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Preface

In a constantly evolving world, the quest for advanced materials that can revolution-
ize technology, industry, and our everyday lives has become a crucial objective for the
scientific and technological community. Ceramic materials, with their unique com-
bination of properties, have emerged as promising candidates to play a fundamental
role in the future of various applications. This book is a multidisciplinary exploration
of recent research in the field of ceramic materials, from their incorporation in lime
mortars to their application in eco-friendly coatings and high-permittivity core-shell
nanostructures.

One of the most intriguing developments in ceramic materials engineering is the

use of lime mortars containing ceramic materials as pozzolans. These mixtures are
intended to strengthen the properties of construction materials, increasing their
durability and sustainability. By combining tradition with innovation, these materials
could be key to the construction of the future.

In the realm of technology, permanent magnets based on hard ferrite ceramics have
proven to be essential in a variety of applications, from electric motors to medical
devices. The book explores the latest advances in this area and how these magnets are
driving the efficiency and effectiveness of a wide range of technologies. The search
for materials with exceptional dielectric properties for use in capacitors has led to

the development of core-shell nanostructures in colossal permittivity materials. The
book also investigates the synthesis of these nanostructures, as well as their dielectric
properties, and how they could revolutionize the electronics industry. Furthermore,
the impact of ceramic materials on our everyday lives cannot be overlooked. As such,
the book delves into how the incorporation of ceramics into fabrics is yielding textiles
with unique thermal characteristics, providing a warm-cool feeling. This break-
through may have surprising applications in protective clothing and daily comfort.

Sustainability is a hot topic today, and the production and application of eco-friendly
ceramic coating materials are key research areas. The book explores how ceramic
materials can contribute to environmental protection while simultaneously enhanc-
ing the durability and performance of various products and structures. In industry,
process optimization is essential for efficiency and product quality. The book ana-
lyzes how research into grinding force and process optimization in woven ceramic
matrix composites opens new possibilities in the manufacturing and performance of
advanced materials.

Finally, the book discusses the densification kinetics and in situ electrical resistivity
measurements of hematite nanopowders during high-frequency microwave sintering.
This study sheds light on how ceramic materials can be processed more efficiently
with improved electrical properties.



This preface is just a glimpse into the exciting variety of ongoing research in ceramic
materials. We stand on the threshold of discoveries that can change how we build,
technologically advance, and live. Ceramic materials are destined to play a central
role in this exciting journey into the future, and this research is a testament to their
continued importance in modern science and technology.

Amparo Borrell and Rut Benavente
Polytechnic University of Valencia,
Institute of Materials Technology,
Valencia, Spain

XIvV
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Chapter 1

Densification Kinetics and In Situ
Electrical Resistivity Measurements
of Hematite Nanopowders during
High-Frequency Microwave
Sintering

Marina Magro Togashi, Claudia P. Fernandez Perdomo,
Guido Link, Jhon Jelonnek and Ruth Herta G.A. Kiminami

Abstract

The aim of this work was to study the densification kinetics and to evaluate the
electrical resistivity of hematite nanopowders (30 nm) during sintering by high-
frequency microwave dilatometry (30 GHz) in multimodal cavity, as the purpose of
providing new reference data on the kinetic behavior of the densification of high
dielectric loss ceramic materials when subjected to microwave sintering, which are
few in the literature to date. To analyze the densification kinetics, non-isothermal
methods were used, such as the classic models of Woolfrey-Bannister and Dorn for
the initial stage of sintering, and the model of Wang-Raj for the intermediate stage,
both at heating rates ranging from 5 to 20°C/min. The results show an extreme very
low activation energies, both for the initial stage (39-66 kJ/mol) and for the interme-
diate stage (68 kJ/mol), proved to be sufficient for material densification with less
grain growth, compared to lower frequencies (2.45 GHz). In addition, the iz situ
resistance measurements revealed a decrease in electrical resistivity as a function of
material densification, as well as a semiconductor behavior of the sintered hematite.

Keywords: microwave sintering, high frequency (30 GHz), densification kinetics,
initial and intermediate stage, activation energy

1. Introduction

The need for a better understanding of the sintering kinetics of microwave-assisted
sintering of ceramics is growing. It is an unconventional process that has shown to be
very efficient in the production of advanced high-density ceramics. It leads to a
significant reduction in sintering time, as a result of enhanced diffusion processes
based on non-thermal effects [1]. Studies on the sintering kinetics of the microwave-
assisted process of ceramics sintering, particularly if considering hematite materials,
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are still scarce in the literature. The few studies reported in the literature adopt the
classic sintering models used for conventional sintering. This is valid for both the
isothermal sintering, which assesses the grain growth kinetics, and the non-isothermal
sintering, which assesses the densification kinetics. The studies are done mainly at a
microwave frequency of 2.45 GHz and in materials with an average particle size at a
micrometric scale [2-5]. Thus, the viability of using these classic models has encour-
aged the use of dilatometers heated by microwave radiation, both at 2.45 and at

30 GHz. This allows to evaluate the instantaneous linear shrinkage and enable studies
of the kinetics behavior during sintering at different frequencies [2, 4, 6, 7]. Gyrotrons
are used as the high-power microwave source at 30 GHz. The operation at 30 GHz is
equivalent to a wavelength in free space of ~10 mm. It offers a huge advantage for
sintering such as increased power absorption. It enables the sintering of materials
with low dielectric losses, which eliminates the need of using susceptors as the
absorbed power density (P,;,) absorbed by the ceramics is directly proportional to the
frequency [8, 9]. Eq. (1) shows the dependence of the absorbed power density from
the operation frequency of the microwave [10].

P, = oE? = we' tan 6E? = we"E? (1)

In (1) o is the effective material conductivity, E is the electrical field, w is the
angular frequency of the wave. ¢ and ¢” correspond to real and imaginary part of
effective permittivity, respectively, and tand is the loss tangent of the material.

In the literature, some works report on using microwaves operating at 30 GHz to
assist ceramic sintering such as the thin film of barium and strontium titanate
reported by Paul et al. [11]. The authors observed that sintering is fast with a reduc-
tion of the sintering time of approximately 67% if compared to conventional sintering.
Moreover, the authors observed a lower incidence of defects, better homogeneity, and
quality of films sintered by microwave. Birnboim et al. [12] made a comparative study
of ZnO sintering at three different frequencies (2.45, 30, and 83 GHz) without any
type of auxiliary heating or susceptor material. The authors monitored the interior and
surface temperatures of the samples. It was observed that at 2.45 GHz, the interior
temperature was higher than on the surface due to the heat losses from the surface,
while at 30 and 83 GHz, the exterior temperature was higher, especially at high
heating rates. The authors associated this to a decrease of the penetration depth when
frequency is increased. These thermal gradient differences between the interior and
surface depend on factors such as thermal and dielectric properties, the frequency,
and heating rate. In 2013, Sudiana et al. [13] studied the alumina densification in
microwave furnaces at 30 GHz and at 300 GHz. A raise in the densification was seen
when using microwave-assisted sintering at 30 GHz if compared to the conventional
sintering. Besides, the authors observed that the diffusion rate at 30 GHz was higher
than at 300 GHz in all studied temperatures, and the grain sizes were similar in both
processes at corresponding densities.

Dilatometer measurements of ceramics sintering provide important information
related to the curve of linear thermal shrinkage in order to determine the temperature
of the onset of shrinkage, ranges of initial and intermediate stages temperatures, and
maximum linear shrinkage temperature. Link et al. [8] studied the sintering kinetics
of nanometric zirconia stabilized with yttria in a at 30 GHz gyrotron system including
a dilatometer. The results reveal a lower temperature for the onset of shrinkage as
compared to the conventional heating as well as the retention of the nanoscale micro-
structure at the end of the process. Furthermore, the authors studied lead zirconate
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titanate (PZT) and observed lower sintering temperatures and a lower PbO loss by
evaporation which allows for a better piezoelectric performance of the material.
Thumm et al. [9] observed an advantage in processing of advanced materials such as
submicron YSZ, PZT, dental ceramics, and SiO, using microwave-assisted sintering at
30 GHz.

According to the data provided in the literature, if comparing the activation energy
for densification during the microwave-assisted with conventional sintering, normally
a reduction of the activation energy is observed during the heating of the material
with microwaves. This reduction is normally associated with the non-thermal effects
of the electromagnetic radiation. The hypothesis with better acceptance in the scien-
tific community was postulated by Rybakov et al. [10, 14, 15]. An additional driving
force, the so called ponderomotive driving force, acts in the mass transport of the
ceramic material once a nonuniform electromagnetic field generates oscillatory
movements of the charged particles. This additional force is of a nonthermal nature,
resulting in a potential reduction of activation energy during sintering.

Link et al. [16] studied metallic compacts in the same dilatometry system for in situ
electrical resistivity measurements as used in this report. These results allow the
association to the electrical resistivity behavior as a function of the microwave
sintering process. It can also be potentially used for ceramic materials. Pomar et al.
[17] studied the microtubes of iron oxide synthesis by thermal oxidation of the hema-
tite process. The process was monitored by iz situ electrical resistivity measurements.
The authors observed that during heating the values of electrical resistivity increase,
as expected. Besides, they observed that during the formation of the microtubes, in
the thermal oxidation process around 500°C, there was an abrupt change in these
values, increasing by two orders of magnitude.

Hematite material is an important n-type semiconductor with a band gap in the
range of 1.9 to 2.2 eV [18]. It is a material of great interest due to its properties that
enable applications in several fields such as photochemical cells, catalysis, and gas
sensors [19]. The hematite has relatively high dielectric losses. Consequently, it is a
good absorber for the electromagnetic radiation. As reported by Ramya et al. [20], the
loss tangent of the hematite measured with different initial particle sizes in the range
of 19 to 33 nm was 0.704-1.463, respectively, in trials performed at 40°C and 1 kHz.
Data of dielectric values of hematite and measurements in other frequencies are still
scarce.

Other studies were performed on the hematite under microwave heating, such as
reported by Togashi et al. [7]. The densification kinetics of the hematite
nanopowders was evaluated using the linear thermal shrinkage curves in the
analysis, obtained in a microwave-heated dilatometer at 2.45 GHz aided with a
microwave susceptor and by dilatometry with conventional heating. The main
conclusion of the study was the reduction of the activation energy for the initial stage
and the intermediate stage of the microwave sintering. In the initial stage, the reduc-
tion is in the order of 10% and for the intermediate stage of 56.3%. This provides a
better sintering kinetics and a reduction of the grain growth if compared to conven-
tional heating. These results showed success in evaluating the sintering kinetics in
samples sintered by microwave at 2.45 GHz, enabling a better thermodynamic under-
standing during sintering of the hematite at a low frequency (frequency 10x lower
than in this study).

Thus, this work aims for the study of the sintering kinetics and the iz situ electrical
resistivity measurements of hematite nanopowders sintered by microwaves in the
millimeter wave range.
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2. Materials and methods

Hematite nanopowders (Fe,O3) with an average particle size of 30 & 2 nm were
synthesized by a modified sol-gel method, as described by Togashi et al. [7]. For the
dielectric characterization, the dielectric permittivity was measured with a cavity
perturbation system, as the similar to the experimental scheme of Soldatov et al. [21].
The frequency was 2.45 GHz, and the temperature was varied from room temperature
to 730°C. The compacts were in cylindrical shape with 7.8 mm of diameter and 10 mm
of width. The penetration depth (D,) was calculated by Eq. (2) [22].

D, = ! 2)

2| 2af o,sﬂoeoe;< <1+ (_)2) _1)

fis the frequency of microwave operation, 4 is the magnetic permeability and ¢,
the permittivity, both in vacuum. ¢, is the relative real permittivity and ¢, the relative
imaginary permittivity, measured in this case with the perturbation cavity system.

For the dilatometric experiments, a microwave field at 30 GHz is used. Hematite
powder compacts in a rectangular prismatic shape, with approximately dimensions of
10x3x3 mm, were pressed in a cold uniaxial press (P O Weber - PW40 model) with
330 MPa of pressure. It assures similar green densities of apgroximately 40% of
theoretical density. The full density of hematite is 5.27 g/cm” according to
JCPDS-ICCD card number 89-0596. For the in situ electrical resistivity, the
nanopowder was pressed in cylindrical shape with 5.5 mm in diameter and the length
was 3 mm. Again, the density was 40% of theoretical density in all samples. Both
experiments were performed in triplicate.

Both dilatometric and iz situ electrical resistance measurement tests assisted by
microwaves at 30 GHz were performed using a commercial dilatometer (Linseis
GmbH, Germany) with alumina rod and support. It was coupled with a microwave
furnace in a gyrotron system with maximum power of 15 kW, as described by Link
et al. [15, 23]. Figure 1(a) schematizes the system. The cavity has a hexagonal shape
and a rotational agitator on top to allow a more homogeneous field distribution. The
heating rates used in this research were 5, 10, 15, and 20°C/min, up to 1200°C and a
dwell time of 1 minute. The temperature was measured by a type-S thermocouple
with a direct thermal contact to the sample (Figure 1(b)). Figure 1(c) schematizes the
in situ four-wire electrical resistance measurements.

The in situ electrical resistance trials were performed with a heating rate of
20°C/min, and the measurements were performed using the four-wire multimeter
method (Keithley 2002). To do so, two more electrodes were placed, each at one end
of the sample, making a “sandwich” with the sample, as outlined in Figure 1(c). All
the experiments were carried out in air atmosphere.

For the first cycle, using the green sample, a heating rate of 20°C/min and a
controlled cooling rate of 13°C/min were applied. Same rates were used for the second
cycle of in situ electrical resistance measurements, where the samples are already
sintered. The electrical resistivity (p) was calculated by Eq. (3):

RZ
p= ’l” 3)
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Figure 1.

Scheme of the dilatometry system coupled with a microwave furnace in a gyrotron system (adapted figure from
Link et al. [23]) (a), representation of the temperature measurements for the dilatometric tests, using the S-type
thermocouple (b) and for the in situ four-wire electrical resistance measurement (c), in which, in addition to the
S-type thermocouple, two more platinum electrodes were used.

R is the electrical resistance, in this study measured iz situ, » is the radius of the
cylindrical sample and, / its length, both for the green ceramic compact. In this case, »
was approximately 2.8 mm and the length, 2 mm.

The analysis of the sintering kinetics of the hematite nanopowders was performed
using Woolfrey-Bannister and Dorn nonisothermal models for the initial stage of
sintering [24] and Wang-Raj constant heating rate model, for the intermediate stage
of sintering [25]. The calculation of the activation energy for densification in each of
these stages of sintering was carried out and compared with the data in the literature
based on conventional heating and microwave hybrid heating at 2.45 GHz.

All the samples were carefully cut in transversal direction into two separate parts
after the dilatometric tests at the different heating rates (5, 10, 15, and 20°C/min). The
cross section was grinded and polished. The 5 and 20°C/min heating rate samples were
analyzed using an optical microscope (Olympus — BX41M LED) to evaluate the
microstructural homogeneity and potential differential shrinkage of the sample. And a
thermal etching at a temperature 50°C below the sintering temperature, using the
same heating rate of the dilatometry, was made for all samples, in order to evaluate
the grain size, using a high-resolution scanning electronic microscope (HR-SEM
microscope Hitachi, S-4800 type). The average grain size was estimated with the
Image] software. The measurements of apparent density were performed in ethanol
adopting the immersion method, using the principle of Archimedes.

3. Results and discussion

The dielectric characterization measurements at 2.45 GHz of the hematite with
30 nm of initial particle size are presented in Figure 2(a). The heating cycle was from
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Figure 2.

Dielectric characterization of nano-hematite by the perturbation cavity system at 2.45 GHz (a), measured
penetration depth for 2.45 GHz and extrapolation curve for 30 GHz (b).

room temperature to 730°C. In Figure 2(b), it is presented the penetration depth
calculated for 2.45 GHz and an extrapolation to 30 GHz. This extrapolation was made,
considering that the permittivity values and loss tangent do not change with the
higher frequency. The penetration depth is the distance of the material surface to the
distance in which the field magnitude decreases in a factor of 1/e.

By the results, it is possible to observe that the permittivity, especially in the
imaginary contribution, increases with the increase in temperature. The penetration
depth decreases with the increase in temperature. In this case, at approximately 350°
C, the hematite starts to absorb better the radiation at 2.45 GHz, characterizing the
critical temperature of the material. Up to 680°C, there is an asymptotic behavior of
the tan & curve. The extrapolation curve shows the behavior of the hematite when
sintered at high frequency. The penetration depth values would decrease, and it is
expected that the absorbed power by the material increases. This results in better
interaction of the hematite with the electromagnetic field with the increase in operat-
ing frequency.

3.1 Microwave dilatometry at 30 GHz

The microwave dilatometry results achieved with high frequency (30 GHz)
sintering of hematite nanopowders with an average particle size of 30 + 2 nm at
different heating rates: 5, 10, 15, and 20°C/min, a final temperature of 1200°C, and
dwell time of 1 minute are shown in Figure 3(a). Figure 3(b) shows the zoom of the
temperature of the onset of shrinkage, highlighting that the region Al/l, becomes
negative.

Figure 3(b) reveals the onset of shrinkage at around 200°C, when the Al/lo values
are negative. The temperature of maximum linear shrinkage rate corresponds to the
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Figure 3.
Microwave-assisted dilatometry in high-frequency (30 GHz) curves of the nanometric hematite powder (a) and
temperature onset of shrinkage (b) at the diffevent heating rates.

minimum in the curves of the first derivative, which according to Figure 3(a), is
found in the range of 700-824°C. There is the tendency of lower values of maximum
shrinkage rate temperatures with increasing heating rate, as presented in Table 1. In
Table 1, the values of the temperature of onset of shrinkage, range of temperature of
the initial stage, maximum linear shrinkage rate temperature, range of intermediate
stage of sintering, and total shrinkage in the different heating rates are presented.

Heating Temperature of  Initial stage Maximum linear Intermediate Total
rate onset of of sintering shrinkage rate stage of shrinkage
(°C/min) shrinkage (°C) (°C) temperature (°C) sintering (°C) (%)

5 199 £ 8 521-626 824 + 28 626-1100 26.5+0.2
10 178 £ 25 460-581 766 + 46 581-1101 255+ 0.3
15 166 + 63 438-573 720 £50 573-1046 264+ 0.5
20 214 £ 18 434-571 700 £21 571-1096 258 £1.0

Table 1.

Parameters from the vesults of the microwave-assisted dilatometry in high-frequency (30 GHz) curves as a
function of heating rates for the nanometric hematite.
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According to the values in Table 1, there is a decrease in the initial and intermedi-
ate stage ranges can be observed, as well as a decrease in the maximum linear shrink-
age temperature with the increase in the heating rate. Higher temperatures of onset of
shrinkage can be observed with the increase in the heating rate. However, by the
errors associated, no significant tendency can be stated. Except for the lowest heating
rate (5°C/min) for maximum linear shrinkage rate, that is possible to state a higher
temperature compared to the other heating rates.

These values were compared with the values reported by Togashi et al. [7], who
used the same hematite nanopowder of this work and sintered it by conventional
dilatometry. It is possible to observe an accentuated decrease in the onset of shrinkage
temperature, using microwave energy at 30 GHz, and it varied approximately at 200°
C, and with conventional heating approximately 700°C, indicating that the shrinkage
process with the use of microwave at 30 GHz heating starts at lower temperatures. As
it is highlighted in Figure 3(b), this fact can be also attributed to the trials when
realized by microwave dilatometry to produce a bigger temperature gradient between
the trial material and the measurement system material, once the temperature distri-
bution is highly dependent on dielectric properties of the analyzed material and on the
materials surrounding it, as demonstrated by Link et al. [23]. Thus, for systems with
relative high dielectric losses, such as the hematite, the interaction and electromag-
netic field absorption is higher in the sample than in the alumina of the measurement
system.

Figure 4(a) shows the graphical differences in the behavior of the linear shrinkage
and the first derivative as a function of temperature in the microwave assisted in high-
frequency (30 GHz) and conventional dilatometer measurements. Figure 4(b) shows
the comparison between the microwave in high-frequency (30 GHz), microwave-
assisted at 2.45 GHz (hybrid heating with the aid of a susceptor), and conventional
dilatometer results, where the values at 2.45 GHz and conventional are from the
literature and reported by Togashi et al. [7].

According to the literature [7], the final relative density of the hematite, of the
same origin, after conventional dilatometry was a little lower as compared to hematite
sintered at 30 GHz, with a value of approximately 87%, while the samples sintered at
2.45 GHz had a relative density value of 91%. However, as can be observed in
Figure 4, the samples shrank more with the microwave assisted at 30 GHz heating,
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Figure 4.

