a number of
functional ceramic materials investigated in previous studies.

The pioneering work of Cheng and Wang in 2000 serves as the beginning of a new
era in TSS methodology. In one of their successful studies, Chen and Wang obtained
a density of 99% and a grain size of 123 nm using a T1 temperature of 1250°C and
T2 temperature of 1100°C for a pure Y,0; ceramic material [24, 26]. After several
experimental studies, Chen and Wang concluded that the success of grain growth
suppression in their work was mainly attributed to triple-point immobility irrespec-
tive of whether doping agents were used or not [11]. In a separate study, Mazaheri
etal. [29] obtained dense samples of ZnO with limited grain growth under varying
conditions. The starting particle size of the ZnO was 31 nm. The most interesting
result was obtained with a T1 of 800°C and T2 of 750°C; a relative density and grain
size of 98% and ~68 nm were obtained, respectively [29]. The same authors proved
that slightly higher temperatures (850°C and 780°C for T1 and T2, respectively)
resulted in grain growth and a lower densification of 86% using ZnO material [29]. A
further study done at even higher temperatures, with a starting ZnO powder of grain
size of 400 nm (0.4 pm) and a T1 of 1100°C and T2 of 1050°C, resulted in a relative
density of 95.1% and a grain size of 3.9 pm, signifying the ineffectiveness of the TSS
methodology at higher sintering temperatures and larger particle sizes. Several other
TSS studies carried out on the ZnO material proved that the use of dopant agents such
as Bi, 03, Sb,0;, CoO and MnO assisted in suppressing grain growth [11].

Yttria-stabilised ZrO, (YSZ) is one of the most important functional ceram-
ics which find its use in a wide range of applications. Several attempts have been
focused on attaining nanometric YSZ materials to improve its functional proper-
ties. Mazaheri et al. [30] obtained fully densified 3YSZ with an initial grain size of
75 nm and a pressureless sintering regime of T2 (1150°C) and T1 (1300°C) with an
isothermal holding time of 30 h at T2 and 1 min holding time at T1. The final grain
size achieved was 110 nm. In a separate study, Suarez compared SPS sintering with
pressureless TSS methodologies. The starting material was a three Y,0;-stabilised
tetragonal ZrO, (3YTZ) with an initial average particle size of 65 nm. The TSS
methodology used a pressureless sintering regime as T1 at 1350°C without holding
time and T2 at 1200°C for 15 h, and a final grain size of 125 nm was obtained. On
the other hand, the SPS method was carried out at 1150°C with a heating rate of
300°C/min and an isothermal holding time of 30 mins at a pressure of 150 MPa.
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The grain size obtained was 115 nm. Several other modifications as summarised in
Table 1 were carried out, and an observation that was common to the majority of
the studies is that the homogeneity of the green body was very critical to the success
of the sintering method in its effectiveness of grain growth control [11].

As mentioned earlier, piezoelectric materials’ performance is strongly influ-
enced by the grain size of the constituent particles making up the ceramics.
High-performing piezoceramics have been obtained using the TSS approach. A
number of studies have shown that lower sintering temperatures using the TSS
methodology can be utilised to obtain ultrafine grain sizes. BaTiO; is one of the
most popular piezoceramics studied, and a number of studies have been carried out
to obtain fine-grained microstructures. In their work, Kim and Han [31] used a 1%
dysprosium (Dy)-doped BaTiO; with a particle size of approximately 17 nm which
was compacted at 300 MPa at room temperature. The TSS profile used a T1 of
1300°C and a T2 of 1100°C with a 20 h holding time. A grain size close to 1 pm was
obtained at a relative density of 95%. In a separate study, Wang et al. [32] studied
two different piezoceramic composites, i.e. pure BaTiO; with a particle size between
10 nm and 30 nm and a nanometric ferrite of composition Nig,Cuy ,Zng ¢Fe,0, with
a starting particle size of 10 nm. The two powders were compacted isostatically at
200 MPa. The two piezoceramics were sintered using two different sintering pro-
grammes, i.e. a T1 of 950-1250°C for BaTiO; and at 850-930°C for ferrite; a cooling
rate of 10°C/min was used in both cases. The samples were cooled at 30°C/min to a

Sample Method  Starting Pressure T1profile T2 profile Relative Grain Ref
grain size (MPa) (°C) (°C) density size
(nm) (%)
Pure TSS 10-60 — 10°C/minto  50°C/min to 99 123 nm [24, 26]
Y,0; 1250 1100, 6-30 h
dwell
Pure TSS 31 — 800 750 98 680 nm [29]
ZnO
Pure TSS 400 — 1100 1050 95.1 3.9 pm [34]
ZnO
3YSzZ' TSS 0.27 pm — 1500 (5 min) 1300,10 h — 0.59 pm [35]
10°C/min
3YSZ TSS 75 150 1300, 1 min 1150,30 h Densityat 110 nm [30]
T1(83)
3YSZ SPS 65 150 — 1150, — 115nm [36]
150 MPa,
300°C/min,
30 min
3YSZ TSS 65 — 1300 1200,15h — — [36]
3YSZ TSS 60-120 — 1300, 1175,20 h 99.2 184 nm [37]
10°C/m

3YSZ H-SPS 60-120 100 at 300 MPa at 1175, 974 173 nm [37]

600°C, 1000, 5 min 300 MPa,

3 min 30h
8YSZ SPS 58 50, 1150, 1050, 50 MPa, 99.8 190 nm [38]

15min 200 °C/min, 2h

20 s, 10 MPa

'3YSZ, 3 mol% Y,Os-stabilised ZrO,.

Table 1.

A summary of the two-step methodology used to produce different materials.
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T2 range of 1150-850°C for BaTiO; and 750-870°C for the ferrite with an isothermal
holding time of 20 h. For the BaTiO;, the best result achieved showed a grain size

of 35 nm and was sintered at 950°C in T1 and at 900°C in T2 for 2 h. On the other
hand, a grain size of 200 nm was achieved for the ferrite sintered at 850°C in T'1 and
800°C for 6 hin T2. In comparison to the result of Kim and Han discussed earlier,
the use of a lower sintering temperature enabled the formation of BaTiO; with a
finer grain size. To elucidate this point, Karaki et al. [33] obtained a mean grain size
of 1.6 pm with a relative density of 98.3% starting with a BaTiO; of average particle
size of 100 nm, cold compacted at 200 MPa. A TSS profile almost similar to that

of Kim and Han et al. consists of a heating rate of 10°C/min to T1 (1230-1340°C)
held for 1 min and a cooling rate of 30°C/min to T2 (1150-1200°C) held for 2, 4,
5and 20 h. The best result was obtained with a sintering profile consisting of T1
(1320°C) and T2 (1150°C) with a 15 h holding time. There is a clear indication from
the above results that BaTiO; ceramics with high sintered density are obtainable at
lower sintering temperature (<1000°C) for both T1 and T2. Some of the authors
observed that the piezoelectric coefficient is strongly influenced by the grain size
[11]. Nanometric BaTiO; ceramics possess superior piezoelectric coefficients in
comparison to their micrometric counterparts.

As mentioned earlier, the current work is not meant to be exhaustive but to give
a qualitative insight on the research covered so far. Table 1 gives a summary of some
of the successful work carried out and highlights some critical aspects in the TSS
methodology as a grain refinement process.

Specific particularities were observed in each of the sintering cycles above. The
majority of the authors compared their results with those obtained by conventional
sintering and the TSS methodology resulted in superior grain refinement. The
initial powder features such as particle size, microstructural homogeneity and green
density are quite critical in the success of the TSS process. In the majority of cases,
the difference between the T1 and T2 temperatures is <1500°C, and a larger holding
time in T2 allowed smaller grain sizes to be obtained. The TSS method has also been
shown to improve the material properties (both mechanical and physical).

In some cases the use of dopants was effective in inhibiting grain growth.
Although the TSS approach has shown great success in effecting grain refinement,
the very long isothermal holding times at T2 might not be suitable for commercial
purposes. The SPS technology offers an alternative route for grain refinement, and
results in Table 1 show that it is more effective for materials such as YSZ ceramics.
The SPS process generally can achieve grain refinement over shorter time periods.

6. The use of SPS technology in the synthesis of functional ceramic
materials

SPS technology provides an alternative and more effective route for grain refine-
ment of ceramic materials. As discussed earlier, conventional sintering is ineffective
in refinement of ceramic materials owing to the excessive grain growth of fine
powders at elevated temperatures [20-22]. The TSS methodology was developed
to mitigate this problem, and it provides a low-cost and effective route for grain
refinement. However, this method requires very long isothermal holding times to
effect sintering without grain growth. Therefore, it might not be suitable for high
production rates (commercial purposes); in addition the prolonged holding times
are likely to increase the energy costs. Moreover, there are ceramics that require
pressure-assisted sintering to impart the required strength to the component during
sintering. The shortcomings above can be minimised with the use of SPS technology
which has been briefly discussed in the previous section.

10
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The SPS technology has been successfully used in the production of nanometric
functional ceramic materials. The discussion below presents some examples where
SPS has been utilised to obtain bulk ceramic nanomaterials. The discussion is not
meant to be exhaustive but to impart some critical in-depth knowledge on the
synthesis procedures of a few selected case studies.