Dilatometric curves (AV/1,) and d(AV,)/dT assisted by microwave in high frequency (30 GHz) and in
conventional furnace from hematite nanopowder (a) and dilatometric curves (AlV/1,) as a function of temperature
microwave assisted at 30 GHz, in comparison with microwave at 2.45 GHzg and in conventional furnace with the
same hematite nanopowders [7] (b).
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showing a maximum linear shrinkage of 25.2%, while, according to the literature, in
the conventional heating, this value was 20.8 and 21.8% at 2.45 GHz. The shrinkage is
nonisotropic and a correction was made in the nonisothermal models.

Besides, in Figure 4, an accentuaded decrease in the envolved parameters is
observed, such as: temperature of onset of shrinkage necessary for the microwave in
high-frequency sintering, which is in the range of 200°C (inset Figure 4(b)), that is
lower than with convetional heating, which was in the range of 673-676°C [7], to
average reduction of approximately 500°C. In microwave at 2.45 GHz dilatometry this
range was between 551 and 590°C, as reported in Ref. [7]; thus, there is an average
reduction of 360°C in the temperature of onset of shrinkage with microwave
sintering. The microwave at 2.45 GHz dilatometry has intermediates values, which are
expected, since the susceptor used the sintering in this frequency was hybrid. Fur-
thermore, theoretically in higher frequency (30 GHz) the absorbed power of the
electromagnetic radiation by the material increases, increasing the contribution of the
nonthermal effects during sintering. Link et al. [8] reported a reduction of 150°C in
the sintering temperature, as well for the nanometric zirconia stabilized with yttria
(36-37 nm) as for the PZT. The authors also reported a reduction in the dwell time
from 60 to 10 min, when compared with the conventional sintering in order to obtain
density values relatively similar. In this research, the reduction in the dwell time from
30 to 1 min was evaluated, and the results of densities were similar and of approxi-
mately 90% by microwave at 30 GHz heating.

There is a decrease in the beginning of the initial stage sintering temperature with
the use of microwave in high-frequency heating compared with the literature data [7],
the decrease in the microwave at 2.45 GHz heating is in the range of 100-185°C, while
the decrease associated with the intermediate stage is in the range of 45-100°C.
Compared with the conventional heating, this decrease is in the range of 270-365°C
for the initial stage and 240-320°C for the intermediate stage of sintering. Once more,
it was possible to observe lower temperatures necessary for the high-frequency
(30 GHz) microwave sintering of the hematite. This is in accordance with what was
published by Rybakov et al. [10], who reported a more drastic difference in the initial
stage of sintering temperature, when compared with the intermediate and final stages
of sintering of some ceramic materials, once the contribuition of the ponderomotive
effect was higher [14].

An important difference to be highlighted in the comparison of the presented
curves in Figure 4(b) is the intermediate behavior of the sintering kinetics at
2.45 GHz compared with 30 GHz and conventional sintering. In the temperature
range of 740 and 800°C, close to the maximum shrinkage temperature, it is possible to
observe a change in the slope of the linear shrinkage curve. At lower temperatures, the
microwave assisted at 2.45 GHz dilatometry behaves similar to the conventional
dilatometry. After the mentioned temperature range, the slope at 2.45 GHz is similar
to the 30 GHz results. It is known that with hybrid heating when a susceptor material
was used, the hematite behaves as a transparent material up to the range of 740-800°
C and thereafter better absorbs the 2.45 GHz radiation, and temperature gradient
between the hematite samples and the low loss alumina rod may occur. Thus, this
temperature range corresponds to the so-called critical temperature, where predomi-
nant heating of the susceptor changes the predominant heating of the hematite sample
[26]. The use of higher frequencies can eliminate the need of susceptor materials,
since according to Eq. (1) the increase in frequency results in an increase in the
absorbed power density as well as in the decrease in penetration depth (Eq. (2)) of the
electromagnetic radiation.
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In case of 30 GHz microwave sintering, the linear shrinkage curves slightly shift to
lower temperature values with increasing heating rates. This can be explained by the
volumetric heating effect going along with an inverse temperature profile and
increasing temperature gradients with increasing heating rates [23]. However, this
effect strongly depends on the dielectric losses of the material, since with higher
dielectric losses and higher frequencies, and therefore lower penetration depth of
the electromagnetic radiation, heating can be more superficial as well [6, 13], so that
this trend in temperature shift can change. This is shown in Figure 2(b) for the
hematite of this study, once there is low penetration depth and higher absorbed
power.

In conventional heating where the shrinkage curves shift to higher temperatures,
the opposite behavior can be seen. This is due to the delay in heat transfer because of
low thermal conductivity of the powder compact, as also verified by Mazaheri et al.
[27] for the conventional heating of zirconia nanopowder. Thus, the inversion in the
tendency observed for the microwave in high frequency is possible to be associated
with the increase in the diffusion mechanisms rate or a contribution of the inversion
of temperature profiles. This contributes both to densification as grain growth for the
ceramic materials. In case of the 2.45 GHz hybrid heating results, the trend with
increasing heating rates is more comparable to conventional heating, due to the use of
susceptor.

3.2 Densification kinetics

Obviously, only the decrease in the analyzed temperature parameters in the dila-
tometric trials, in an isolated form, cannot be the only resource in order to analyze the
microwave-assisted sintering. Thus, for a better understanding of the densification
process of a ceramic material during sintering, kinetics studies were performed, with
approximate classic models, which are applied in submicron ceramic systems and
conventional heating, and they were adapted to nanometric systems and microwave-
assisted heating. All the trials were made in triplicate. And the temperature measure-
ment was performed with a thermocouple, carefully placed in the sample. Once
wrong temperature measurement could lead to wrong interpretation of the models.

The initial stage of the microwave-assisted sintering at 30 GHz was analyzed
through the application of non-isothermal methods. Eq. (4) from Woolfrey-Bannister
[24] shows the relationship between the product of temperature T and time derivative
of the linear shrinkage 4Y/dt, and the linear shrinkage, Y = Al/lo with activation
energy Q for densification in the initial stage of sintering

dY  Q
&= (n+1)R 4)

where 7 is a characteristic factor for dominant sintering mechanism and R = 8.31]/
mol.K is gas constant.

In order to use Eq. (4), Eq. (5) from the Dorn model is needed, where the activa-
tion energy is calculated from the instantaneous shrinkage derivative as a function of
temperatureV1 and V2, where V = dY/dT, referent to the temperatures T1 and T2,
which delimitate the start and end of the initial stage of sintering.

_ RT1T2 )%t

- (5)

" n
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The initial stage of sintering is determined as the linear region of the graphic from
Eq. (4), and they were obtained by the curve in Figure 5, as schematized below. Up to
1% there is a pre-initial stage of sintering where there is only the approach of the
particles, but no significant shrinkage. Figure 5 highlights the region of the initial
stage, and in detalil, it is possible to see the entire graphic. The activation energy is
calculated by Eq. (5), and in this case, with the slope of the curve in Figure 5, it is
possible to calculate n, the dominant sintering mechanism. However, the value near to
0 indicates the nanoparticle rearrangement, and not the mechanism itself. In order to
corroborate the range of initial stage sintering, here estimated between 1 and 4%, the
graphic of LndY/dt vs. Y from Johnson model is presented. The linear region in the
same range of Figures 5 and 6 only corroborates the estimation of the initial stage of
sintering.

The Johnson model considers the two spheres model, and the initial stage is
analyzed by constant heating rate. Eq. (6) correlates the linear shrinkage rate (dY/dt)
with particle size (g) and temperature (T) [28].
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Figure 5.

Graphics from Woolfrey and Bannister model for the determination of the initial stage having T>dY/dt as a
function of [Y| for different heating rates (a) and zoom linear fitting of the initial stage of sintering estimated
between 1 and 4% of linear shrinkage (b).
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Figure 6.
Graphics from the Johnson model Ln(TdY/dt) as a function of Y with different heating rates.
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dy 1 ()
ar = ogmym T (©)

Ay is a constant depending on the material and the sintering mechanism, m; and
m, are exponents which have values of 4 = 1 and m, = 0 for viscous flow, 7, = 3 and
my = 1 for bulk diffusion, and 7, = 4 and m, = 2 for grain boundary diffusion.

Y = Al/lo is the linear shrinkage in percentage, Q is the activation energy, and R is
the gas constant. Adjusting and applying logarithm in both sides, Eq. (7) is obtained.

Ay Q1
In(Tdt> =% ?JrlnAofmllngfmzlnY @)

Figure 6 shows the graphic from Johnson model, corroborating a linear region of
the graphic in the range of approximately 1 to 4%, corresponding to the initial stage of
sintering.

According to Figures 5 and 6, the linear region corresponds to the initial stage, and
it can be estimated, in this case, occurring from 1 to 4% of the linear shrinkage. In the
literature, the initial stage is predicted when the densification reaches a maximum of
60-65%, depending on the studied material and green density [29]. Woolfrey [30]
studied UO; and estimated the initial stage between 600 and 1200°C in H, atmo-
sphere. The author concluded that with the decrease in green density, below the so-
called critical range, there is a progressive decrease in the sintering rate. However, the
green density does not affect the apparent activation energy values in the initial stage,
despite it has an important effect in the intermediate stage.

In this study with hematite, starting with a nanometric powder, the analysis of the
curves allowed the estimation of the initial stage up to 45% of the instantaneous
density, corresponding to approximately 4% of linear shrinkage. This value was
assumed, in view of the theory and together with the insightful analyses of Figure 5,
knowing that the initial stage corresponds to the straight line of the graphic T°dY/dt
vs. Y. Thus, in this case, the initial stage for the studied material ends at 45% of
density, where begins immediately the intermediate stage.

The densification curve is calculated by Eq. (8):

p= Po (8)

3
Al
(1 n E)

The instantaneous density, p, of the samples in function of the shrinkage is given
by Eq. (8), where py is the green density, [, is the initial length of the sample and Al is
the linear shrinkage, where Al = [-], [31].

The instantaneous density values calculated by Eq. (8) are expected to be slightly
smaller than the apparent density values calculated by Archimedes’ principle, as
shown in Table IV later, since instantaneous density is an approximate statistical
calculation, which considers only the linear shrinkage of the sample. While in the
principle of Archimedes, the dry, humid, and immersed masses are estimated, con-
sidering the porosity of the sample. Figure 7 presents the densification graphic with
the increase in temperature, depending on heating rate. In this case, it used the
relative density, knowing that the theoretical density for hematite is 5.24 g/cm”.

Table 2 shows the obtained values of the activation energy for the densification in
the microwave at 30 GHz initial stage of sintering in comparison to corresponding
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Figure 7.
Graphic of instantaneous density vs. temperature with heating rates of 5 to 20°C/min.

results obtained with 2.45 GHz [7] and conventional heating. These values were
calculated by Eq. (5) after the estimation of the temperatures and shrinkages related
to the begin and end of initial stage of sintering, as presented in the third row of
Table 1.

As can be seen in Table 2 the activation energy obtained for initial stage sintering
at 30 GHz decreases with increasing in heating rates. Furthermore, the values are
significantly lower obtained for conventional and 2.45 GHz microwave sintering [7].
For conventional heating, the calculated range of activation energy for densification in
the initial stage of sintering was between 179 and 168 kJ/mol, following the same
tendency of decrease in energy values with the increase in heating rate. The
microwave-assisted sintering at 2.45 GHz shows intermediate values in the range of
161-151 kJ/mol. Thus, a reduction of approximately 74 to 60%, compared with
2.45 GHz and 77 to 63%, with conventional, in the needed energy is observed for the
densification in the initial stage.

The driving force for the sintering process is the decrease in free energy, by the
reduction of energy associated with surfaces, and the process occurs by diffusion
mechanisms and mass transport. It is reasonable to assume that these mechanisms are
accelerated when using microwave radiation as an additional driving force, which
would reduce the associated temperatures, as well as the energy for the initial stage of
densification.

Heating rate (°C/min) Q (Initial stage) (kJ/mol)

Microwave at 30 GHz  Microwave at 2.45 GHz [7] Conventional [7]

5 66 +3 161+ 4 179+ 6

10 48+ 9 160 + 3 175+ 6

15 47 +2 156 + 4 174 £ 9

20 39+5 151+ 3 168 + 4
Table 2.

Activation energy for the initial stage of sintering by microwave at 30 GHz of nanometric hematite compared with
the results of the same material in Ref. [7].
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On the other hand, for the analysis of the intermediate stage of sintering the
heating rate model Wang and Raj [25] was used. The authors estimated the interme-
diate stage range between 65 and 85% for a green density equal to 55%. Zhu et al. [2]
estimated the intermediate stage between 70 and 90%, with an green density of
approximately 48%. For this work, the intermediate stage range was identified
between 45 and 85% of relative density. This estimation was made observing the end
of the initial stage 4% of linear shrinkage and, in this case, corresponds to
approximatedely 45% of relative density, as well as the observation of the curves

In (E”IT”) x 19" in Figure 8. The intermediate stage corresponds to the straight lines of

these graphics, which has inclinations with near values. Thus, by the cited method, the
densification rate dp/dT given by Eq. (9) depends on factors such as dimensionless
constant A, the activation energy for densification in the intermediate stage Ea, a
function f(p) which depends only on the density, the grain size G, and the dominant
mechanism of sintering 7 and the heating rate 4T/dt.

dp % f(p)
ﬁ—ATg—m<dt> ©)

Eq. (8) can be written as Eq. (10):

dp\ dT
In (Td_T> _——+ln(f(p +InA-ming—In <%> (10)

It is assumed that after sintering, the grain size g depends solely on the density, and
thus, through an Arrhenius plot of the densification as a function of inverse temper-
ature, at the different heating rates, the activation energy for densification Ea for
intermediate stage of sintering can be estimated. The mentioned Arrhenius plot is
presented in Figure 8 for 30 GHz sintering and for relative densities in the range from
45 to 85%, which corresponds to intermediate stage.

And by Eq. (10), the activation energy for the intermediate stage of microwave-
assisted sintering at 30 GHz of the nanometric (30 nm) hematite was calculated to

6.0
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Figure 8.
Arrhenius plot of Ln (Tdp/dT) as a function of the inverse of temperature in the range of 45 to 85% of relative
density, corresponding to the intermediate stage of microwave at 30 GHz sintering of hematite.
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68 + 15 kJ/mol. According to the literature [7], the activation energy for the interme-
diate stage using the microwave-assisted heating at 2.45 GHz dilatometric data was
273.1 £ 28.0 kJ/mol and for the conventional heating was 485.0 + 34.0 kJ/mol for the
same material. It is possible to observe a reduction of approximately 70 and 83% in the
necessary energy for densification, when compared with microwave-assisted at

2.45 GHz and conventional heating, respectively, similar to the results obtained for
the initial stage of microwave at 30 GHz sintering.

The microwave heating at 30 GHz of frequency, which has the electromagnetic
wave in the millimetric range, can raise the nonthermal effect, reducing the temper-
atures compared with the conventional heating, besides the reduction observed in the
densification kinetics. This nonthermal effect possibly generates the increase in the
mass transport and diffusion, of thermally activated processes, such as sintering,
which can be explained by the action of the ponderomotive force [4, 12]. Considering
that these forces depend on mobile vacancies in ionic crystalline solids, as ceramic
materials, they carry effective electrical charges which move and oscillate in the
applied frequency; in this way, in higher frequencies, there is the increase in the
processes of mass transport in ionic crystalline solids and the presence of grain
boundaries near the pores act as vacancies sources, increasing the diffusivity in this
region, and the nanometric materials potentially increase also the diffusivity com-
pared to submicrometric materials [12, 32]. And this increase of mass transport, which
results from the ponderomotive effect, is caused by an additional driving force that
influences the reaction kinetics of sintering. However, the influence of the microwave
radiation action decreases with the time of process, as a consequence of the changes in
the microstructure of the sample itself, such as the neck formation and open porosity
closure [14, 15].

3.3 In situ electrical resistivity

Parallel to dilatometric measurements, iz situ electrical resistivity measurements
were performed during 30 GHz sintering for nanometric (30 nm) hematite samples as
a function of temperature, and with a heating rate of 20°C/min. This allows to evalu-
ate the effect of densification on the electrical resistivity of the material. Values of Al/
lo, log p and relative density (according to Eq. (8)) as a function of temperature are
shown in Figure 7. With the results of the first analysis of the heating cycle in the
green sample (first cycle) in Figure 9(a), the second analysis referring to the sintered

sample (second cycle) in Figure 9(b).
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Figure 9.

In situ electrical vesistivity of nanometric hematite concurrent to microwave at 30 GHzg dilatometry at 20°C/min
(a) first cycle and (b) second cycle of heating.
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First cycle Second cycle
Ppax [Q.cm] 1.7x10% 6.0x10°
Prnin [Q.cm] 3.8x10? 4.3%x10%

Table 3.
Maximum and minimum electrical resistivity measured during trial in situ of hematite in microwave at 30 GHz.

Table 3 presents the maximum and minimum electrical resistivity measured in
these trials, according to Eq. (3).

The in situ electrical resistivity values measured were in the range of 3.8x10 to
1.7x10™ Q.cm in the first cycle of heating and between 4.3x10” and 6.0x10°® Q.cm in
the second cycle of heating. It is possible to observe in the first cycle of heating, which
refers to the densification cycle of the sample, the decrease in electrical resistivity
values was in function of the increase in the relative density (porosity reduction). In
the second cycle of heating (annealing), the sintered sample has a density around 85%
and lower values of electrical resistivity in temperatures are observed below 200°C, as
expected. Thus, the direct relationship between the material electrical behavior and
density of the sample was observed.

It is known that the electrical conductivity is an intrinsic property of the material
related to the facility of electrons transport; thus, the resistivity indicates the imposed
resistance to this electronic movement [33]. In this sense, Kultayeva et al. [34] studied
SiC containing alumina as a sintering aid and concluded that with the decrease in
porosity, the electrical conductivity of the SiC was improved. This property depends
strongly on microstructure and porosity of the material.

The results obtained and showed in the second cycle of heating from Figure 9(b)
demonstrate the semiconductor behavior of hematite, by the reduction in the values
of electrical resistivity as a function of the increase in temperature, by the greater
diffusion energy from the charge carries with the increase in temperature.

Others works, such as Link et al. [16], studied the metalic compacts sintering
(pure iron and with graphite) using the same measurement system of iz situ
electrical resistivity as described in this work. The authors observed lower values of
resistivity at 300°C, corresponding to the interparticle contact, as in the range of
600 to 700°C, due to the metalic powders starting to sinter. Tian-Ming et al. [35]
studied the effect of porosity on electrical resistivity of carbon-based materials for
electrode applications, and the authors demonstrated that both open and closed poros-
ities increase the electrical resistivity values. However, the open porosity is the one that
has the greater influence in the values of electrical properties of the material. Figure 10
presents the Arrhenius plot, considering a graphic of Log To vs. 10%/T.

The dependence of the electrical conductivity (¢) with the temperature (T) is
expressed by Eq. (11).

00 _Ea

(2 z?e_ﬁ (11)

oo is a pre-exponential factor related with conductivity, E,, the activation energy
of the conduction process and k the Boltzmann constant, and its value is
13,806x10 ** J/K or 86,177x10 * eV/K.

Thus, applying logarithm for both sides, Eq. (12) is obtained.

Eau

0T (12)

log To = logo
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Figure 10.
Arrhenius plot of log To vs. 10*/T during heating and cooling in the fivst and second cycles.

This activation energy, differently of the activation energies previously presented,
represents the needed energy in order to the electrons move inside the structure of the
material [36]. The activation energy, in this case, decreases in the first cycle from
heating to cooling. Going from 3.8 to 2.1 eV. The energy increases in the second cycle
in the cooling process to 2.5 eV. Normally, lower values of activation energy are
related to higher electrical conductivity values, once the energy needed for electron
movement would be lower, generating thus, better mobility [36]. The decrease of the
value of activation energy in the first cycle is coherent with the fact that densification
is happening during sintering, and the conductivity increases during heating.

3.4 Final microstructure

For the microstructural evaluation, the samples sintered at 30 GHz with the
heating rates of 5 and 20°C/min were sectioned in half of its length, as described in the
scheme above Figure 11, to evaluate the heating homogeneity. Each section was
carefully grinded and polished and analyzed using optical microcopy. The results are
presented in Figure 11.