6.1 SPS of nanostructured magnetic ceramics

The magnetic properties of ferrites (magnetic ceramics) are structure sensitive
and are affected by a number of factors such as phase composition, crystallite size
and shape and the quantity of heterogeneities [39]. It is therefore critical to use
a synthesis method capable of producing superior magnetic properties through
control of structural homogeneities. The use of SPS technology is thought to
promote ordering of spatial positions of magnetic moments of metal ions in the
composite crystal lattice through pressure-assisted sintering [40]. The result is the
formation of new magnetic phases through a pressure-induced transformation of
the nanocrystalline phases [39]. It must be noted however that the mechanism of
this transformation in SPS is not well developed for most of the ceramic ferrites.

Papynov and co-workers studied the magnetic properties of nanostructured fer-
rites using SPS technology (a-Fe,0; and a-Fe,0;-Fe;0,4 composite) [39]. The authors
established that the value of magnetisation increases significantly with increasing
sintering temperature and reached a value of 10.2 emu/g at 1100°C (equivalent to
a tenfold increase). This was attributed to changes in the crystalline phase and to a
lesser extent growth of ferrite grains which may affect magnetisation.

In their work Gaudisson et al. [41] consolidated a nanosized magnetic powder
into a high-density solid at 750°C for 15 min to a final grain size range of 150 nm.
In a separate study, a nanostructured Co-ferrite was shown to be sensitive to heat-
ing rate under the same sintering temperatures and times in SPS. A higher heating
rate (80°C/min) maintained a finer grain size of 70 nm than a lower heating rate
(15°C/min) which produced a grain size of 290 nm for two powders which were
processed at the same sintering temperatures and times (2 min at 600°C followed
by 5 min at 500°C) [41]. Ultrafine, highly dense yttrium iron garnet (YIG) was
produced by SPS treatment at 750°C for 15 min at 100 MPa in wide contrast to the
typical parameters used in conventional sintering which requires higher sintering
times (typically 1350°C for a few hours) [42].

A SrFe;;,049 hexaferrite with a grain size of 400 nm was obtained using SPS at
1100°C for 5 min with a maximum density of 5.15 g/cm’. There was a big contrast
with conventional sintering at 1240°C for 2 h which produced a density of 4.83 g/cm’
and a grain size double that of the SPS-produced material [43]. Harder magnetic
properties were obtained from the SPS-produced ferrite. In another study, harder
magnetic properties were obtained for an SPS-sintered Ba-hexaferrite owing
to limited grain growth; grains of 100-150 nm were obtained in comparison to
conventional sintering which produced a grain size of 1.5-8 pm [44].

6.2 SPS of nanostructured piezoceramics

The grain size effect on the macroscopic functional properties of piezoceramics has
been widely researched. There are however very few studies that correlate grain size
and property stability. It has been shown that improved performance, high permit-
tivity miniaturised devices can be obtained by microstructural control such as grain
size and homogeneity [45]. Arlt and co-workers have shown the strong dependency
of BaTiO; functional properties on the microstructure and grain size [46]. Moreover,
large grain sizes are detrimental to the mechanical strength of ceramic-based devices.
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Several studies have been dedicated towards investigating the effect of grain size on
the piezoelectric properties of BaTiO; ceramics down to nanometric scale.

BaTiOs-based piezoceramics is one of the most studied using SPS. It has been
demonstrated that SPS technology is effective in stabilising the metastable BaTiO;
cubic phase and reducing the intergranular effects on permittivity and DC resis-
tance [45]. Moreover, SPS samples have shown higher permittivity values typically
below the Curie temperature (Tc) [47]. It has been demonstrated that at finer grain
sizes, the dielectric constant at the transition temperature decreases and Tc shifts to
lower temperatures [45].

Lead-based piezoceramics have dominated the market of piezoelectric ceram-
ics for a long time. However, their continued use is now questionable owing to the
associated health risk especially during processing. Another major concern in the
sintering of PZT piezoceramics (Pb(Zr,Ti)0s) is the high sintering temperatures
which promote the vitalization of lead [48, 49]. Moreover, a number of the pro-
posed alternative piezoceramic materials also contain highly volatile elements such
as in (Na,K)NbO; which makes their sintering ability quite poor. The use of SPS
has enabled suppression of lead loss through rapid heating rate, lower sintering
temperature and shorter sintering times [50]. In one study, Han et al. demonstrated
that the use of SPS can lower the sintering temperature of a Pb (Zr( 5,Tig 4,50y
02Nbg 04) O3 piezoceramic by a substantial 200-300°C while maintaining a high
relative density (>99%) [51]. In a separate study, a (Nag 535K¢.485)1-xLix(Nbg s Tag »)
O; (x = 0.02-0.07) ceramic with improved mechanical and electrical properties was
produced using SPS method [52].