The optical micrographs in Figure 10 show a slight change in open porosity
distribution. According to the evaluation with ImageJ program, in the threshold anal-
ysis, the percentage of open porosity is approximately 36-42% for (b-d) image and
30-28% for (a-c) images, respectively. So, it is possible to conclude that on the surface
(b-d), the porosity is higher than in the center (a-c). This may indicate a thermal
gradient between the surface and the center of the sample, which is expected in
microwave sintering. The presence of cracks or flaws through the sample volume was
not observed, indicating that there is no differential shrinkage.

The final microstructure analyzed by SEM images of the samples submitted to
microwave assisted dilatometry at 30 GHz in the different heating rates is presented
in Figure 12.

Figure 12 analysis shows the SEM micrographs and the final grain size distribution
as a function of heating rate from 5 to 20°C/min. The reduction of the average grain
sizes at higher heating rates can be observed. The final grain size distribution tends to
be narrower at higher heating rates, as presented in Figure 13. The grain size distri-
bution histograms, as represented in Figure 13, were fitted into a LogNormal curve
distribution, according to Eq. (13).
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Figure 11.
Optical micrographs of hematite after sintering at 30 GHz with a final temperature of 1200°C, dwell time of
1 minute, and heating rate of 5°C/min (a-b) and 20°C/min (c-d).

()
e\ " (13)

y and y, are free parameters, and yo tends to zero, A is an amplitude factor, o’ the
width of the peak associated to the dispersion, and x, the central point of the peak,
corresponding to the average grain diameters. The values of o’ in the different heating
rates were: 0.097, 0.085, 0.084, and 0.047 for 5, 10, 15, and 20°C/min, which indi-
cates with the narrower grain size distribution with higher heating rates.

Furthermore, the values of the average grain size are presented in Table 4 with the
final relative density values, calculated by the principle of Archimedes.

This tendency of lower grain sizes and lower densities with the increase in heating
rate was expected, as reported in the literature by Chu et al. [37] who evaluated this
kind of behavior of ZnO under conventional sintering, where lower grain sizes were
observed at higher heating rates. Bykov et al. [38] observed the sintering kinetics by
the isothermal method and obtained lower grain sizes using millimeter wave sintering
compared to the conventional sintering.

Lange [39] studied the conventional sintering of alumina and postulated that the
maximum linear shrinkage rate occurred with a relative density of 77%. The author
observed the alteration in sintering kinetics. Until the temperature associated with this
density, the densification processes dominate, and after that, the grain growth hap-
pens. For the hematite analyzed in this work, this maximum shrinkage rate tempera-
ture occurs in the range of densities of 65%. Thus, from this densification higher grain
growth is expected, even in case of high-frequency microwave sintering.
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Figure 12.
SEM images of hematite after 30 GHz microwave sintering at 1200°C, dwell time of 1 minute, and heating rate of
(a) 5°C/min, (b) 10°C/min, (c) 15°C/min, and (d) 20°C/min.
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Figure 13.
Comparative histograms from the average grain sizes with different heating rates.

Heating rate (°C/min) Average grain size (pm) Relative density (%)
5 28+ 04 88 £2
10 25+0.3 87+1
15 23+£0.2 86+3
20 1.9+£0.2 84+3
Table 4.

Average grain size and final velative density of hematite after at 30 GHz microwave sintering.
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Figure 14.
Relative density as a function of the average grain sizes of hematite sintered by microwave at 30 GHz and
conventional [7] at 1200°C in the different heating rates.

The average grain sizes in the investigated range of heating rates were in the range
from 1.9 to 2.8 pm for 30 GHz microwave sintering. In case of conventional sintering
of identical hematite powder, the range was 3.2 to 3.6 ym [7]. Figure 14 shows the
comparison between these values in function of apparent relative density. There is a
clear effect of heating rate on the final grain size and relative final density for both
microwave heating at 30 GHz and conventional heating [7].

Higher density values were observed at lower heating rates resulting in larger grain
sizes after sintering. This observation is consistent with the fact that during sintering,
there is a strong competition between densification and grain growth, due to the fact
that both processes have the same driving force, which is the decrease in the free
energy of the system, and specifically in this case, the decrease in the free energy
associated with surfaces [40].
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Figure 15.
Evolution of the grain size, density, and microstructure of the compacted hematite (30 nm) during microwave
sintering at 30 GHz and heating rate of 10°C/min.
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The evolution in grain size, density and microstructure, starting from the
nanometric hematite compact, until reaching the beginning of the intermediate
stage, near to the temperature of 800°C and up to the final stage obtained at 1200°C
is presented in Figure 15. The micrographs refer to microwave sintering at 30 GHz
performed with a heating rate of 10°C/min.

From the microstructural evolution presented in Figure 15, it can be observed that
the intermediate stage of sintering is responsible for pore rounding, neck formation
that show that the beginning of the diffusion mechanisms favors the grain growth, as
well as the densification during microwave-assisted sintering at high frequency
(30 GHz). The average grain size with a heating cycle up to 800°C, where the
intermediate sintering stage started, was 270 £ 30 nm with a grain growth of approx-
imately 90% in relation to the initial size of the nanopowders of 30 nm. The final bulk
density in this condition was approximately 56% measured by the immersion method.
The heating rate was 10°C/min. At the end of the process, the obtained grain size was
2.5+ 0.3 pm at a relative density of about 87%

4. Conclusions

The sintering kinetics models from nonisothermal methods, such as the classics by
Woolfrey and Bannister and by Dorn for the initial stage of sintering, and by Wang
and Raj, for the intermediate stage, have been applied to iz situ dilatometer measure-
ment results during 30 GHz microwave sintering of hematite nanopowders with
heating rates varying from 5 to 20°C. Densification to relative densities close to 90%
was achieved, regardless of the heating rate. The results demonstrated the effective-
ness of using these models.

The results showed that with all sintering conditions, the onset of shrinkage as well as
the ranges of initial and intermediate stages of sintering was observed at lower tempera-
tures when compared to 2.45 GHz microwave sintering as well as conventional sintering
of the same material. Based on these models, the activation energies for the initial stage
and for the intermediate stage of sintering have been estimated to be 39-66 kJ/mol and
68 kJ/mol, respectively. Compared to 2.45 GHz and conventional sintering, those activa-
tion energies were significantly lower, which might be an indication of nonthermal effects
due to additional driving forces such as the ponderomotive force.

Less grain growth was observed compared to conventional heating. For microwave
sintering at 30 GHz grain sizes between 1.9 and 2.8 ym were obtained. It was also
observed that with increasing heating rates the average grain size was smaller and has
narrower grain size distribution. Moreover, in all cases, the microstructures were
homogeneous, showing controlled and uniform heating.

From the in situ electrical resistance measurements, the decrease in resistivity as a
function of the increase in the density of the sample could be observed, as well as a
semiconductor behavior of the hematite.

Acknowledgements

The authors gratefully acknowledge the financial support of the Brazilian research
funding agencies: FAPESP (Process no. 2017/13769-1), CAPES (Process 88882.332729/
2019-01 and 88887.370181/2019-00), CNPq (Process 305129/2018-0 and 165313/
2017-0). This study was financed in part by the Coordenagdo de Aperfeicoamento de
Pessoal de Nivel Superior — Brasil (CAPES) - finance code 001.

23



Ceramic Materials — Present and Future

Author details

Marina Magro Togashil, Claudia P. Fernandez Perdomo™, Guido Link?,
Jhon Jelonnek? and Ruth Herta G.A. Kiminami®

1 Graduate Program in Materials Science and Engineering, Materials Science
Department, Federal University of Sdo Carlos, Sdo Carlos, Brazil

2 Karlsruhe Institute of Technology (KIT), Institute for Pulsed Power and Microwave
Technology (IHM), Germany

*Address all correspondence to: claudia.perdomo@ufscar.br

IntechOpen

© 2023 The Author(s). Licensee IntechOpen. This chapter is distributed under the terms of
the Creative Commons Attribution License (http://creativecommons.org/licenses/by/3.0),
which permits unrestricted use, distribution, and reproduction in any medium, provided

the original work is properly cited.

24



Densification Kinetics and In Situ Electrical Resistivity Measurements...

DOI: http://dx.doi.org/10.5772 /intechopen.1001853

References

[1] Agrawal D. Microwave sintering of
ceramics, composites and metal

powders. In: Fang Z, editor. Sinter. Adv.

Mater. Fundam. Process. Duxford,
Kidlington, United Kingdom and
Cambridge, United States of America:
Woodhead Publishing; 2010.

pp. 222-248

[2] Zhu ], Ouyang C, Xiao S, Gao Y.
Microwave sintering versus
conventional sintering of NiCuZn
ferrites. Part I: Densification evolution.
Journal of Magnetism and Magnetic
Materials. 2016;407:308-313

[3] Zuo F, Badev A, Saunier S,

Goeuriot D, Heuguet R, Marinel S.
Microwave versus conventional
sintering: Estimate of the apparent
activation energy for densification of a-
alumina and zinc oxide. Journal of the
European Ceramic Society. 2014;34:
3013-3110

[4] Zuo F, Saunier S, Marinel S, Chanin-
Lambert P, Peillon N, Goeuriot D.
Investigation of the mechanism(s)
controlling microwave sintering of o-
alumina: Influence of the powder
parameters on the grain growth,
thermodynamics and densification
kinetics. Journal of the European
Ceramic Society. 2015;35:959-970

[5] Brosnan KH, Messing GL,
Agrawal DK. Microwave sintering of
Alumina at 2.45 GHz. Journal of the
American Ceramic Society. 2003;86:
1307-1312

[6] Sudiana IN, Mitsudo S, Inagaki S,
Ngkoimani LO, Rianse U, Aripin H.
Apparent activation energy in high
frequency microwave sintering of
alumina ceramic. Advanced Materials
Research. 2015;1123:391-396

25

[7] Togashi MM, Perdomo CPF,
Kiminami RHGA. Densification kinetics
of nano-hematite using microwave
assisted dilatometry. Ceramics
International. 2020;46:28546-28560

[8] Link G, Rhee S, Feher L, Thumm M.
Millimeter wave sintering of ceramics.
In: Heinrich JG, Aldinger F, editors.
Ceram. Mater. Components Engines.
Germany: Wiley-VCH Verlag GmbH,
Winheim; 2001. pp. 457-461

[9] Thumm M, Feher L, Link G. Micro-
and millimeter-wave processing of
advanced materials at Karlsruhe research
center. In: Nov. Mater. Process. By Adv.
Electromagn. Energy Sources,
Proceedings of the International
Symposium on Novel Materials.
Processing by Advanced Electromagnetic
Energy Sources March 19-22, 2004,
Osaka, Japan. 2005. pp. 93-98

[10] Rybakov KI, Olevsky EA,

Krikun EV. Microwave sintering:
Fundamentals and Modeling. Journal of
the American Ceramic Society. 2013;96:
1003-1020

[11] Paul F, Menesklou W, Link G,

Zhou X, Hauflelt J, Binder JR. Impact of
microwave sintering on dielectric
properties of screen printed

Bag ¢St 4TiO5 thick films. Journal of the
European Ceramic Society. 2014;34:
687-694

[12] Birnboim A, Gershon D, Calame J,
Birman A, Carmel Y, Rodgers J, et al.
Comparative study of microwave
sintering of zinc oxide at 2.45, 30, and 83
GHz. Journal of the American Ceramic
Society. 1998;81:1493, 1501

[13] Sudiana IN, Ito R, Inagaki S,
Kuwayama K, Sako K, Mitsudo S.
Densification of alumina ceramics



Ceramic Materials — Present and Future

sintered by using submillimeter wave
gyrotron. Journal of Infrared, Millimeter,
and Terahertz Waves. 2013;34:627-638

[14] Rybakov KI, Olevsky EA,
Semenov VE. The microwave
ponderomotive effect on ceramic
sintering. Scripta Materialia. 2012;66:
1049-1052

[15] Rybakov KI, Semenov VE, Link G,
Thumm M. Preferred orientation of
pores in ceramics under heating by a
linearly polarized microwave field.
Journal of Applied Physics. 2007;
101(084915):1-5

[16] Link G, Mahmoud MM, Thumm M.
Dilatometric study and in situ resistivity
measurements during Millimeter wave
sintering of metal powder compacts.
Processing and properties of advanced

ceramics and composites. IV Ceramic
Transactions. 2012;234:145-149

[17] Pomar CD, Martinho H, Ferreira FF,
Goia TS, Rodas ACD, Santos SF, et al.
Synthesis of magnetic microtubes

decorated with nanowires and cells. AIP
Advances. 2018;8:045008

(18] Li ], Chu D. Energy band
engineering of metal oxide for enhanced
visible light absorption. In: Lin Z, Ye M,
Wang M, editors. Multifunctional
Photocatalytic Materials for Energy.
Duxford, Kidlington, United Kingdom
and Cambridge, United States of
America: Woodhead Publishing; 2018.
pp- 49-78

[19] Muhajir M, Puspitasari P, Razak JA.
Synthesis and applications of hematite
a-Fe,03: A review. Journal of
Mechanical Science and Technology.
2019;3:51-58

[20] Ramya SIS, Mahadevan CK. Effect
of calcination on the electrical properties
and quantum Cofinement of Fe,0;

26

Nanoparitcles. International Journal of
Research in Engenering and Technology.
2014;3:570-581

[21] Soldatov S, Umminger M, Heinzel A,
Link G, Lepers B, Jelonnek J. Dielectric
characterization of concrete at high
temperatures. Cement and Concrete
Composites. 2016;73:54-61

[22] Metaxas AC. Foundations of
Electroheat, a Unified Approach. 1st ed.
Chichester, United Kingdom: John Wiley
& Sons; 1996

[23] Link G, Rhee S, Thumm M.
Dilatometer measurements in a mm-
wave oven. In: Willert-Porada M, editor.
Advances in Microwave and Radio
Frequency Processing. Berlin,
Heidelberg, Germany: Springer; 2006.
pp- 506-513

[24] Woolfrey JL, Bannister MJ.
Nonisothermal techniques for studying
initial-stage sintering. Journal of the
American Ceramic Society. 1972;55:
390-394

[25] Wang ], Raj R. Estimate of the
activation energies for boundary
diffusion from rate-controlled sintering
of pure alumina, and alumina doped
with zirconia or Titania. Journal of the
American Ceramic Society. 1990;73(5):
1172-1175

[26] Menezes RR, Souto PM,

Kiminami RHGA. Microwave sintering
of ceramic materials. In: Lakshmanan A,
editor. Sinter. Ceram. - New Emerg.
Tech. London, UK, London: Intech
Open; 2012. pp. 3-25

[27] Mazaheri M, Simchi A,

Dourandish M, Golestani-Fard F. Master
sintering curves of a nanoscale 3Y-TZP
powder compacts. Ceramics
International. 2009;35:547-554



Densification Kinetics and In Situ Electrical Resistivity Measurements...

DOI: http://dx.doi.org/10.5772 /intechopen.1001853

[28] Johnson DL. New method of
obtaining volume, grain-boundary, and
surface diffusion coefficients from
sintering data. Journal of Applied
Physics. 1969;40:192-200

[29] Barsoum MW. Fundamentals of
Ceramics. 2nd ed. Boca Raton, United
States of America: CRC Press; 2019

[30] Woolfrey JL. Effect of green density
on the initial-stage sintering kinetics of
UO.. Journal of the American Ceramic

Society. 1972;55:383-389

[31] Rahaman MN. Ceramic Processing
and Sintering. 2nd ed. Florida: Taylor
and Francis group; 2003

[32] Rybakov KI, Semenov VE. Mass
transport in ionic crystals induced by the
ponderomotive action of a high-
frequency electric field. Physical

Review B. 1995;52:3030-3033.

DOI: 10.1103/physrevb.52.3030 accessed
February 15, 2023

[33] Heaney MB. Electrical conductivity
and resistivity. In: Webster JG, editor.
Electrical Measurement, Signal
Processing, and Displays. Boca Raton,
United States of America: CRC Press;
2003

[34] Kultayeva S, Ha JH, Malik R,

Kim YW, Kim K]J. Effects of porosity on
electrical and thermal conductivities of
porous SiC ceramics. Journal of the
European Ceramic Society. 2020;40:
996-1004

[35] Tian-ming S, Li-min D, Chen W,
Wen-Li GUO, Li W, Tong-xiang L.
Effect of porosity on the electrical
resistivity of carbon materials. New
Carbon Materials. 2013;28:349-354

[36] Sharma M, Yashonath S. Correlation
between conductivity or diffusivity and
activation energy in amorphous solids.

27

The Journal of Chemical Physics. 2008;
129:144103

[37] Chu MY, Rahaman MN, De

Jonghe LC, Brook RJ. Effect of heating
rate on sintering and coarsening. Journal
of the American Ceramic Society. 1991;
74:1217-1225

[38] Bykov Y, Holoptsev V, Makino Y,
Miyake S, Plotnikov I, Ueno T. Kinetics
of densification and phase
transformation at microwave sintering
of silicon nitride with alumina and yttria
or ytterbia as additives. Journal of the
Japan Society of Powder and Powder
Metallurgy. 2001;48(6):558-564

[39] Lange FF. Sinterability of
agglomerated powders. Journal of the
American Ceramic Society. 1984;67:
83-89

[40] German RM. Thermodynamics of
sintering. In: Fang ZZ, editor. Sintering
of Advanced Materials. Fundamentals
and processes: Woodhead publishing;
2010






Chapter?2

Deposition of Advanced Ceramic
Coatings by Thermal Spraying

Eugeni Carias, Rut Benavente, Amparo Borrell
and M* Dolores Salvador

Abstract

Advanced ceramic coatings have been largely used in several industrial fields
such as aerospace, automotive, power generation, medical or petrochemical, in order
to protect or functionalise the surface of different materials. In modern industries,
thermal spray processes are the most used ones to manufacture advanced ceramic
coatings due to their cost advantages, flexibility and efficiency in processing ceramic
materials, especially those with high melting temperature. This chapter provides a
brief overview of the progress and current state of different thermal sprayed ceramics
and summarises the future trend in this field. Therefore, various advanced ceramics,
such as yttria-stabilised zirconia, alumina, hydroxyapatite and bioactive glasses, have
been selected for analysis and discussion.

Keywords: advanced ceramics, ceramic coatings, thermal spraying, coating
technologies, material functionallity

1. Introduction

Beyond polymers and metals, ceramics are one of the three major classes of
materials. The word ceramic is originally from the Greek term “keramicos”, that isa
burnt material [1]. Nowadays, ceramics are highly employed materials, and accord-
ing to their properties and applications, such materials are divided into two different
categories, i.e., traditional and advanced ceramic materials [1, 2].

On the one hand, there are the traditional ceramics. These materials are entirely
based on natural raw materials (clays, micas, quartz and feldspars) and are character-
ised by non-accurate defined properties and low reproducibility and reliability [2-5].
This category includes high-volume products such as bricks, tiles and pottery [2-5].

On the other hand, there are the advanced ceramics, that is, novel ceramic materi-
als synthesised from chemicals of high purity, which exhibit superior properties (par-
ticle size distribution, composition, grain size, purity, etc.) tailored to one or various
specific applications that require higher performance [2-6]. This category includes
oxides (aluminates, titanites, zirconates, etc.), nitrides, borides and carbides [4].

Both categories also differ in the way in which they are shaped and processed,
which usually involves more sophisticated steps for advanced ceramics, as well as in
the way they are finished and characterised [1, 2, 4].
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Nowadays, traditional ceramic materials still account for a large volume of pro-
duction in the ceramics industry, but advanced ceramics’ interest has exponentially
grown during the last few years [5].

Advanced ceramic materials, also referred to as high-performance ceramics, engi-
neering ceramics or technical ceramics [1, 6], are usually categorised into simple or
complex classifications, based on different aspects such as their application, composi-
tion or structure [6-8]. Nevertheless, it could be interesting to divide them from an
industrial point of view. According to that, advance ceramics could be grouped into
five different categories, as shown in Figure 1 [9].

Moving in a clockwise direction there are the two largest categories, that is,
functional and structural ceramics. The first group includes ceramics for electrical
and magnetic applications, while the second involves monoliths and composites
of oxides, nitrides, borides and carbides [9]. Then, there are three specific groups,
bioceramics (contains materials such as hydroxyapatite, bioactive glasses or
alumina), special glasses (intended for optoelectronics applications or withstand
fire among others) and ceramic coatings (advanced coatings made from most of
the previous materials) [9].

Concerning ceramic coatings, these are typically manufactured through vapour
deposition (both physical and chemical), sol-gel deposition and laser processes, but

Structural
ceramics

Figure 1.
Possible classification of advanced ceramic matevials from an industrial point of view.
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these methods result in low deposition speed coupled with high process costs [9-12].
Therefore, thermal spraying could be an alternative to these methods since it not only
allows the manufacture of ceramic coatings with higher deposition speed and low
process costs, but also makes it possible to obtain thicker coatings [10].

The aim of this chapter is to carry out an overview of the field of ceramic coatings’
deposition by thermal spraying based on different examples of advanced ceramics.

2. Fundamentals of thermal spraying

The term thermal spraying encompasses a family of coating manufacturing
techniques, in which metals, ceramics, polymers and mixtures of these materials are
deposited onto a specific substrate in a fully or partially molten state [13, 14].

In thermal spraying, a given material (also called feedstock) is subjected to an
energy source, as shown in Figure 2 [15]. This source takes over the feedstock frag-
mentation into fine particles and transmission of heat and kinetic energy to them, so
that the material is transformed into small droplets in a molten or semi-molten state
and accelerated towards the substrate [15]. Then, upon impact on the substrate, these
droplets (known as splats) suddenly cool down, flatten and become adhered to the
substrate. Finally, the coating builds up by the stacking of the droplets.

In addition to the advantages described in the previous section (manufacture of
thick coatings, higher deposition speed and low process costs), thermal spraying is a
very versatile technology as it can be employed to deposit a large number of materials
onto a wide variety of substrates. This is because this technology is capable of fluxing
materials with high melting temperature without subjecting the substrate to excessive
heating, since the range of temperatures to which the substrate is exposed is very wide
(from 100 to 700°C approximately) [14, 16].

Due to its versatility, thermal spraying technology can be used to develop resistant
coatings against corrosion, wear and high temperatures for several industrial fields
such as power generation, petrochemical, automotive and aerospace among others.
Moreover, improvements in both feedstocks and thermal spray processes during the
last decades have allowed a significant growth of this technology in new markets, such
as biomedical, dielectric and electronic coatings [14, 16].

In thermal spraying, the energy source used can be a flame from a combustion,
an electric arc, a thermal plasma or kinetic energy from a decompressed gas [13-17].

T

::@ C
=) my —0 ) (. =
= 4@ C

)
Starting Energy Melting and Impact, Final
material source acceleration cooling and coating
flattening

Figure 2.
General process of coatings manufactured by thermal spraying. Figure adapted from [15].
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Figure 3.
Thermal spraying family tree according to the energy source. Figure adapted from [14, 16].

According to the energy source employed, all thermal spraying techniques are classi-
fied into four different families [14-17], as displayed in Figure 3.

Among all the techniques from the thermal spraying family, advanced ceramics
are mainly deposited by plasma spraying [18]. Nevertheless, high velocity oxy-fuel
spraying is also starting to receive interest due to the higher density and compactness
of the coatings obtained by the high speed at which the material reaches the substrate.

In atmospheric plasma spraying (APS), the energy source is a thermal plasma, which
is generated after ionisation of a gaseous mixture (typically argon, hydrogen, helium and
mixtures of these) by passing through an electric arc, and recombination of the ions as
they exit through a nozzle. The resulting plasma could achieve about 10,000-15,000 K in
the hot spot of its core, and once generated, the feedstock is fed directly into the plasma
plume where it melts and is accelerated towards the substrate [16, 17].

In high-velocity oxy-fuel spraying (HVOF), a mixture of fuel (typically different
hydrocarbon gases and liquids) and oxygen is fed into a continuously pressurised
combustion chamber, where it burns at high temperatures. As a result, combustion
gases are generated which, due to the pressure difference, are expelled from the
combustion chamber and forced through a nozzle where they reach a high velocity.
Then, the feedstock is introduced into the stream of combustion gases coming from
the combustion chamber, where it melts due to the high temperature of the combus-
tion gases and is accelerated towards the substrate due to the high velocity of the
combustion gases [16, 17].

Regardless of the technique, the most employed type of feedstock is powder
materials, although over the last two decades the trend in thermal spraying has been
towards the use of liquid materials with the aim of obtaining nanostructured coatings
with improved properties. The liquid materials used are particle suspensions and
solution precursors, and depending on whether one or the other is used, variants of
the above techniques emerge, i.e., suspension plasma spraying (SPS), solution precur-
sor plasma spraying (SPPS) and high velocity suspension flame spraying (HVSEFS).
Suspensions are usually prepared from submicron and nanoparticles using water,
ethanol or other organics as solvents, whereas solution precursors are usually made by
dissolving alkoxides, salts and acetates in water or ethanol, resulting in purer feed-
stocks as there are no contaminations from feedstock processing steps such as milling,
mixing or spray-drying.
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In either method, the behaviour of the material used after being subjected to the
corresponding energy source is different. In the case of powders, the material only
melts and is accelerated towards the substrate. When injecting the suspension, the
material is first split into small suspension droplets. This splitting phenomenon is
known as aerodynamic fragmentation and is due to a shear produced on the suspen-
sion by the inertia of the plasma plume. The droplet size is influenced by the viscosity
of the suspension and the surface tension of the dispersant medium. Immediately
after fragmentation, the dispersant starts to evaporate rapidly. From this point on,
most of the fine particles contained in the suspension droplets start to sinter instan-
taneously forming granules, which melt and impact against the substrate to form
the coating [19]. Concerning solution precursors, the processes taking place in the
plasma plume are even more complex than in the case of suspensions as the material
must be formed in the plasma plume itself. When the solution is injected, as in the
previous case, the first stages are fragmentation and evaporation of the dispersant
medium in microseconds. This is followed by precipitation of the solid in the droplet
as the dispersant evaporates. For very small particles, this precipitation is complete
over the entire volume of the particle, whereas, for large particles, a crust of material
first precipitates on the surface of the droplet and then moves towards the centre of
the droplet. Sometimes, the pressure of the liquid inside the droplet causes the initial
crust to break and the process starts all over again in the resulting droplet. This is
followed by pyrolysis of the precipitated solid and sintering of the formed particles
into small granules, which melt and impact against the substrate [19]. The detailed
processes for liquid materials correspond to the common cases, although these pro-
cesses may vary depending on the particle trajectory and the processing parameters
used [19].

Both techniques are complex, and the quality and final properties of the manufac-
tured coatings depend on both the temperature and the velocity reached by the mate-
rial inside the plasma plume, as well as the state of the substrate when the material
impacts. At the same time, both temperature and velocity are function of more than
50 parameters. Nonetheless, some of these parameters have a more noticeable effect
than the others. Basically, the main process parameters are the type of feedstock, its
properties (particle size and flowability for powders and particle size, viscosity and
surface tension for liquids) and how it is injected (radially or axially to the plasma
plume), the flow rate and type of gases, the input energy (for plasma) and pressure of
the chamber (for HVOF), the spraying distance and the state of the substrate (surface
temperature and topography) [16, 17].

3. Manufacture of thermally sprayed ceramic coatings
3.1 Alumina coatings

Alumina or aluminium oxide (AL, O;) is a cheap and hard advanced ceramic, which
has good wear, high hardness and corrosion, electric and thermal resistance [20].
Consequently, it is one of the most flexible and attractive advanced ceramics used
in thermal spraying to be deposited onto metallic substrates for wear and erosion
resistance, corrosion protection and both thermal and electrical insulation [21-23].

The manufacture of this kind of coating is commonly done by APS from powder
feedstocks, although HVOF is also studied [24, 25]. In fact, with the utilisation of
HVOF, the resulting coatings are less porous and compacted, and hence harder and
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tougher with higher electrical resistivity [20, 22, 24, 26], whereas with APS a more
porous coating is obtained with better thermal insulation [26].

Regardless of the spraying technique, the main drawback of employing this oxide
is that the resulting coatings are mainly composed of metastable phases, such as
v-ALO; and 8-Al,0s, which negatively affect the long-term stability of the as-sprayed
coatings and their final properties, especially in humid environments (corrosion
protection in marine) and electrical insulation applications, especially APS coatings
[22, 26].

Several attempts were made to increase the a-phase present in the as-sprayed
coatings, including post-heat treatments at temperatures around 1200-1300°C
(unsuitable temperatures for many metallic substrates) or alloying with other oxides
[27, 28]. For that purpose, chromia is the most employed oxide since an addition
of 20 wt% of chromic oxide (Cr,03) gives rise to a solid solution with AL,O; in the
a-modification [29].

In the last decade, it has been found that with the utilisation of liquid feedstocks,
instead of powders, it is possible to retain a higher amount of a-phase (up to 70%)
without the necessity of a posttreatment [30, 31]. Moreover, the electrical, mechani-
cal properties and wear behaviour could be improved using this type of feedstock
[32, 33], when compared with the coatings manufactured by conventional thermal
spraying methods based on powder feedstocks.

Finally, alumina is also sprayed with zirconia to increase the toughness of the coat-
ings and with titania to improve mechanical and tribological properties [34-37].

3.2 Yttria-stabilised zirconia coatings

Zirconia or zirconium oxide (ZrO,) could be a suitable candidate to be used in the
aerospace, automotive and power generation sectors to manufacture what is known as
thermal barrier coatings (TBCs), that is, thermally sprayed ceramic coatings used to
protect different metallic components of turbines and engines against corrosion and
oxidation and enhance their durability and efficiency [38, 39].

This advanced ceramic has gained interest due to its excellent shock resistance,
low thermal conductivity and moderate coefficaient of thermal expansion (compared
to other ceramics) [39, 40].

Despite all of this, the use of pure zirconia in high temperature applications is
limited due to its polymorphism, as shown in Figure 4. During cooling, the trans-
formation from tetragonal phase to monoclinic phase leads to a volume reduction
of approximately 4%, which results in the fracture and delamination of the coating
[40, 41].

Consequently, a lattice stabilising agent is used, blocking the transformation from
tetragonal to monoclinic and giving rise to a metastable tetragonal phase without
volume change [41]. These agents are usually divalent, trivalent or tetravalent cations
suchas Ca*%, Y*? or Ce**, which are introduced in different quantities depending
on the phase to be obtained, whose purpose is to generate oxygen vacancies in the

=2710°C =2370°C =1200 °C

Melted - Cubic - Tetragonal - Monocllnlc
[ Zr0, ] [ phase ZrO, ]

phase Zr0, phase Zr0,

Figure 4.
Phase transformations of ZrO, during cooling [40].
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crystalline network until the coordination number of Zr is reduced from 8 to around
7.5 [42]. In the case of thermal spraying, the most common agent used is yttrium
oxide (Y,03), due to the low amount needed to stabilise the compound, and its
amount varies between 7 and 9 wt% (~4 mol%) as the desired phase is the tetragonal
one (which presents the lowest thermal conductivity, i.e., 2 W/m K) [42-45]. The
resulting material is called yttria-stabilised zirconia or YSZ.

Among the thermal spraying techniques, TBCs are usually manufactured by
APS from powder feedstocks [46, 47]. Employing this method, a coating is obtained
with a lamellar or layered structure due to the stacking of the splats. In addition, the
latter are separated by intersplat pores resulting from their rapid solidification, very
fine voids formed by incomplete splat contact or presence of unmelted particles and
cracks due to thermal stresses [46, 47]. Although this type of microstructure could be
suitable for reducing the thermal conductivity of the coating, it negatively affects its
performance, especially the thermal cycle life of the coating which is limited by insuf-
ficient strain compliance [47]. Moreover, improvement of the efficiency of gas tur-
bines by further increases of the combustion and cooling technology in combination
with higher turbine inlet temperatures implies that yttria-stabilised zirconia (4 mol%
yttria) is confronted with certain limitations due to sintering and phase transforma-
tion [48]. As aresult, both thermal conductivity and stiffness of the coating increase,
resulting in acceleration of the spallation of the coating [48, 49].

With the aim of enhancing the TBCs’ performance, the focus has been on the
modification or improvement of the coating microstructure. One first approach was
the deposition of coatings from submicron and nanostructured powders introduced
in the plasma plume as spray-dried granules obtained from suspensions [50-52].
Coatings with a bimodal microstructure were obtained, that is, partially melted
agglomerates (maintaining nanoparticles from the starting feedstock) surrounded
by fully melted areas which act as matrix with superior properties compared with the
conventional APS coatings from micrometric powders [52].

However, the definitive approach was the introduction of liquid feedstocks into the
field of thermal spraying, and instead of spray-drying particle suspensions, these and
precursor solutions began to be directly deposited by SPS and SPPS. Despite the low
deposition rate, using these techniques, lower thermal conductivities were obtained
compared to APS coatings [19]. In addition, by employing liquid feedstocks a totally
new microstructure was obtained which is known as the “columnar structure”.
According to Vanevery et al. [53], when particles less than ~3 pm in size are used, after
melting and before reaching the substrate, the plasma drag forces during substrate
impingement dominate the droplet inertia and redirect the droplet velocity from nor-
mal to along to the substrate surface. Consequently, droplets impact preferentially on
asperities, generating deposits that grow to become columnar structures separated by
linear porosity bands, which improve the performance of the coating as they stop the
propagation of transversal cracks. Moreover, this effect is more marked when ethanol
or organics are used as solvents, as they possess lower surface tension than water and
hence, the liquid drop injected into the plasma torch will be less in size, resulting in a
few number of agglomerated particles after evaporation of the solvent.

Other ways to improve the performance of the TBCs are by doping the YSZ with
rare earths or by mixing YSZ and zirconates with pyrochlore structure, producing
TBCs with even lower thermal conductivity and higher stability at temperature [19].
In both cases, the utilisation of SPS and SPPS facilitates this task, as both produce
thinner layers than APS. Moreover, the employment of solution precursors highly
facilitates the modification of the composition.
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Regarding the doping of YSZ, typical dopants used are Nd,0;, Yb,0; or Gd, 05
[19]. Nitrate precursor of the desired rare earth is commonly dissolved into the YSZ
suspension or mixed with the precursors employed for YSZ. This gives a YSZ matrix
with the rare earth oxides embedded inside as defects. Besides, YSZ-doped coatings
can also be manufactured by hybrid plasma spraying, where a powder feedstock
(YSZ) and a liquid feedstock (rare earth precursor) are deposited at the same time but
are injected along different paths and at different points of the plasma plume [49].

Concerning the zirconates, the most employed ones are gadolinium zirconate
(GdyZr,0;) and lanthanum zirconate (La,Zr,0;) [19]. Both materials present lower
thermal conductivity, higher melting point, higher sintering resistance and higher
phase stability than YSZ. Their drawback is their very low thermal expansion coef-
ficient, preventing the use of these materials on their own [19]. Therefore, zirconates
are deposited in combination with YSZ as intermediate layer using two types of lay-
outs as shown in Figure 5, i.e., multi-layered coatings, in which layers of each material
are deposited, and functionally graded coatings, where the composition is gradually
modified from the bottom of the coating to the top of the coating.

However, functionally graded coatings present better performance compared to
multi-layered, since the latter may result in failures due to thermal expansion mis-
match between the layers [49].

Another application of yttria-stabilised zirconia (8 mol% yttria) is to employ it as
a coating for metal-supported solid oxide fuel cells (SOFCs), more concretely cover-
ing the electrolytes [54]. Several attempts were made to deposit this type of coating
by APS and high velocity oxy-fuel (HVOF). However, the utilisation of SPS and SPPS
results in thinner and more uniform electrolyte coatings [55].

3.3 Zirconium silicate coatings

Zirconium silicate or zircon (ZrSiO,) is a ceramic material which can be found
naturally in zircon sands. Zircon could be a cheap and suitable candidate to replace
yttria-stabilised zirconia in thermal barrier coatings as it possesses excellent thermal
shock resistance, low thermal expansion coefficient and low thermal conductivity
[56, 57]. Furthermore, its dielectric properties, corrosion resistance and the fact of
being chemically inert at low and high temperatures allow its use in electrical applica-
tions and as an environmental barrier coating (EBC), respectively [58, 59].

Zircon coatings are typically manufactured from powder feedstocks by plasma
spraying [57, 60-63]. The main problem of using this material is that zircon
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Figure 5.
Layout of multi-layered and functionally graded coatings.
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decomposes in ZrO, and SiO, due to the high temperatures of the plasma plume, and
the fast cooling prevents the recombination of both oxides. In addition, the different
melting temperatures of ZrO, and SiO, give rise to a coating composed of crystalline
ZrO, (tetragonal and monoclinic as it is not stabilised) as a major phase, a glassy
solidified SiO, as a secondary phase and no zircon or only a small amount as a residual
phase [56-63].

Recently, a novel approach was done based on liquid feedstocks. Aqueous suspen-
sions of zircon particles were prepared and deposited by SPS modifying different
parameters related to the technique [64]. It has been found that, due to the removal of
part of the energy of the plasma plume to evaporate the water, a significant propor-
tion of the starting zircon is preserved in the final microstructure, which remains
around 20%, regardless of the processing conditions selected [64].

3.4 Hydroxyapatite and bioactive glass coatings

Coatings from bioceramic materials can also be manufactured by thermal spraying.
Concretely, in load-bearing applications such as dental and orthopaedic metallic implants
where the biomaterials cannot be used by themselves due to their brittleness. Thus, a
composite is obtained that combines good mechanical properties (provided by the metal-
lic substrate) with good osseointegration (provided by the osseoinductive ceramic layer),
hence avoiding corrosion and encapsulation of the implant by fibrous tissue.

For that purpose, the most employed bioceramic is synthetic hydroxyapatite or
HAp, with a stoichiometric chemical formula of Ca;o(PO,)s(OH),, a molar Ca:P ratio
of 1.67 and a composition close to the mineral phase of bone [65, 66]. Coatings of HA
are typically deposited by APS and HVOF from powder feedstocks [65-68]. In fact,
these techniques are approved by the US Food and Drug Administration (FDA) for
the deposition of HA coatings [65, 67].

Since these coatings do not require high thickness to develop its function, they
are easily deposited by APS. The most important drawback of plasma-sprayed HAp
coatings is to maintain the purity and crystallinity of the initial feedstock in the as-
sprayed coatings. Due to the high temperatures in plasma spraying, HAp decomposes
and suffers partial dehydroxylation during the manufacture of the coatings, and
due to the rapid cooling it results in a deposited layer that combines crystalline HAp,
amorphous phase and different calcium phosphates (tricalcium phosphate, tetracal-
cium phosphate and calcium oxide) [69, 70].

Both amorphous phase and calcium phosphates are undesirable, as they increase
the dissolution rate and resorption of the coating, leading to a failure of the coating
before it can perform its intended function and negatively affect coating’s fixation
to the implant and their long-term stability [69, 70]. Although several attempts were
done by different researchers by modifying the most important parameters of APS, it
was not possible to obtain a fully crystalline HAp coating [71, 72]. Only after a post-
treatment, the full crystallinity was reached [72].

High velocity oxy-fuel (HVOF) has also been employed to deposit HAp coatings
as an alternative to APS [73-76]. The lower temperatures and higher velocities of this
method give rise to denser, less porous and better adhered coatings than in APS with
higher crystallinity. However, it is still needed to conduct a posttreatment in order to
reach fully crystalline HAp coating [76].

In both methods (APS and HVOF)), it is also common to deposit HAp with other
materials such as Ti, TiO, or ZrO, to improve wear resistance adhesion and fracture
toughness [73, 77-80].
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As in the other materials exposed in previous sections, HAp was also affected by
the introduction of liquid feedstocks in the thermal spraying field, being this material
deposited by means of SPS, SPPS and HVSFS [68, 81-88].

When depositing coatings by SPS, it is possible to obtain ceramic layers with
a higher degree of crystallinity than the APS counterparts. This is mainly due to
the trajectory of the particles in the plasma plume and the lower energy reaching
them due to the evaporation of water (in the case of using this solvent) [81-83].
Regarding the trajectory, as the particles are lower in size they are more easily
affected by the drag forces of the plasma plume, so that not all of them penetrate
the centre of the plume, especially when the material is injected radially. As a
result, a coating composed of two different zones is obtained, a dense zone formed
from melted particles and a sintered zone composed of grain which were sintered
instead of melting during flying across the plasma plume, preserving the crystal-
linity of the HAp feedstock [81, 82]. Furthermore, the utilisation of HVFSF gives
rise to higher crystallinity compared with APS coatings, although the deposition
efficiency is much lower [68].

Moreover, when SPPS was employed, deposition efficiency was much lower than
in SPS, but the resulting coatings present higher crystallinity than those deposited by
APS [86, 87]. Nevertheless, Aruna et al. have proven that SPS HAp coatings continue
to be more promising than SPPS [88].

Finally, the utilisation of liquid feedstocks, especially solution precursors,
greatly facilitates the modification of the composition with the aim of adding
dopant ions such as Cu*” or Zn"? to improve the performance of the as-sprayed
coatings [89, 90].