There is an assumption that the nonlinear response of piezoceramics is grain size
dependent; this is understood to be the variation of functional properties under an
external stimulus. The two major contributors to nonlinear response of piezoceram-
ics are the intrinsic (i.e. the contribution of composition, crystal structure, etc.)
and extrinsic (i.e. grain size, domain wall dynamics, etc.) contributors [53, 54].
This implies that a significant decrease in grain size has the potential to produce a
notable modification of nonlinear response in piezoceramics. It therefore means the
stability of piezoelectric properties may be improved by controlling the grain size.

6.3 SPS of nanostructured thermoelectric ceramics

The wide application of TEs has not been realised mainly owing to low conver-
sion efficiencies. For instance, commercially available TE materials possess a low ZT
of 1 and average conversion efficiency of ~5% [55]. In order to promote the practical
applications of TEs, it is critical to synthesise TE materials with ZT values >1; aTE
device with ZT = 3 operating between room temperature and 773 K would yield
~50% of the Carnot efficiency [56]. It is evident from previous reviews that the
key strategy in the improvement of ZT values for TEs has been the increase in the
seeback coefficient and reduction in thermal conductivity. However, no significant
improvement in ZT values has been reported through the tuning of these properties.
Theoretical predictions have shown that nanostructuring can enhance the seeback
coefficient through modification of density of states and can reduce the thermal
conductivity by selective scattering of phonons, resulting in good ZT values. It
should be noted here that the TE properties of nanostructured materials also depend
on the size and morphology of microstructural features; thus, microstructural engi-
neering is key in the development of TE materials. In 2005, Yu et al. observed that
the seeback coefficient and thermal and electrical conductivities are all significantly
dependent on grain size; this was confirmed on CoSb; TE materials [57].

It has been proven that the main design principle for the future TEs is the use
of nanostructured architectures. A number of approaches have been utilised in
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developing nano-inclusions which are effective in reducing the lattice thermal
conductivities [16]. Such methods include in situ dispersion of partially oxidised
nanoparticles in matrix [58], endotaxial nanoprecipitates [59, 60] and embedded
nano-inclusions [61, 62]. The SPS technology has been utilised in fabricating highly
dense and fine-grained TEs [63]. Nanocomposite grains are believed to be effec-
tive in scattering phonons with a broad wavelength which enhances the functional
properties of TEs [55]. By nanostructuring a wide variation in ZT values ranging
from 0.4 to 1.7 has been obtained for nanocomposites with similar composition. A
ZT of about 1.5 at 390 K was achieved for a (Bi,Sb),Te; nanocomposite produced
by a combination of melt spinning of single elements followed by SPS sintering.
Another Bij 5,Sb; 4sTe; nanocomposite material had a ZT ~ 1.56 [64, 65]. It has also
been proven that by combining mechanical alloying and SPS sintering, one can
achieve high ZT of 1.5 at 700 K in AgPbmSbTe,,,, nanocomposite [66].

Most of the bulk TE materials with highest ZT values are fabricated through the
SPS process. Bi,Te; compounds have been produced with ZT values ranging from
0.7 to 1.8 in the SPS [67]. The reason for a wide range of ZT values has been attrib-
uted to varying initial green densities which is key in determining the inner tem-
perature of the sample. Moreover, powder aggregates can lead to inhomogeneous
distribution of temperature.

7. Conclusion

There is clear evidence that SPS technology and TSS methodology have yielded
quite some progressive results in the production of functional nanoceramic
materials. Moreover, the use of modified TSS methodology in SPS equipment has
shown great potential for yielding nanostructured materials with minimum risk
of grain growth. However, what still remains controversial is the consistency of
the functional properties and reproducibility of the methodologies used. Thus this
area of study still remains highly energised for a broader enquiry. Furthermore,
for most functional ceramic materials, nanostructuring has yielded enhanced
material properties through various mechanisms. Although there is still room for
improvement, it remains a challenge to material scientists and engineers alike to
explore further and develop a deeper understanding of the mechanisms involved
which may help achieve large increases in critical functional properties. Some of
the highlighted problems which might have contributed to the inconsistences in
functional properties include variations in the starting green densities and the
likelihood of powder agglomeration at these finer sizes. This leads to inhomoge-
neous temperature distribution in samples and variations in sintered densities
which has direct impact on material properties.

In conclusion, for practical purposes most of these materials have to satisfy cer-
tain conditions for this to become a reality: the synthesis route should be scalable,
high quality and low cost, materials should have the ability to form dense compact
nanostructured materials which are amenable to subsequent processing such as
machining/device integration and lastly the nanostructured products should dem-
onstrate enhanced functional properties over their micron-sized counterparts. This
points to exciting scientific opportunities for continued research in order to gain
more quantitative understanding to allow the design and optimisation of processes
in the development of functional ceramic materials.
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