Bioactive glasses are the other type of bioaceramic that is under study for the
deposition of bioactive coatings by means of thermal spraying. The term bioactive
glass refers to a vitreous material that is biocompatible with tissues and body fluids
as well as being non-carcinogenic, non-mutagenic and non-antigenic [91]. The first
glass in this category is known as bioactive glass 45S5 whose composition is 45.0%
Si0,, 24.5% CaO, 24.5% Na,O and 6.0% P,0s (in wt%) [91].

From this glass, several researchers have developed variants over time by slightly
modifying the composition of this glass (substitution and/or elimination of oxides)
depending on the application or method of synthesis. Some examples are the bio-
active glass 58S [92], without sodium, as it is typically synthesised by the sol-gel
method, the Bio-K [93], which includes potassium instead of sodium in order to
reduce the crystallisation tendency of the glass, or the BGMS10 [94], which includes
magnesium and strontium to highly increase the crystallisation temperature.

These glasses are emerging as substitutes for HAp in the manufacture of coatings
by thermal spraying, since, although both materials have good biocompatibility and
similar mechanical properties [95], bioactive glasses have a higher bioactivity index
[95, 96], are osteoinductive, osteoconductive and osseointegrative, and during depo-
sition by thermal spraying, they maintain their amorphous character (a requirement
for their bioactivity) [65].

Like HAp, these glasses are deposited by different techniques, i.e., APS, SPS,
HVSFS and SPPS [94, 97-102]. The use of liquid materials results in more porous and
rougher microstructures, which increase the bioactivity of the coatings. However,
there is still a lot of research ahead since, as indicated in two very recent reviews
[103, 104], regardless of the spraying technique employed, the long-term stability of
this kind of coating is not satisfactory yet and their adhesion to the substrate must be
improved.
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4. Conclusions and future trends in thermally sprayed ceramics

In this chapter, a brief overview of the progress and current state of different
thermal sprayed ceramics has been carried out. From the previous sections, it can
be seen how thermal spraying can play an important role in obtaining coatings from
advanced ceramic materials. After discussing several examples of materials, it can
be appreciated how it is possible to obtain different microstructures and properties
depending on the spraying technique used. However, these techniques are so complex
and involve so many variables. Therefore, it is very difficult to decide which technique
is the definitive one for each material, as this depends on the application for which the
coating is intended.

By contrast, the use of liquid feedstocks (particle suspensions and solution precur-
sors) results in all cases in an improvement of both the microstructure and properties
of the coatings. However, there is still a lot of research work to be done in order to
fully understand the interaction between liquid feedstocks and the energy source
used for their deposition, especially in the case of solution precursors, the effect of
this interaction on the microstructure obtained and how it relates to the final proper-
ties, the aim of being able to scale the employment of these materials at industrial
level.

Therefore, it could be said that the future of thermal spraying lies in the use of
liquid filler materials, especially precursor solutions, since their synthesis is simpler
from a processing point of view and results in materials whose composition is easier
to modify and much purer.
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Abstract

Throughout the ceramic processing cycle, it is well known that a small change in
the surface energy of as-received powders can have a considerable effect on the final
properties of consolidated materials. The main objective of this chapter is to describe
the design and manufacture of new ceramic materials based on strontium-doped
lanthanum manganites, LSM (Lag gSro ,MnO3) and LSM-8YTZP composites, for
cathode in solid oxide fuel cells (SOFC) applications due to their excellent properties,
by modifying the surface energy of the starting powder using techniques, such as
Diffuse Coplanar Surface Barrier Discharge (DCSBD) and atomic layer deposition
(ALD). Subsequently, in order to evaluate the activation energy and optimise the
sintering behaviour of these powders, the Spark Plasma Sintering (SPS) technique will
be used. SPS allows the complete densification of pieces by fast and low-energy
consumption processing.

Keywords: strontium-doped lanthanum manganites, spark plasma sintering, diffuse
coplanar surface barrier discharge, atomic layer deposition, ceramics

1. Introduction

Strontium-doped lanthanum manganite (Lag gSro ,MnO3) materials have a crystal
structure of the perovskite-type A-B-Os, where A and B represent the 12- and 6-
coordinated metals, respectively. The La; ,SrxMnO; (LSM) has attracted attention in
recent years due to its excellent thermal, electronic and magnetic properties [1] with
potential applications in magnetic sensors, readout heads for magnetic memories and
as a cathode in solid oxide fuel cells (SOFC) [2].
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One of the most important applications of these materials is solid oxide fuel cells.
The electrolyte is a ceramic oxide that is generally located in the centre of the cell
(although there are exceptions such as in porous metal-supported cells) to facilitate
the generation of oxygen vacancies and to transport the ionic charge between the
cathode and the anode (Figure 1) [3]. The cathode and anode are electrodes where
different reactions take place: oxygen is reduced to oxide ions by consuming two
electrons at the cathode, and fuel is reduced by forming two electrons at the anode.
The electrodes must be porous and facilitate the transport of reactants and products
through the different components [4, 5].

The cathode is one of the essential components of a SOFC. The cathode materials
must meet several requirements in the operating temperature of 800-1000°C: high
electronic conductivity, thermal and chemical stability, catalytic activity for oxygen
reduction, and a thermal expansion and coefficients of the same order as the other
SOFC components [6, 7].

The use of yttria-stabilised zirconia (Y-TZP) as an electrolyte material is custom-
arily found in the literature, being the main material used for the fabrication of solid
electrochemical devices. Its use is due to the fact that this material has high conduc-
tivity and ionic stability with oxygen. It is important to emphasise that in solid oxide
fuel cells with zirconia as a base material, lanthanum manganites doped with stron-
tium are a key point for better cell efficiency. LSM materials are commonly used as
cathode material due to their high electronic conductivity and fast oxygen transfer at
gas—solid interfaces, combined with their thermal expansion capability and chemical
compatibility with yttria-stabilised zirconia solid electrolyte [8]. The content of
yttrium oxide (Y,03) as a dopant for zirconia is a very important factor. In terms of
conductivity, zirconia doped with 8-10 mol% yttria has high ionic conductivity.
Moreover, in terms of structural and mechanical properties, zirconia doped with
8 mol% yttria has high flexural and impact strength [9]. Therefore, in this
chapter, LSM-8YTZP composites will be investigated due to their good mechanical
properties [10].

This chapter aims to study how the heating rate, the final temperature and the
dwell time affect the final properties of the LSM material and the LSM-8YTZP com-
posite densified using the Spark Plasma Sintering technology. In a second stage, a
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Figure 1.
Diagram of layers forming a SOFC device.
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surface modification of the starting powders, both LSM and LSM-8YTZP, will be
carried out using Diffuse Coplanar Surface Barrier Discharge (DCSBD) and Atomic
Layer Deposition (ALD) techniques in order to identify changes in the material that
may influence the sintering and, therefore, the final properties.

2. Materials and methods
2.1 Raw materials

As raw materials, commercial La; ,SrxMnOj (x = 0.2) powder (INFRAMAT,
Advanced Materials, USA) with an average particle size of dsg = 0.25 pm, a BET-
specific surface area of 2.8 m*/g and high purity commercial yttria-stabilised zirconia
(YSZ) with 8 mol% Y,0; (TZ8YS, Tosoh Corp., Japan), with an average particle size
of 0.4 pm, and a BET specific surface area of 4.7 m*/g were used.

The mixture preparation was carried out after optimising the zeta potential of the
LSM and 8YTZP suspensions and the rheological behaviour of the LSM-8YTZP mix-
ture. LSM and LSM-8YTZP were prepared as concentrated suspensions in water with
a solid loading of 30 vol%. The mixtures were prepared with a volume relative content
of 50:50 according to a sequential addition, by first adding the deflocculant required to
disperse the 8YTZP (0.5 wt.% on a dry solid basis) and then the 8YTZP powder,
followed by the deflocculant required for the LSM (1.5 wt.% on a dry solid basis)
before the LSM powder. The optimised slurry of the mixture was then frozen using a
rotavapor (IKA, Germany) in a liquid-N; bath and subsequently freeze-dried
(Cryodos-50, Telstar, Spain) at —50°C and 0.3 mPa vacuum pressure for 24 h to
sublimate the ice.

The freeze-dried powders were sintered by Spark Plasma Sintering (SPS, DR.
SINTER SPS-625, FUJIL, Japan), and the surface energy of this powder was also mod-
ified using low-energy techniques such as Diffuse Coplanar Surface Barrier Discharge
(DCSBD) and Atomic Layer Deposition (ALD).

Spark Plasma Sintering was carried out under vacuum (5-9 Pa) using a graphite
mould with a diameter of 12 mm. The temperature was measured using an optical
pyrometer focused on the die wall, a constant uniaxial pressure of 15 MPa was applied
above 600°C, and a dwell time of 2 min was used.

2.2 Diffuse coplanar surface barrier discharge (DCSBD)

Diffuse Coplanar Surface Barrier Discharge (DCSBD) is a novel type of
atmospheric-pressure plasma source developed for high-speed, large-area surface
plasma treatments [11]. The plasma of DCSBD discharge is generated in a sub-
millimetre thin layer above the dielectric plate. With a gradual increase of power
input, the DCSBD gets visually more and more diffuse and homogeneous, though it is
still composed of a high number of individual microdischarges [12-14]. Figure 2
shows a scheme of the DCSBD electrode system arrangement and a general view of
the DCSBD apparatus.

The number of DCSBD microdischarges generated during one discharge period is
very high (in the order of tens to hundreds of single microdischarges), and the
generated microdischarges are distributed above a large area of approx. 20 x 8 cm’.
The typical dimensions of a single microdischarge were of the order of 1 mm in length
and 100 pm in diameter in the time scale of several tens of nanoseconds. The system
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Figure 2.
Cross-sectional schematics of DCSBD electrode system arrangement [15] and visual appearance of material with
DCSBD apparatus.

was powered by a 14 kHz sinusoidal high voltage of up to 20 kV peak-to-peak
amplitude and an input power of 400 W, supplied by a power generator. The pow-
dered material was activated for 45 s and removed for further ceramic processing.

2.3 Atomic layer deposition (ALD)

Atomic layer deposition (ALD) is a method for depositing ultra-thin films with a
wide range of applications due to its unique capabilities. This procedure can increase
the efficiency of electrical devices by allowing the homogeneous deposition of
conformal films with controlled thickness, even on complicated three-dimensional
surfaces [16].

The powder was coated in a quartz tube of ID = 20 mm and length 100 mm on both
sides, partially sealed by quartz wool. This tube was placed in the centre of a cylindri-
cal deposition chamber diameter of 50 mm and a length of 450 mm. The deposition
was done at a chamber pressure of 180 Pa. Pure nitrogen (99.999%) was used as a
carrier and purging gas at a total flow rate of 90 sccm (standard cubic centimetres per
minute). The zinc oxide coatings were deposited using Diethylzinc (DEtZn, STREM
Chemicals) as a metal source and deionised water (Merck Millipore Q-water,

18.2 MQ) as an oxygen source (Figure 3).

Each deposition consisted of 20 ALD cycles starting with H,O pulse. One ZnO
deposition cycle was defined by the following sequence: H,O pulse (10 s) — N, purge
(30 s) — DEtZn pulse (10 s) — N, purge (30 s). Quite long pulsing and purging times
were used due to the deposition of thin coatings on powders. Both DEtZn and H,O
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Figure 3.

Experimental setup of the ALD coating equipment.
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precursors were kept at room temperature. Delivery lines were heated at 60/100°C,
and the temperature in the deposition chamber was 140°C. The tube with a

coated powder was removed from the deposition chamber always after cooling
down to 60°C.

2.4 Characterisation methods

The relative densities of specimens were determined by the Archimedes’ method
following the ASTM-C-373 standard [17]. Theoretical density values of 6.57 and
6.41 g/cm® were used for LSM and LSM-8YTZP, respectively, to estimate the relative
density of the sintered specimens.

The microstructure and grain size were analysed using field emission scanning
electron microscopy (FE-SEM, S4800 Hitachi, Japan). The grain size was measured
using the line interception method following the ASTM E112 standard [18], with 10
interception lines being traced in each sample using Image software.

The evaluation of mechanical characteristics (hardness and Young’s modulus) was
done according to the nanoindentation technique. The method used is a nanoindenter
(G-200; Agilent Technologies). Tests were carried out with a Berkovich tip calibrated
with silica standard and operated at a maximum depth of 2000 nm. The continuous
stiffness measurement was used to determine the contact stiffness and calculate the
hardness profiles and elastic modulus [19]. A matrix with 25 indentations was made
for every material.

3. Results and discussion
3.1 Study of the LSM powder
3.1.1 LSM sintered by spark plasma sintering

First, a Spark Plasma Sintering (SPS) study of the influence of heating rate on LSM
densification was carried out. For this purpose, three heating rates were defined, i.e.,
50, 100, and 200°C/min, at a final temperature of 1200°C with a dwell time of 2 min,
and a constant uniaxial pressure of 15 MPa was applied above 600°C.

In Table 1, the values of average grain size and relative density corresponding to
the LSM material sintered by SPS at 1200°C—2 min using different heating rates can
be observed.

Small changes are observed with respect to relative density and grain size values.
The density value above 90% is reached with a heating rate of 200°C/min. The
average grain size is around 1.80 pm, approximately, as can be seen from the micro-
structure in Figure 4. This figure shows the FESEM microstructures, at different

Material ~ Sintering parameters Heating rate (°C/min)  Grain size (um) Relative density (%)

LSM 1200°C—2 min 50 1.75 £+ 0.04 88.0 + 0.5
100 1.77 + 0.05 88.9 £ 0.5
200 1.85 + 0.07 90.2+ 0.5

Table 1.

Grain size and relative density values of LSM material sinteved by SPS.
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Figure 4.
Microstructure of LSM material sintered by SPS at 1200°C—2 min, heating ramp 200°C/min.

Material ~Sintering parameters Heating rate (°C/min) Hardness (GPa) Young modulus (GPa)

LSM 1200°C—2 min 50 7.0+ 0.3 108 +£ 0.2
100 71+03 109 +£ 0.4
200 754+ 0.2 120 +£ 0.2

Table 2.

Hardness and young modulus values of LSM material sinteved by SPS.

magnifications, of polished LSM material sintered by SPS at 1200°C with a heating
rate of 200°C/min. It can be observed that large and small grains coexist. In general,
all heating rates follow the same tendency, with slightly larger average grain sizes
being obtained at higher heating rates, at which higher densification is achieved.

The values of hardness and Young’s modulus can be seen in Table 2. The Young’s
modulus values of the material sintered at 50 and 100°C/min show similar values, but
a slight increase is observed for the heating rate of 200°C/min. For hardness, an 8%
increase is observed when the heating rate is increased from 50 to 200°C/min. This
increase is very remarkable, as higher mechanical properties have been achieved at
very high heating rates, which influences the total processing cycle of the material.
Using a heating rate of 50°C/min, the complete sintering cycle reaches 16 min, and
using a heating rate of 200°C/min, it only requires 8 min to complete the sintering
cycle. The energy and time savings are therefore doubled.

3.1.2 LSM powders modified by diffuse coplanar surface barrier discharge (DCSBD)
and sintered by SPS

The LSM starting powders were modified by the DCSBD technique, using the
parameters mentioned in Section 2.2, and then sintered by SPS at 1200°C—2 min,
using the same parameters as in the previous section.

In Table 3, the values of average grain size and relative density corresponding to
the LSM powders modified by DCSBD and sintered by SPS at 1200°C—2 min using
different heating rates can be observed.

By means of the DCSBD treatment, it can be identified that the density values of
the material change significantly as a function of the heating rate. Density values
above 95% are reached, indicating that with this treatment, the density of the final
material increases significantly. These density values will have an impact on both the
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Material Sintering Heating rate Grain size Relative density
DCSBD parameters (°C/min) (pm) (%)
LSM 1200°C—2 min 50 1.78 + 0.04 927+0.5
100 1.80 + 0.03 931£0.5
200 175+ 0.05 951+0.5
Table 3.

Grain size and relative density values of LSM powders modified by DCSBD and sintered by SPS.

Figure 5.
Microstructure of LSM material with DCSBD treatment and SPS at 1200°C—2 min, heating ramp 200°C/min.

microstructure and the final mechanical properties. On the other hand, taking into
account the grain size values in Table 1, it is observed that the materials without any
treatment and with DCSBD treatment present similar values. This means that the
DCSBD treatment enhances densification while maintaining the same grain sizes.

The FESEM microstructures of the DCSBD-treated sample sintered at 1200°C with
a heating rate of 200°C/min, which has a value of 1.75 pm, can be seen in Figure 5 at
different magnifications. Smaller particles of LSM material are observed homoge-
neously distributed over the entire surface. This may be due to the technique used, as
the number of DCSBD microdischarges generated during a discharge period is very
high (in the order of tens to hundreds of individual microdischarges), and these
generated microdischarges are distributed over a large surface. This surface modifica-
tion positively influences the densification of the material.

Figure 5 shows a small residual porosity, as the small LSM particles created are
located at the grain boundary and help, on the one hand, to close the porosity and, on
the other hand, have a tendency to inhibit grain growth.

The values of hardness and Young’s modulus can be seen in Table 4. The
mechanical properties are also influenced by the surface treatment of the powder

Material Sintering Heating rate Hardness Young modulus
DCSBD parameters (°C/min) (GPa) (GPa)
LSM 1200°C—2 min 50 77£02 124+ 0.2
100 79+02 119+ 0.4
200 83+0.1 136 £0.3
Table 4.

Hardness and young modulus values of LSM powders modified by DCSBD and sintered by SPS.
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before sintering by SPS. Using a heating rate of 200°C/min, hardness values of 8.3 GPa
are achieved. Compared to the hardness value achieved with a heating rate of 50°C/
min, the improvement is 8%. These hardness values are higher than those shown in
Table 2, corresponding to the non-treated LSM material. Comparing the LSM mate-
rial sintered at 1200°C with a heating ramp of 200°C/min, without treatment and the
one treated with DCSBD, the difference in hardness values is about 13%. The Young’s
modulus values achieved using a heating ramp of 200°C/min are around 136 GPa,
which represent the highest values obtained. This is in good agreement with the
higher densification level.

3.1.3 LSM powders modified by atomic layer deposition (ALD) and sinterved by SPS

The LSM starting powders were modified by the ALD technique, using the
parameters mentioned in Section 2.3, and then sintered by SPS at 1200°C—2 min,
using the same parameters as in the previous section. In Table 5, the values of average
grain size and relative density corresponding to the LSM powders modified by ALD
and sintered by SPS at 1200°C—2 min using different heating rates can be observed.

The final density of the ALD surface-modified LSM sintered using different
heating rates is very similar to the non-treated LSM material (Table 1). The FESEM
microstructures of the ALD-treated sample sintered at 1200°C with a heating rate of
200°C/min, can be seen in Figure 6, at different magnifications.

As observed in the microphotographs, a great difference can be seen in the final
grain size, which is much higher in these materials treated with the ALD technique.
Porosity is observed at the grain boundaries as well as residual porosity in the interior
of the grains. The average grain size in all samples is around 2.60 pm. The ZnO layer
deposited by this methodology reactivates the surface of the LSM powders, leading to

Material Sintering Heating rate (°C/min) Grain size (um) Relative density (%)
ALD parameters
LSM 1200°C—2 min 50 2.60 + 0.03 873+ 0.5
100 2.57 £ 0.05 88.2+ 0.5
200 2.62 4+ 0.05 905+ 0.5
Table 5.

Grain size and relative density values of LSM powders modified by ALD and sintered by SPS.

Figure 6.
Microstructure of LSM material with ALD treatment and SPS at 1200°C—2 min, heating ramp 200°C/min.
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Material Sintering Heating rate Hardness Young modulus
ALD parameters (°C/min) (GPa) (GPa)
LSM 1200°C—2 min 50 6.1+0.2 92+ 0.3
100 59+03 109+ 0.3
200 6.4+0.1 120 £ 0.2
Table 6.

Hardness and young modulus values of LSM powders modified by ALD and sintered by SPS.

an exaggerated grain growth behaviour in the sintering phase. This grain growth does
not help the densification of the material; therefore, the final porosity is around 10%.
This will have a negative impact on the mechanical properties, as shown below.

The values of hardness and Young’s modulus can be seen in Table 6. It is observed,
as with the non-treated LSM and the LSM treated with DCSBD, that as the heating
ramp values are higher, the mechanical values also show an increase.

The mechanical values indicate that the LSM materials treated with the ALD
technique do not lead to an improvement. Comparing the hardness values with those
obtained for the non-treated LSM materials (Table 2) and those treated with DCSBD
(Table 4), it can be seen that they are below 7.0 GPa.

If a comparison is carried out between the non-treated LSM materials and those
treated with the different DCSBD and ALD techniques, it can be concluded that the
treatment that provides the best results is the DCSBD technique. This technique
provides lower residual porosity in the material and helps to inhibit grain growth,
which leads to superior mechanical properties. In the following section, the influence
of surface powder treatment techniques, DCSBD and ALD, on LSM-8YTZP compos-
ites will be analysed.

3.2 Study of the LSM-8YTZP powder
3.2.1 LSM-8YTZP sintered by spark plasma sintering

Spark Plasma Sintering (SPS) study of the influence of heating ramps on the LSM-
8YTZP material was carried out. For this purpose, the same three heating ramps were
defined, i.e., 50, 100, and 200°C/min, at a final temperature of 1200°C with a dwell
time of 2 min, applying a constant uniaxial pressure of 15 MPa above 600°C. The
obtained results for average grain size and relative density are shown in Table 7.

It is observed that as the heating ramp is faster, higher relative density values are
achieved. This indicates that rapid heating promotes the densification of these com-
posites. As for the grain size values, all the composites sintered at different heating
rates are around 0.36 pm. If these values are compared with those obtained in Table 1

Material Sintering parameters Heating rate (°C/min) Grain size (pm) Relative density (%)
LSM-8YTZP 1200°C—2 min 50 0.30 +0.03 92.6 +£ 0.5
100 0.36 £+ 0.05 93.1+0.5
200 0.40 + 0.02 939 + 0.5
Table 7.

Grain size and relative density values of LSM-8YTZP composites sinteved by SPS.
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Figure 7.
Microstructure of LSM-8YTZP composite sintered by SPS at 1200°C—2 min, heating ramp 200°C/min.

Material Sintering Heating rate Hardness Young modulus
parameters (°C/min) (GPa) (GPa)
LSM- 1200°C—2 min 50 10.6 £ 0.2 179 £ 0.2
sYTZP 100 10.8+0.2 186 £ 0.3
200 112+ 0.1 190 £ 0.1
Table 8.

Hardness and young modulus values of LSM-8YTZP material sintered by SPS.

for the LSM material, they are observed to be 4.5 to be lower, i.e., the 8YTZP zirconia
significantly inhibits the grain growth of the LSM.

The FESEM microstructures at different magnitudes of LSM-8YTZP composites
sintered at 1200°C with a heating rate of 200°C/min, as shown in Figure 7. A homo-
geneous microstructure is observed. The small zirconia grains are located at the grain
boundary inhibiting the growth of LSM grains.

The mechanical hardness and Young’s modulus values can be seen in Table 8.
Hardness values above 11 GPa and Young’s modulus values around 190 GPa have been
achieved using a heating ramp of 200°C/min. Moratal et al [20] achieved values
around 6.0 GPa by sintering this LSM-8YTZP composite by conventional sintering at
1200°C-2 h, heating ramps of 10°C/min. In this study it was found that using the SPS
technique almost twice the values of the conventional method were achieved. Another
important factor to take into account is that by using SPS, whose heating rate is 200°
C/min, the sintering cycle is significantly reduced. Therefore, the high added value of
these composites is a very positive factor for their potential industrial applications.

3.2.2 LSM-8YTZP powders modified by diffuse coplanar surface barrier discharge
(DCSBD) and sintered by SPS

The LSM-8YTZP starting powders were modified by the DCSBD technique, using
the parameters mentioned in Section 2.2, and then sintered by SPS at 1200°C-2 min,
using the same parameters as described in Section 3.2.1.

Table 9 shows the values of average grain size and relative density corresponding
to the LSM-8YTZP powders modified by DCSBD and sintered by SPS at 1200°C-2 min
using different heating rates. As in the case of LSM powders surface-modified by the
DCSBD technique, also with LSM-8YTZP powders, the density values increase to
more than 95% in the composite sintered at a heating rate of 200°C/min.
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Material Sintering Heating rate Grain size Relative density
DCSBD parameters (°C/min) (pm) (%)
LSM-8YTZP 1200°C—2 min 50 0.92 +£0.03 943 £ 0.5
100 0.94 £ 0.02 948+ 0.5
200 0.89 +0.02 958+ 0.5
Table 9.

Grain size and relative density values of LSM-8YTZP powders modified by DCSBD and sintered by SPS.

Figure 8.
Microstructure of LSM-8YTZP composite with DCSBD treatment and SPS at 1200°C—2 min, heating ramp
200°C/min.

The FESEM microstructures at different magnifications of the DCSBD-treated
sample sintered at 1200°C with a heating rate of 200°C/min, as shown in Figure 8.

The grain size increases slightly in the composites with the modified powders
compared to the non-modified ones, and average grain size values of around 0.90 pm
are reached. A homogeneous microstructure can be observed, where besides the
residual porosity, there is also grain removal due to the polishing process. Small
particles of modified powder are situated at the grain boundaries, reinforcing the final
material, as seen from the mechanical properties values in Table 10.

The LSM-8YTZP composite, sintered at 200°C/min, achieves hardness values of
12.5 GPa. This is very important when compared to the hardness value achieved by the
DCSBD-modified LSM material sintered with the same parameters (8.3 GPa). On the
one hand, it can be confirmed that the zirconia strengthens the LSM material, and the
surface modification by the DCSBD technique also has a very positive effect. The dual
effect of the composition and the surface modification increases by 60% both the
hardness and the elastic modulus with respect to the untreated LSM material.

Material Sintering Heating rate Hardness Young modulus
DCSBD parameters (°C/min) (GPa) (GPa)
LSM-8YTZP 1200°C—2 min 50 11.0+ 0.3 188 £0.3
100 11.8+0.2 196 + 0.1
200 125+£0.2 202+0.3
Table 10.

Hardness and young modulus values of LSM-8YTZP powders modified by DCSBD and sintered by SPS.
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3.2.3 LSM-8YTZP powders modified by atomic layer deposition (ALD) and sintered
by SPS

The LSM-8YTZP starting powders were modified by the ALD technique, using the
parameters mentioned in Section 2.3, and then sintered by SPS at 1200°C—2 min,
using the same parameters as in the previous section.

In Table 11, the values of average grain size and relative density corresponding to
the LSM-8YTZP powders modified by ALD and sintered by SPS at 1200°C—2 min
using different heating rates can be observed. These composites reach relative densi-
ties very close to those achieved by non-treated composites (Table 7), in the order of
93%. The grain size of the composites is similar to that achieved by the materials
obtained by DCSBD treatment (Table 9).

The FESEM microstructures at different magnifications of the ALD-treated sample
sintered at 1200°C with a heating rate of 200°C/min, as shown in Figure 9. It can be
observed that in the FESEM micrograph obtained at low magnification, there are areas
where agglomerates are present, the microstructure is not homogeneous. Residual
porosity locates predominantly at the grain boundaries. Zirconia particles have a grain
size of 0.3-0.4 pm. These particles inhibit the grain growth of the LSM, and therefore
the ALD technique does not have a strong influence on this property. The higher
magnification micrograph shows some grain removal due to the polishing phase.

The values of hardness and Young’s modulus can be seen in Table 12. Hardness
values of over 11.0 GPa and an average Young’s modulus of around 195 GPa are
achieved for all materials. These values are below those achieved when using the
DCSBD technique but clearly above those of the LSM treated by ALD. The influence
of the microstructure has a key role to play in the final properties.

Material ALD Sintering parameters Heating rate Grain size (pm) Relative density (%)

(°C/min)
LSM-8YTZP 1200°C—2 min 50 0.90 + 0.04 921+ 0.5
100 0.92 £+ 0.07 925+ 0.5
200 0.91+0.05 93.4 £ 0.5

Table 11.
Grain size and density values of LSM-8YTZP powders modified by ALD and sinteved by SPS.
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Figure 9.
Microstructure of LSM-8YTZP composite with ALD treatment and SPS at 1200°C—2 min, heating ramp
200°C/min.
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Material ALD  Sintering parameters  Heating rate  Hardness (GPa)  Young modulus (GPa)

(°C/min)
LSM-8YTZP 1200°C—2 min 50 112+ 0.2 190 £ 0.3
100 113+ 0.2 192+ 0.4
200 11.8+ 0.3 201+ 0.2

Table 12.
Hardness and young modulus values of LSM-8YTZP powders modified by ALD and sintered by SPS.

4. Conclusions

The addition of zirconia to the LSM material improved its final properties. The
LSM material, being very porous, requires higher sintering temperatures to obtain a
higher densification. By adding zirconia, the open porosity value of the material is
reduced, thus allowing densification at lower working temperatures. In the study
carried out, it was identified that with different sintering parameters, the composite
material presents different behaviours that can favour some physical properties,
depending on the application for which the material is used. In the case of the
composite material, when used as a fuel cell, a better interconnectivity between the
particles is necessary, so the presence of zirconia is essential. On the other hand, a
level of porosity is necessary for the liberation of electrons in the reaction process.

With respect to the LSM and LSM-8YTZP materials, not treated and treated with
the different DCSBD and ALD techniques, it can be concluded that the materials that
offer the best results are those treated with the DCSBD technique. This technique
causes a lower residual porosity in the material and contributes to inhibiting grain
growth, which results in superior mechanical properties. The desired improvements
are less significant when using the ALD technique.

However, it is important to take into account for future work that the sintering
processes in this work were carried out only by SPS, so the modification of the surface
may have different results in other non-conventional sintering methods such as
microwave, which could be beneficial for the final properties of the materials.
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Ferrite Ceramics
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Abstract

Permanent magnets are integral components in many of the modern technologies
that are critical for the transition to a sustainable society. However, most of the
high-performance (BH .y > 100 kJ/m?) permanent magnets that are currently
employed contain rare earth elements (REE), which have long been classified as criti-
cal materials with a high supply risk and concerns regarding pollution in their mining.
Therefore, suitable REE-lean/free magnets must be developed in order to ensure the
sustainability of clean energy generation and electric mobility. The REE-free hexago-
nal ferrites (or hexaferrites) are the most used permanent magnets across all applica-
tions, with an 85 wt.% pie of the permanent magnet market. They are the dominant
lower-grade option (BH,x < 25 kJ/m?) due to their relatively good hard magnetic
properties, high Curie temperature (>700 K), low cost and good chemical stability. In
recent years, the hexaferrites have also emerged as candidates for substituting REE-
based permanent magnets in applications requiring intermediate magnetic perfor-
mance (25-100 kJ/m?), due to considerable performance improvements achieved
through chemical tuning, nanostructuring and compaction/sintering optimization.
This chapter reviews the state-of-the-art sintering strategies being investigated with
the aim of manufacturing hexaferrite magnets with optimized magnetic properties,
identifying key challenges and highlighting the natural future steps to be followed.

Keywords: permanent magnets, hard ferrites, hexaferrites, ceramic magnets,
rare earth-free magnets, SrFe;,O19, BarFe;;019

1. Introduction
1.1 Classification of magnetic materials

The magnetism of magnetic materials arises at the atomic scale and is influenced
by characteristics spanning several orders of magnitude (see Figure 1a). In the
atoms of most compounds, the electrons exist in pairs with opposite spins that
cancel out each other’s magnetic moment. However, some elements or ions have
unpaired electrons, whose spin and orbital motion cause them to exhibit a magnetic
field, giving the atom a magnetic moment. The organization of these magnetic
atoms in the atomic structure of the material determines its magnetic properties.
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(a) Illustration of the multiscale origin of the magnetism in magnetic materials. (b) Schematic illustration of
main magnetic ordering types and the resulting net zero field magnetization. (c) Size dependency of the coercivity.
(d) Hysteresis curve of an ideal permanent magnet.

Figure 1b shows a schematic illustration of the main types of magnetic ordering.

In paramagnetic materials, the atomic magnetic moments are randomly oriented
leading to no net magnetization and a relatively weak attraction to an external mag-
netic field. Antiferromagnetic materials are magnetically ordered, but also exhibit
zero net magnetization due to an antiparallel organization of equal atomic mag-
netic moments. However, in ferro- or ferrimagnetic materials (below their Curie
temperature, T, which is the critical temperature above which thermal fluctuations
lead to the material being paramagnetic), the magnetic atoms are organized in

a way that leads to a net magnetization along a certain direction (magnetic easy
axis) in the structure, and it is these types of materials that are used for permanent
magnets (PMs).

The ferro/ferrimagnetic materials are generally categorized as either “soft” or “hard”
depending on their resistance to demagnetization. This is evaluated in terms of the coer-
cive field (or coercivity, H.), which is the external magnetic field required to reset the
magnetization of the material. Magnetically soft materials are easily (de)magnetized by
an external magnetic field (typically defined as H. < 10 kA/m), and their magnetization
is therefore often temporary, while hard (or permanent) magnetic materials have a high
resistance to demagnetization (H. > 400 kA/m) and once magnetized they can therefore
sustain a magnetic field indefinitely [1]. The coercivity of a material is determined in
part by the intrinsic magnetocrystalline anisotropy of the crystal structure as well as by
microstructural (extrinsic) effects such as crystallite size or structural defects, which
influence the formation (nucleation and growth) of magnetic domains in the material.
For most magnetic materials, H, is found to increase as the crystallite size is reduced,
reaching a maximum value at the critical single-domain size (see Figure 1c).

Another key property of a magnetic material is its remanence field (B, or M,),
which is the spontaneous magnetic flux density or magnetization exhibited by the
material in zero external field conditions. Figure 1d shows a schematic illustration of
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the external magnetic field (H)-dependent flux density (B) and magnetization (M)
curves, commonly called hysteresis curves, of an ideal permanent magnetic mate-
rial. As illustrated, it is the combination of these two parameters, i.e., the coercivity
(magnetic stability) and remanence (spontaneous magnetization), that ultimately
determines the magnetic strength of the magnet. This magnetic strength is quantified
by the so-called maximum energy product (BHy,x), defined by the area of the largest
possible rectangle that fits under the BH curve in the second quadrant, which mea-
sures the potential energy stored in the stray field of the magnet [2].

Figure 1d shows the magnetic hysteresis of an ideal permanent magnet, in which
all magnetic spins are perfectly aligned (and therefore, M, = M), but in real magnets,
the remanence value is smaller than the saturation (i.e., M, < My). It follows that,
as the M, value approaches M, the loop turns more squared, and in turn, BHy,y is
maximized. Hence, the squareness and magnetic alignment are often measured in
terms of in M,/Mj ratio [3], which is another of the key parameters to be improved for
permanent magnets.

1.2 Materials for permanent magnets: Current status

Magnetic materials have the unique ability to directly interconvert between
electrical and mechanical energy. A moving magnet can induce an electric current to
generate electrical energy, and oppositely, an electric current can be used to generate a
magnetic field and exert a magnetic force. These electromagnetic properties underpin
the operation of electric generators and motors, making magnetic materials critical
for the transition toward an environmentally friendly and sustainable future [2]. As
aresult, the worldwide permanent magnet market is expected to reach $39.71 billion
by 2030, according to the 8.6% compound annual growth rate (CAGR) forecast in the
last Grand View Research report [4].

Figure 2a illustrates the relative performance in terms of BHy,,x and H, for the
most important families of commercial PM materials, including AINiCo alloys, hard
ferrites ceramics, Nd,Fe;4B and SmCos. The high-performance (BH,y > 100 kJ/

m’) permanent magnet market is currently dominated by the rare earth element
(REE)-containing materials Nd,Fe;4B (strongest magnet) and SmCos (best high-
temperature performance) due to their superior energy products [1, 6], whichisa
critical parameter for the performance in applications where miniaturization is a
major driving force (e.g., electric vehicle motors, direct-drive generators, electro-
acoustic devices, accessory electric motors, mobile phones, sensors, portable elec-
tronics, etc.). Unfortunately, the use of REE-based materials entails various problems.
The compounds rely on scarce REE such as neodymium, samarium or dysprosium,
which are classified as critical raw materials, not only owing to their supply risk and
price volatility but also to the harmful environmental impact of their extraction [7].
China has been the undisputed leader in REE mining and production for the last

40 years [8], and despite other countries attempting to gain ground, today, China still
accounts for more than 60% of the world REE production [9]. Consequently, over the
last 20 years, geopolitical circumstances have often led to erratic price fluctuations.
Furthermore, the cobalt used in SmCos magnets is another problematic element. The
supply chains for the bulk part (> 50%) of the cobalt used in advanced materials can
be traced back to the cobalt mines in the Democratic Republic of the Congo, where
artisanal miners (including thousands of children) work under extremely hazardous
conditions [10]. As a consequence, the development of REE-poor or REE-free alterna-
tives has long been an important research topic in the PM field.
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Figure 2.

(a) Diagram of BH,, vs. coercive field for the main families of commercially available havd magnetic materials.
(b) Radar plots of key extrinsic properties of sinteved Nd,Fe, B, sintered SmCos, anisotropic AINiCo and sintered

hexaferrite magnets. Figures based on values from [5].

70



Permanent Magnets Based on Hard Fervite Ceramics
DOI: http://dx.doi.org/10.5772/intechopen.1002234

Although the undisputed strength of REE magnets is necessary for the highest-
performance applications, there are many other applications that are less demanding
in terms of magnetic strength, where a compromise (see Figure 2b) must be made
between other factors such as price, stability, processability, etc. [11]. At this end of
the spectrum, hard ferrite magnets have long been the material of choice for lower-
grade applications (< 25 kJ/m®). However, as illustrated by the arrow in Figure 2a, a
considerable performance gap exists in the intermediate performance range between
the cheaper AINiCo and hard ferrite PMs and REE PMs. Consequently, for many
applications, it is often necessary to use an expensive and excessively strong REE
magnet, in lack of an intermediate alternative. Here, a modest performance improve-
ment of lower-grade magnets would be sufficient to replace REE PMs while remain-
ing within a weight range suitable for the application.

In this context, hexaferrites have long been considered good candidates for
replacing REE magnets in the intermediate performance range due to their reasonably
good performance, high Curie temperature (>700 K) and excellent chemical stability,
which all come at a fraction of the cost of REE magnets [12, 13]. In fact, hard fer-
rites are the most produced magnetic material, despite their moderate performance
compared to REE magnets [14]. In 2013 they were reported to account for 85% of the
total PM market by manufactured mass, although they only represented 50% of the
market by sales [15].

While recent studies have demonstrated new approaches to improve magnetic prop-
erties of hard hexaferrite powders (e.g., nanostructuring [16-19], chemical substitution
[20-23], exchange spring composites [19, 24, 25]), manufacturing dense sintered pellets
of sufficient structural integrity without degrading the optimized properties has proven
a key challenge. In practice, this prevents the replacement of expensive and unsustain-
able REE PMs in a range of applications and is the reason why hard ferrites still generate
great scientific interest [26]. The present chapter aims to summarize the most relevant
recent achievements and progress in the field, as well as key challenges encountered
during the fabrication and sintering of dense ferrite magnets.

2. Hard ferrites: M-type hexaferrites
2.1 Crystal and magnetic structure

The so-called hexaferrites, hexagonal ferrites or simply hard ferrites, are a fam-
ily of ternary or quaternary iron oxides with hexagonal crystal lattice of long unit
cell c-axis (~23-84 A) [26]. Of the materials in the hexaferrite family, the M-type
hexaferrites have been widely used for application as permanent magnets. With the
chemical formula MFe;,0.9 (M = Sr** or Ba**), the Sr. and Ba M-type ferrites (SrM
and BaM) are isostructural and exhibit very similar magnetic characteristics. The
compounds have a large uniaxial magnetocrystalline anisotropy and a magnetic easy
axis along the crystallographic c-direction. This strong intrinsic anisotropy resultsin a
high H., making them very resistant toward demagnetization (i.e., magnetically hard)
and, therefore, attractive as PM materials.

Figure 3 illustrates the crystal and magnetic structures of M-type hexaferrites.
They display a hexagonal magnetoplumbite structure (space group P6s;/mmc) with
a very anisotropic unit cell (@ ~ 5.9 A, ¢ ~ 23 A). Fe** ions occupy interstitial posi-
tions in a hexagonal close-packed structure of 0% and Sr** (Ba**) ions [26-28]. With
two formula units per unit cell (64 atoms), SrM has a crystallographic density of
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S*

R*

Figure 3.

Crystal and magnetic structure of Sr. (Ba) hexaferrite. Black and red spheres represent Sr** (Ba®*) and O ions.
Colored polyhedra illustrate the five different crystallographic sites of F&®* and arrows symbolize the F** magnetic
spins.

5.3 g/cm3 (51 g/cm3 for BaM) [29, 30]. The crystal structure may also be described
in terms of stacking of simpler structural blocks (cubic S and hexagonal R blocks),
which are in turn stacked onto similar blocks rotated 180° about the c-axis (S* and R*
blocks, respectively) [28].

2.2 Magnetic properties

Table 1 compares the intrinsic magnetic properties of StM and BaM with that of
other important magnetic compounds. The theoretical magnetic moments (at 0 K) of
the hexaferrite crystal structures can be calculated from the ferrimagnetic ordering
of the magnetic Fe** jons in the structure (see arrows in Figure 3), yielding values of
20.6 up/molecule for StM and 20 yg/molecule for BaM [26, 32]. This results in fairly
good saturation magnetization, M, and magnetic induction, By, values. The Curie
temperature, T, of the M-type hexaferrites is more than 100°C above that of the
much-used REE-based Nd,Fe;4B hard phase.

The large uniaxial anisotropy of the hexagonal lattice of StM and BaM (c/a = 3.9)
causes a large magnetocrystalline anisotropy along the c-axis, which yields relatively
high anisotropy constants, K; (see Table 1) [31, 33, 34] and a large theoretical maxi-
mum H_ of 594 kA/m [26]. For a hypothetical fully dense and perfectly-oriented
hexaferrite magnet, a theoretical maximum BH,, of 45 kJ/m® has been estimated [1].
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M, (Am®/kg) B(T) Tc (K) Ky (MJ/m®)

Feg,65C00.35 240 245 1210 0.018
Fe 217 215 1044 0.048
AINiCo5 [1] 159 1.40 1210 0.68
CoFe,0, [5] 75 0.5 793 0.27
BaFep,05 72 0.48 740 0.33
SrFey,019 72 0.48 746 0.35
Nd,Fe,,B 165 161 588 49

SmCos 100 1.07 1020 172

Sm,Coy; 118 1.25 1190 42

"Shape anisotropy.

Table 1.
Intrinsic magnetic parameters at room temperature (RT) for some representative soft and hard magnetic phases.
Data extracted from [31] unless otherwise stated.

3. Sintered hard ferrite permanent magnets

Toward the effective implementation of permanent magnets into a device, the
material in powder form has to be compacted into dense, mechanically stable and
magnetically oriented pieces (i.e., magnets). This conforming/densification process
(called sintering) generally involves applying elevated pressures and/or temperatures
to the material in powder shape [35]. As for most other materials, the mechanical
properties of the sintered piece rely on a high density. However, the importance of
achieving a highly dense magnet is enhanced for PMs, since the magnetic perfor-
mance (BHy,,x) is measured per volume unit, and hence, it is directly proportional to
the density.

The high sintering temperatures often end up undesirably altering the functional
properties of the starting material, and therefore, great efforts are dedicated to
both (i) adapting the sintering methods to the specific material of interest and (ii)
developing novel sintering strategies that lower the working temperatures, aiming
at minimizing the damage [35]. In the particular case of hexaferrites, a common
problem is the formation of hematite (x-Fe,0s) as a side phase. This iron oxide is very
prone to appear, as a result of its high stability, and causes a decrease of saturation
magnetization due to the antiferromagnetic nature of the phase. Fortunately, it has
been shown that a-Fe,0; can be avoided when the starting MFe;;0;9 powders have the
right M:Fe stoichiometry, yielding M, values approaching the expected ~70 Am*/kg
[26]. In contrast, limiting grain growth to circumvent the detrimental impact on H.
has proven more challenging [36]. Thus, M-type ferrites in powder form often present
coercivities far below the theoretical value, and the situation worsens for sintered
pieces (see Table 7 in ref. [26] for an extensive sample record). Owing to this, sintered
hexaferrite magnets are generally inferior to the theoretically achievable 45 kJ/m’ [1],
although specific studies have managed to come fairly close to this value.

Another important aspect in the sintering of PMs is the magnetic alignment of
the constituent particles and domains in the material. The magnetic particles may (or
may not) be magnetically aligned, resulting in anisotropic (isotropic if not aligned)
magnets. The greater the magnetic alignment, the more the M, value approaches
M, yielding a more square-shaped MH curve (as illustrated by the black curve in
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(a) (b)

: M
Single particle — Free-standing
powder
(c) (d) y
Compaction — Cﬁmpacted pellet
p (uniaxial
pressure)

Figure 4.

MFe,,0,, particles, displaying typical hexagonal platelet shape with the easy axis of magnetization novmal to the
platelet plane (and parallel to the crystallographic c-axis). This shape favors magnetic (and crystallographic)
alignment upon application of uniaxial pressure. Adapted with permission from [13].

Figure 1c), thereby maximizing BH,,y. Thus, the BH,, of mass-produced isotropic
M-ferrite magnets is around 10 kJ/m?, while the anisotropic kind ranges from 33

to 42 kJ/m® [37-40].! The magnetic alignment has been traditionally carried out

by application of an external magnetic field [26, 41], although recently patented
methods have succeeded in suppressing the external field by taking advantage of the
shape of the particles [42, 43]. Notably, the M-type ferrites are prone to form platelet-
shaped particles, with magnetization direction parallel to the platelet normal vector
(see Figure 4a). As illustrated in the figure, the platelet shape of the particles favors
magnetic (and crystallographic) alignment upon compaction.

During the last decades, different sintering strategies have been investigated aim-
ing at maximizing both the magnetic alignment (boosting B, and M,/M;) and the H,
on the sintered material. Lately, efforts have also been devoted to making the pro-
cesses greener and increasing recycling rates. The following sections intend to offer an
overview of the pros and cons of each of the alternatives.

3.1 Conventional sintering

Hexaferrites were first developed as a PM material by researchers at the Philips
Research Laboratories in 1950s. In 1952, Went et al. prepared a Ba-ferrite magnet with
agood H, value (2240 kA/m), although a limited B, derived from its isotropic nature
(0.21T) yielded a modest BHp,, of 6.8 kJ/m?> [44, 45]. Two years later, Stuijts et al.
developed a conventional sintering (CS) strategy to produce anisotropic BaM magnets

! Ferrite magnets with higher BHmax values are available commercially (up to 44 kJ/m), but in those cases
the material is doped with, e.g., La or Co. [39, 40].
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with BH .5 up to 28 KJ/ m° [41], which is essentially the method used nowadays to
make sintered ferrite magnets industrially. In brief, a sludge of BaM powders and water
is compacted while being held in an external magnetic field, producing a consoli-
dated piece (still poor in density) which is subsequently sintered at temperatures
above 1100°C to promote densification. Stuijts et al. explored sintering temperatures
between 1250 and 1340°C and noted that increasing the temperature maximizes the
density and the magnetic alignment (and therefore B,) but at the cost of decreasing

H,, as a consequence of the grain growth promoted by the elevated temperatures. This
problem, encountered already in 1954, has been the subject of extensive research since.

As mentioned earlier, structural characteristics such as crystallite size, size distribu-
tion, and crystallite morphology can largely affect the coercivity of ferrite magnets. In
particular, the highest H, values are attained for crystallite sizes close to the critical sin-
gle-domain size defined earlier [34, 45, 46]. The difficulty not only lies in being able to
produce particles of a specific size in a controlled manner, but it begins with determining
what this critical size is for a specific material. For isotropic StM crystallites, the critical
single-domain size has been estimated to be around 620-740 nm [16, 47]. However, the
experimentally reported crystallite/particle single-domain sizes of StM span from 30 nm
all the way up to 830 nm [47]. This is due to the high influence of particle morphology
in the attained coercivity, as well as to the different characterization methods used to
determine the reported size (i.e., particle vs. crystallites, number vs. volume weighted,
etc.). A study by Gjerup et al. showed that a much smaller critical single-domain size is
obtained for highly anisotropic crystallites, and therefore not only the overall size but
also the aspect ratio of anisotropic SrM crystallites should be considered when trying to
maximize H. [47].

Notably, reducing the size of the starting powders does not necessarily yield better
coercivities, as the grain growth upon sintering seems to be even greater when dealing
with materials of smaller particle sizes [48-50]. El Shater et al. sintered nanometric
BaM (100-200 nm) at 1000 and 1300°C, producing average particle sizes of 0.537 and
16.35 pm, respectively, with the consequent drop in coercivity (from 271 to 56 kA/m)
and the M, gain [51]. Therefore, the choice of sintering temperature must be a
compromise between minimizing grain growth (to maximize H.) and maximizing
densification (and, in turn, M,).

A common approach for limiting grain growth has been the use of sintering
additives. Kools proposed a mechanism through which SiO, would prevent the growth
of SrM grains during sintering and proved the effect for a range of SiO, concentra-
tions (0.36-1.44 wt.%) [52, 53]. Besenicar et al. reported that, besides limiting the
growth, SiO, induces some ordering of the SrM particles, resulting in very anisotropic
magnets with high relative density (97%) and satisfactory magnetic properties
(By~ 0.39 T, H. ~ 340 kA/m) [54]. Kobayashi et al. determined the optimal SiO,
concentration to be between 1 and 1.8 wt.%, showing a detrimental effect on H,
for greater SiO, additions [55]. Guzman-Minguez et al. reported the appearance of
~20 wt.% a-Fe,0; as a secondary phase for SiO, concentrations>1 wt.% [56].

CaO has been reported to favor densification, and therefore, it has also been
explored as a sintering additive for hexaferrites, in this case, with the aim of boosting
M,, although at the expense of aggravating the grain growth effect [46, 55, 57]. In
this context, the combined use of both additives has also been investigated. Lee et al.
reported a decent BHy,y of 29.4 kJ/m® when adding 0.6 wt.% SiO; and 0.7 wt.% CaO,
but neither remanence nor coercivity were terrific (B, = 0.36 T, H. = 281 kA/m) [58].
Topfer et al. fabricated a very dense StM magnet (98%) with a notable B, value of
0.42 T by incorporating 0.25 wt.% of SiO, and 0.25 wt.% CaO, although a moderate
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coercivity value of 282 kA/m only allowed for a BHy,,x = 32.6 K]/ m° [59]. Huang

et al. tested the combined addition of CaCOs, SiO, and Co;0,4 (1.1, 0.4 and 0.3 wt.%,
respectively), managing a remarkable BH,,,, of 38.7 kJ/m?, owing to an exceptional
remanence (0.44 T) and despite a modest coercivity (264 kA/m) [60].

Slightly superior magnetic parameters (B, = 0.44 T, H. = 328 kKA/m, BH .« = 376 K]/
m’) have been obtained from a two-step sintering (TSS) method adapted to StM by
Du et al. [61]. Here, the powders were cold-pressed as usual CS, but the subsequent
thermal cycle used for sintering was slightly more elaborate: after the first high-
temperature step, in which the maximum temperature (1200°C) is maintained for
only 10 min, alonger (2 h) heating step at 1000°C provides for full densification of the
SrM magnet [61]. The scanning electron micrograph (SEM) in Figure 6e from ref. [61]
illustrates the confined grain size, the high density and high degree of alignment, justi-
fying the good magnetic performance. A more recent work by Guzman-Minguez et al.
[62] combined a TSS approach with the addition of 0.2% PVA and 0.6% SiO,, realizing
great control of the grain growth at 1250°C (see Figure 5), although the obtained
magnetic properties were not as good as the ones previously reported by Du et al.

3.2 Spark plasma sintering

In the 1990s, a new commercial apparatus based on resistive sintering, called spark
plasma sintering (SPS) was developed by Sumitomo Heavy Industries Ltd. (Japan)
[63]. The SPS method is based on the use of an electrical current and a uniaxial
mechanical pressure under low atmospheric pressure, to simultaneously heat and
compact a powder sample [64]. The starting powders are typically loaded in a graph-
ite die, which is placed between two electrodes in a water-cooled vacuum chamber. A
uniaxial pressure is applied to the die while passing a DC electrical current through,
which heats up the sample due to the Joule effect (see Figure 1 in ref. [65] for a typical
SPS setup). The inventors of the system claimed the generation of plasma to take
place, thus leading to the technique’s name. However, although it is generally accepted
that plasma may be generated between particles due to electrical discharges, there
is no conclusive experimental evidence of such an occurrence [64]. Therefore, SPS
is sometimes referred to by alternative names, such as the field-assisted sintering
technique (FAST). The simultaneous application of temperature and pressure can
also be obtained by conventional hot pressing (HP). However, in SPS and HP, heat is
produced and transmitted to the material in different ways. In conventional heating

Figure 5.
SEM images of SrM pellet sintered at 1250°C by (a) Conventional sintering and (b) Two-step sintering. Reprinted
from [62], copyright 2021, with permission from Elsevier.
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the powders are sintered by heating the entire container using external heating
elements in a furnace. This leads to slow heating rates, long sintering times and waste
of energy in heating up all the components. The SPS method, however, has allowed
for increasing the heating rates, lowering the working temperatures and reducing the
dwell times [66, 67]. These benefits make SPS a good alternative when the goal is to
limit the grain growth during sintering [67], and potentially improve the obtained H.
(and BH,y,y) values of sintered hexaferrite magnets.

Numerous investigations focusing on sintering hexagonal ferrites by SPS have
been published in the last two decades. Obara et al. prepared fully dense StM magnets
by SPS at 1100°C and 50 MPa for only 5 min [65]. A fairly competitive H. of 325 kA/m
was obtained by doping with La,0; (1 wt.%) and Co;0, (0.1 wt.%). Although the
measured hysteresis loops were rather squared, the remanence value (0.32 T) was not
sufficient to guarantee a noteworthy energy product (BHp,, = 18.3 kJ/m?®). Mazaleyrat
et al. sintered BaM nanopowders with sizes below 100 nm and managed to hold grain
growth and produce a H, of 390 kA/m [68], which even surpasses the value reported
for the La and Co-doped material described above. Unfortunately, a deficient density
(88%) degraded the BH,,x down to 8.8 K/ m>. Ovtar et al. sintered the same batch of
90 nm BaM nanoparticles by both CS and SPS, producing much smaller sizes through
the second method [69]. Additionally, they realized that secondary phases (Fe;0,
and a-Fe,03) tend to form on the surface of the BaM SPS pellets, and tested different
materials for the protective discs separating the sample from the graphite die (BN,
Au and a-AlL0;) concluding that a-Al,O; was the one performing best. The resulting
density was rather low 82%, but the coercivity was adequate (350 kA/m). Stingatiu
et al. attempted downsizing a pm-sized StM material by a ball-milling step prior to
consolidation through SPS [70]. The resulting density was satisfactory (90%), but
unfortunately, ball-milling was seen to amorphized the surface of the SrM, which
triggered the formation of secondary phases during SPS, this having a detrimental
effect on the magnetic properties (BHy,y < 10 kJ/ m?).

Saura-Muzquiz et al. prepared nm-sized StM powders by hydrothermal synthesis
(HT) with hexagonal plate-like particles (such as those in Figure 4) with very small
sizes; in some cases, the platelets were as thin as a single unit cell (i.e., <3 nm) [17].
These HT-synthesized SrM powders were consolidated by SPS yielding appropriate H,
values of 301 kA/m. More importantly, the highly anisotropic shape of the particles
provided for a pronounced magnetic alignment of the sintered SrM magnets, inher-
ently occurring as a result of the simultaneous application of elevated temperature
and uniaxial pressure, just as illustrated in Figure 4. Here, an M,/M; ratio of 0.89
was reached without applying an external magnetic field neither before nor during
sintering, yielding a BHp,, value of 26 kJ/m’. Figure 6a shows the magnetic hysteresis
of the HT powders and the corresponding SPS pellet, evidencing the squareness of
the latter. Achieving magnetic alignment without a magnetic field is very convenient
from an industrial point of view because it allows a full step to be removed from the
manufacturing process (i.e., the magnetization), which simplifies the procedure,
reduces costs and increases energy efficiency [42]. Figure 6b displays the powder
X-ray diffraction (PXRD) data measured on both SrM powders and SPS pellets.
Despite the very dissimilar appearance, Rietveld analysis demonstrates that both
PXRD patterns are consistent with pure-phase SrFe;;0y9 although with notable differ-
ences in crystallite size and orientation. The highly anisotropic shape of the powders
is visible from the sharpness of the ikl-reflections describing the crystallite on the
platelet plane, such as (110) or (220), compared to the large broadening of those asso-
ciated with the platelet thickness, e.g., (008), all this in agreement with much smaller
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sizes along the c-axis than on the ab-plane (i.e., thin platelets). Regardless of the
difference in peak broadening, Bragg reflections of all orientations are present in the
PXRD pattern measured for the StM powders, demonstrating a random orientation
of the crystallites. However, the very intense 440 reflections are absent for the PXRD
pattern recorded for the SPS pellet, while 00 [ reflections (as well as others with high
contribution from the c-crystallographic direction) are systematically intensified,
thus indicating a marked preferred orientation of the platelets. As explained before,
for M-type platelet-shaped particles, crystallite/particle alignment goes together with
magnetic alignment. The crystallographic alignment was further studied based on
pole figure measurements (Figure 6c), a slightly more complex diffraction measure-
ment enabling quantification of the degree of orientation (Figure 6d).

Optimization of both the HT synthesis route [71] and the SPS protocol [18, 72], as
well as the correlation of structural and magnetic properties, allowed reaching M,/M;
ratios as high as 0.95, although at the cost of reducing H. down to 133 kA/m, with
which the BH,,, improvement was only moderate (29 kJ/ m>) [73]. However, per-
forming a thermal treatment at 850°C after SPS was enough to reach a BH .« = 36 K]/
m’, value on the order of the highest-grade commercially available ferrite magnets
[37-40], while avoiding the use of an external magnetic field. Applying this SPS pro-
tocol to StM powders produced by synthesis methods other than HT did not yield such
outstanding magnetic properties due to an inferior particle orientation degree and,
hence, a poorer magnetic alignment [72, 74]. A newer study by Saura-Muzquiz et al.
confirmed that the degree of magnetic alignment using this preparation method could
be tuned by modifying the aspect ratio of the initial powders, reaching almost fully-
aligned pellets (M,/M; = 0.9) with densities above 90% [74]. Higher alignment leads to
higher squareness and thus greater M,/M; ratio and BH ., but it is accompanied by a
reduction in H, due to the inversely proportional relationship that exists between mag-
netization and coercive field. Nonetheless, by reducing the degree of alignment, they
were able to obtain SrM magnets with a large H, of 412 kA/m, proving the potential of
SPS to overcome the reduction of H. due to excessive crystallite growth.

Recently, Vijayan et al. reported the use of SPS not only for densification of ferrite
powders but for the direct synthesis of aligned SrM magnets [75-77]. In this study,
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Figure 6.

(a) Magnetic hysteresis loop of HT-synthesized SrM nanoparticles and corresponding SPS pellet. (b) PXRD data
along with the Rietveld model of the same samples. (c) X-ray pole figure measurements and (d) Oriented volume
fraction of SPS pellet. Reproduced from vef. [17] with permission from the Royal Society of Chemistry.
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SrM is synthesized directly during the SPS process using a precursor powder of
antiferromagnetic six-line ferrihydrite (FeOOH) platelets mixed with SrCO;. A low
SPS temperature of ~750°C was sufficient to drive the reaction between the six-line
phase and SrCO; to produce SrFe;,0y9, while the anisotropic shape of the hydrother-
mally synthesized six-line phase ensured the alignment of the resulting SrM particles.
Following this synthesis method, they were able to produce a dense SrtM magnet with
a BH,.x of 33(4) kJ/m®, a M,/M; of 0.93 and a H, of 247 kA/m.

3.3 Microwave sintering

In the field of hexaferrite research, microwaves (MWs) have mainly been used
for synthesis purposes, although a few sintering attempts using MWs have also been
reported [78-80]. In all of them, powders are initially cold-pressed, followed by a
MW treatment, using frequencies in the GHz range, to sinter the piece [35]. In 1999,
Binner et al. used MW to sinter ferrite nanoparticles reporting a limited grain growth
for nonagglomerated starting powders, although they failed to avoid cracks in the
final sintered pieces [78]. Ten years later, Yang et al. succeeded in making 97% dense
BaM magnets by MWs sintering [79]. They also managed to prevent the appearance
of a-Fe,0; in the final material, although they did not succeed in preventing grain
growth, in turn producing a rather low H, (<50 kA/m).

Recently, Kanagesan et al. tested fast heating rates (50°C/min) and short dwell
times (10 min) to MW sinter some Sr-ferrite powders synthesized by sol-gel [80].
The MW sintering at 1150°C yielded a 95% SrM ceramic magnet with a fairly high
H, of 445 kA/m. However, the M, value (50 Am®/kg) was not outstanding, although
the sample seems relatively pure from powder diffraction data. The M, value is also
rather low (230 Am?%/ kg), which is expected from the poor alignment of the SrFe;;,0y9
particles observed in the corresponding SEM micrograph (see Figure 2 in ref. [80]).

3.4 Cold sintering process

In 2016, Guo et al. reported a new sintering strategy named cold sintering process
(CSP), with which they were able to attain high densification degrees for a wide range
of inorganic materials at temperatures <200°C, fabricating materials with functional
properties comparable to those made by conventional high-temperature approaches
[81]. For CSP, the ceramic powders are mixed with a small amount of aqueous solu-
tion, which partially dissolves the particle edges and facilitates diffusion and mass
transport, aiding the sintering process, which in turn occurs at lower temperatures.
Sintering at low temperatures is very attractive in general, as it reduces energy
demands, making the process greener and more cost-efficient. This is especially
interesting for M-ferrite magnets, as lower working temperatures are expected to
minimize grain growth. The exact role of the solvent during CSP is still under discus-
sion, but it is believed to induce the formation of an amorphous phase at the grain
boundaries, which eases sintering and may also restrict grain growth [81].

To the best of our knowledge, there is only one research group that has tested
CSP on hard ferrites. In 2021, Serrano et al. patented a CSP method that allows the
fabrication of dense SrM magnets with magnetic properties in the order of medium-
grade commercial ferrite magnets [43]. In the CSP method developed by Serrano,
SrM powders are mixed with glacial acetic acid, and the wet mixture is subjected
to a uniaxial pressure (%400 MPa) while heated at 190°C [82]. After CSP, relative
densities of about 85% are obtained, which can be driven up to 92% by subsequently

79



Ceramic Materials — Present and Future

treating the sintered piece at 1100°C for 2 h. This last sintering step also has a benefi-
cial effect on the magnetic properties (see Figure 7a). In particular, M;at 5 T increases
from 49.2 to 73.7 Am®/kg, and H, goes from 119 to 223 kA/m. For the final product,

a M,/M ratio of 0.68 was obtained. The density obtained by conventional sintering

at 1100°C for 4 h (no solvent, no hot compression) was only 77%, and the magnetic
properties were slightly inferior (see Figure 7b). Conventional sintering at 1300°C
yielded higher density (97%) but very poor magnetic properties (H, = 48 kA/m and
M,/M; = 0.33) due to the dramatic grain growth caused by the high temperature (see
bottom FE-SEM micrograph from Figure 7b).

Further investigations have been carried out using different organic solvents
(i.e., oleic acid and oleylamine) and widening the pressure and temperature ranges
explored (up to 270°C and 670 MPa) [83]. In all cases, the average grain size of the
CSP ceramic magnet was about 1 pm (similar to the starting StM powders), while
similar conventional sintering processes typically yield average grain sizes above
3 um [62].

With the aim of further improving the density and magnetic properties of CSP
magnets, the addition of a small amount (10 wt.%) of nanometric SrM to the original
micrometric StM powders was tested, moderately increasing H. (239 kA/m) and
M,/M; (0.73), although the density value continued at 92% [84]. These numbers are
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Magnetic hysteresis and FE-SEM correspond to SrFe,,0,, magnets fabricated by (a) CSP at 190°C, CSP followed

by annealing at 1100°C, (b) conventional sintering at 1100 and 1300°C. Reprinted from [82] with permission from
Elsevier.
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competitive in the context of commercial SrM magnets. As an example, Hitachi’s
NMF-7C series display values of H. = 220-260 kA/m and M = 68 Am2/1<g) [40].

4. Summary and perspective

In the present chapter, the main sintering approaches applied to manufacturing
hard ferrite ceramic magnets have been reviewed. Table 2 summarizes the proper-
ties of top SrFe;;O;9 magnets fabricated by the various discussed sintering strategies.
Conventional sintering (CS) continues to be the quintessential industrial method for
M-type hexaferrite PM fabrication, owing to its technical simplicity and relatively
good resulting properties. However, this approach is highly inefficient, as most of the
energy employed is irreversibly dissipated as heat [85]. Therefore, the search for more
energy-efficient methods continues to be an active field of research.

Multiple studies have demonstrated that spark plasma sintering (SPS) allows the
production of PMs with much higher M,/M; ratios than CS. However, the increase in
texture comes at the cost of reduction in H, values, which, therefore, still needs to be
improved. As a result, magnets made using SPS end up displaying a similar perfor-
mance (BHp,,y) to the best CS examples. Additionally, technical challenges hinder the
replacement of CS by SPS in the industrial production of magnetic ferrites, since cur-
rent SPS machines only allow producing relatively small pieces with very few specific
shapes (typically cylindrical pellets).

Only a few attempts have so far been made to densify SrM by the relatively new
cold sintering process (CSP) and therefore, there is still much to explore and opti-
mize. However, the CSP has already allowed the preparation of hexaferrite magnets
with magnetic properties comparable to medium-high grade commercial ferrites,
while lowering the sintering temperature. This reduces energy consumption by about
9 kWh/kg, which leads to energy savings of ~#29% compared to the sintering methods
employed industrially at present.

The results obtained by microwave sintering (MWs) have been very satisfactory in
terms of both density and H,, but the resulting M, and M,/M; values are still insuf-
ficient to be commercially competitive. As with CSP, reports are scarce and further
exploration is required.

Sintering has undergone significant innovation over the last decade [35], with
the introduction of a number of new sintering technologies, such as flash sinter-
ing [86, 87], and various modified SPS methodologies, like flash SPS (FSPS) [88],
deformable punch SPS (DP-SPS) [89], or cool-SPS [90]. As a result, there are more

M, (Am’/kg) M,/M, M, (Am*/kg) H. (kA/m) BH oy (IJ/m®) Pret (%)
cs ~68 ~1 68 328 37 >99
SPS 73 0.93 678 225 36 >95
CSP 73 0.73 53 239 — 92
MWs 50 ~0.62 =31 445 — 95

Table 2.

Magnetic parameters and relative density for top representatives of SrFe,,0,, magnets manufactured following
the different sintering approaches described in the present chapter, i.e., conventional sintering (CS) [61],

spark plasma sintering (SPS) [18], cold sintering process (CSP) [84], and microwave sintering (MWs) [80].
Approximate values (=) are graphically estimated from the article figures.
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alternatives available for sintering ferrites with enhanced magnetic characteristics and
microstructure. To our knowledge, none of the just mentioned have yet been examined
on hard hexagonal ferrites, leaving lots of room for additional study in this area.
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Chapter 5

On Recent Progress on Core
Shell Nanostructures of Colossal
Permittivity Materials for
Capacitors: Synthesis and
Dielectric Properties

Cécile Autret-Lambert, Samir Merad, Sonia De Almeida-Didry,
Olivier Motret and Frangois Gervais

Abstract

Dielectric materials with colossal permittivity show promise for the development
and miniaturization of high-performance capacitors. CaCu3Ti40;, (CCTO) improve-
ment for multilayer ceramic capacitors (MLCCs) has been achieved. CCTO shows a
large ¢ of ~10* over a temperature range. This behavior is due to a potential barrier at
the grain boundaries (GBs). CCTO ceramics have an electrically heterogeneous
microstructure with semi-conducting grains and more insulating GBs, analyzed by an
internal barrier layer capacitor (IBLC) structure model. Therefore, the dielectric
properties of these materials can be improved by changing the electrical properties of
the grains and GBs. In this context, core-shell approaches to control the GBs have been
developed. This chapter presents advanced synthesis techniques (by chemistry way
but also by cold plasma) to design the dielectric grains of CCTO by shells of different
nature, morphology and crystallinity and shows the impact on the macroscopic
properties.

Keywords: core-shell particles, CCTO, dielectric properties, IBLC, pulsed cold plasma

1. Introduction

Mobile electronic devices connected to the broadband network and with high
transmission capacity are widespread. The trend today is toward miniaturization,
better quality and lower power consumption. Capacitors, filters, resistors are among
the passive components widely used. Conventional capacitors, i.e. monolayer capaci-
tors have been primarily used. However, the MLCC component has taken the lead due
to its high capacity properties even with smaller sizes, high reliability and excellent
frequency characteristics [1-5]. Recently, the worldwide shortage of electronic com-
ponents such as MLCC capacitors has become a major problem. In recent years,

89 IntechOpen



Ceramic Materials — Present and Future

electric vehicles, which require a large number of capacitors because of their elec-
tronic control and automation systems, have a great need of them. Many dielectric
layers that are stacked alternately by internal electrodes connected in parallel consti-
tute the MLCC device. This configuration allows increasing the capacitance of the
components [6, 7]. However, the capacitance can be enhanced with thin dielectric
layers and with the number of stacked layers but also by using high-k dielectrics. The
BaTiO;-based dielectric material is used as the reference material in the multilayer
ceramic capacitor (MLCC) industry with noble metals such as palladium or nickel as
internal electrode. MLCCs suffer from various disadvantages. Due to the different
materials (dielectric material and electrodes) with different sintering temperatures
and coefficients of expansion, cracking or delamination occurs at the interfaces of the
layers. This residual stress has an unfavorable effect on the mechanical and electrical
properties. To overcome these problems, another promising solution has been devel-
oped, the ceramic-metal composite materials (CMC), in which metal particles are
dispersed in the ceramic matrix without interacting with the network structure. In
these materials, ceramic acts as an insulating phase while metal particles are used as
conductors. The enhancement of the permittivity in these systems (MLCC and CMC)
is due to the ceramic/metal interface [8, 9].

However, modern technologies require new materials to develop new technolo-
gies. Indeed, the nanotechnology industry continues to grow rapidly in order to
expand the field of applications but also to improve the devices used today. Thus two
ways are possible, the fabrication of nanomaterials or so-called “core-shell” materials.
With regard to nanomaterials, a great effort has been made toward the synthesis and
application of nanoparticles because of their unusual physical and chemical properties
due to their very different specific surface compared to the bulk properties [10, 11].

More recently, research has focused on nano-structured “core-shell” nanoparticles
to adapt structural, magnetic, electrical properties but also to change surface proper-
ties. The purpose of the “core-shell” is to coat particles with another type of material.
The presence of the shell can modify the surface, to increase the core material func-
tionality or stability. For example, the temperature stability of the dielectric properties
in the capacitor is always asked to extend the field of applications. One possibility is to
use these core-shell nanostructures which have a different chemical composition
between bulk grain and grain boundary (GB) [12, 13]. In the literature, many differ-
ent materials such as metal oxides, noble metals or polymers are used as shells to coat
the BaTiO; particles [14, 15]. In the field of high permittivity dielectrics, such as
BaTiOs, it is interesting to coat with a stable insulating material such as SiO,, which
also has the advantage of being stable, chemically inert and non-toxic [16, 17]. More-
over, the preparation of the SiO, shell is well-known. And a homogeneous distribution
of SiO; layer coating is very important to prevent the exaggerated grain growth and
the segregation of SiO, which can alter the dielectric properties [18, 19]. In 2008, Wei
et al. proposed a method, in their patent, for elaborating core@shell structured
dielectric particles consisting of a conductor core and one or more layers of thinly-
coated dielectric material for use in multilayer ceramic capacitors (MLCC) applica-
tions [20]. This new configuration was considered to replace conventional BaTiO;
dielectric materials as capacitor active layers.

From a general point, the permittivity results from both intrinsic or extrinsic
properties, the latter been associated with possible existence of domains, defects,
doping, internal strains... [21-23]. In some cases, a strong increase in permittivity,
slightly constant on a large range of temperatures can be observed depending on the
doped BaTiOj; substitution [24] or on the synthesis atmosphere which can create
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vacancies or doping on the grain surface but not penetrate the interior of the grains
[25]. Permittivity values as high as 10° have been reported for nanostructured mate-
rials, such as core-shell structures with a BaTiO3 core and a shell made of another
material like SiO,, AlO5... [26]. These good properties are used in industrial capaci-
tors of type III or X7R4-5, where high permittivity and capacitance are needed.
However, these capacitors come with the drawback of low breakdown voltage; high
frequency sensitivity and temperature-related performance variation. For example,
the high permittivity of BaTiOj; originates from FE-PE phase transition and it means
that the properties vary strongly with temperature. In this work, we will focus on the
perovskite-like oxide CaCu3Ti4O1, (CCTO) proved to be one of the best candidates
due to its interesting dielectric constant er ~ 10*-10° in a large temperature and
frequency range [27, 28]. Despite its colossal dielectric constant, CCTO material
exhibits a strong loss tangent and a low breakdown voltage that limits its use in
industrial application [29]. On the other hand, numerous studies have been conducted
and many mechanisms have been proposed to explain the origin of the colossal
dielectric constant [21, 30]. The most widely accepted mechanism, known as the
Internal Barrier Layer capacitance (IBLC), consists of semi-conducting grains and
insulating GB. The grains would behave as the electrodes of a capacitor and GBs act
like the dielectric. This configuration consists of many capacitors in series that could
explain the high dielectric constant. Some authors attempt to approximate the per-
mittivity as a function of the grain boundary permittivity using this formula:

e=¢gp At (1)

where g, is the permittivity of the grain boundary, A is the size of the grain (um)
and ¢ is the thickness of the grain boundary (pm) [31-33].

Thus the idea of the existence of semi-conductor grains and insulating GBs leads us
to the idea of making this configuration by developing nanostructured “core-shell”
materials. For that, we envisaged to optimize the synthesis methods for the produc-
tion of CCTO-based core-shell nanostructures. The main problem when coating the
high-k material (CCTO) is achieving control over homogeneity and the shell thick-
ness. This control is crucial not only for regulating the properties of the GBs but also
for limiting the diffusion of chemical elements between the core and the shell, which
can potentially alter the material’s properties. Through an overview of recent results,
we will highlight the advantages and disadvantages of synthesis for different coatings.
We will also show a new way of synthesizing “core-shell” which is promising for shell
quality.

2. CaCu3Ti, 04, particles
2.1 Structure

The crystal structure of CaCu3Ti,O1, was discovered at the first time by Bochu
et al. and confirmed by Subramanian et al. [30, 34]. CCTO crystallizes in a cubic
structure that is derived from the ideal cubic perovskite structure (ABO3). In this
structure, there is an arrangement of Cu”** and Ca®* cations constituting the A-site,
resulting in the chemical formula AA’3B40;, formula. The Jahn-Teller effect causes
the Cu®* cation site to occupy a square-planar environment instead of a 12-coordina-
tion site as the ideal perovskite, which induces a strong tilting of TiO¢ octahedra.
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The unit-cell body-centered cubic CCTO with the Im-3 space group consists of two
formula units with cell parameters a ~ 7.39 A. The structural analysis as a function of
temperature showed no structural transition, indicating the absence of a ferroelectric
transition [35].

The dielectric permittivity of CCTO has been reported in a large range from 100 to
10° in films, single crystals or bulk [30, 36-38] and in certain cases, the permittivity
remains constant in a large domain of temperature. Even if today an explanation is not
convincing, the community agrees that there is no ferroelectric transition and that the
behavior is not intrinsic [39]. Then it was assumed that the colossal permittivity could
find its origin from extrinsic properties of the material. In 2002, Sinclair et al. have
proposed a theory to explain this behavior, based on their impedance spectroscopy
results [40]. Indeed, by association of semi-conducting grains and insulating grain-
boundaries, there would be an internal barriers phenomenon named “Internal Barrier
Layer Capacitance” effect (IBLC). However, the strong & value observed in single
crystals indicates that the insulating barriers exist within the crystals themselves
rather than between them, indicating the presence of twin boundaries that act like
barriers [30]. Even if the structure has a decisive role, it seems that the good proper-
ties are enhanced by the microstructure of the compounds and specifically by the GBs.

2.2 Parameters influencing the CCTO properties

The CCTO dielectric properties may be affected by many factors, including the
synthesis method, sintering temperature and time, doping ions and electrode mate-
rials [36, 41-44].

2.2.1 Sintering temperature and time effect

Brize et al. worked on the effects of the synthesis conditions by using various
conditions such as the powder mixing, the time, the calcination temperature [45].
Although the development of oxide materials by solid-state reaction remains a widely
used method of synthesis, they preferred to use the modified citrate process [46].
Nanometric powder can be obtained with this synthesis method depending on the
time and the calcination temperature. They choose the temperature from 500°C up to
750°C and the time from 8 h up to 20. All pellets were sintered at the same tempera-
ture, which was maintained at 1050°C for 24 h. They showed that the best properties
were observed for the powder calcined at 500°C for 20 h with dielectric constant close
to 10°. This strong dielectric constant was related to the large grain size and density.
The grain size effect was already reported by Bender et al. as early as 2005 [47]. Later,
Sonia et al. confirmed that the grain size favors high permittivity (Figure 1) [48].
These observations validate the proportionality of e, with the size A of the grains of
the IBLC model (Eq. (1)).

2.2.2 Doping effect

The cationic substitution on the A, A’ and B sites can change the dielectric and
electric properties. Numerous papers in the literature relate the CCTO doping by one
element and more recently by two elements, i.e. the co-doping [49]. Clearly, the
substitution and co-substitution have a strong influence on dielectric (e, and tan d)
and electric properties as summarized by Ahmadipour et al. [50] and S. De Almeida-
Didry et al. [51]. The list is not exhaustive, but taking into account the results, the best
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Figure 1.
Increase of permittivity of undoped CCTO with the average size of the grains [1-5].

dielectric constant was given for the CCTO containing less copper but at the expense
of the loss tangent. It was also demonstrated that the colossal dielectric properties
were collapsed by Mn and Fe doping even with a slight substitution equal to 0.5% or
1% [38, 52-54]. The permittivity for further materials with doping or co-doping is
between these two extremes. However, none of them satisfies the properties required
for use in the industry. To understand the mechanism, Sinclair et al. did some complex
impedance spectroscopy measurements [40]. They showed that the dielectric proper-
ties originate from the electric grain behavior and GBs. Indeed, the grains have a semi-
conducting character and the grains boundaries are insulating. This difference
between insulating GBs and semi-conducting bulk can be schematized by IBLC struc-
ture, which effectively explains the properties of these ceramics. Numerous studies
have shown that copper comes out of CCTO grains during the sintering process and
this causes a difference in electrical behavior in grains and GBs. Grains have copper
vacancies and become conductive while GBs are insulating, leading to the formation
of the IBLC structure [55-59]. Concerning the Mn and Fe doping, Krohns et al. put
forward the reduction of grain conductivity that implies that the phenomenal IBLC is
suppressed. They argued that the permittivity is related to the polar character of
phonons without amplification by barrier layers [38]. Finally, the cations, which seem
to be good candidates, are Cr*, La®*, AI**, however, resistivity is still too far from the
values required for industrialization [49, 60, 61].

Sinclair et al. have shown the existence of Schottky barriers at the interfaces, and
they insist on the role of the GBs between semi-conducting grains. The Schottky
barriers likely are at the origin of the non-linear behavior of J-E characteristics, where
E is the electric field and ] the current density that is a drawback in a charge storage
device. Sinclair et al. have concluded their paper by the fact that CCTO ceramics with
grain size of few micrometers do not present this non-linearity and could be good
candidates for applications due to their permittivity resulting from a “core-shell”
structure of insulating GBs and conducting grains [40].

2.3 The nature of grain boundaries understanding

To summarize, the studies conducted in the literature revealed that the GBs play a
key role since the relative permittivity could be estimated according to the Eq. (1). In
this purpose, the precise study of the structure, grain boundaries composition could
be crucial. From a sintered ceramic of CCTO with large grains and small GBs, a cross-
section sample was prepared using a dual-beam focused ion beam (FIB) based on a
focused Ga* ion beam and transferred to a Cu-grid using a micromanipulator. The
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I
10nm

Figure 2.
(a) TEM lamella preparation by FIB, (b) STEM images showing the two grains sepavated by a dark line (grain
boundary) and (c) and (d) SAED patterns of ovientated grains.

lamella was located on a GB surrounded by two grains. Figure 2 illustrates a SEM
image of the TEM lamella with two grains separated by a GB, which appears with a
darker line. SAED studies permit to obtain ED patterns for each well-crystallized
grain. There is no correlation between the orientations of the grains, the main dots are
indexed and the zone axes are different (Figure 2).

The HRTEM image (Figure 3) shows a view of the crystal with a uniform back-
ground contrast consisting of a very regular array of bright dots spaced by about 5.2 A
for the <011>. No defect is evidenced. The GB cannot be aligned; its width is of a few
nanometers about 5 nm (insert Figure 3). The observed contrast is confused and could
correspond to amorphous phase or to the superimposition of two crystallized domains.
HRTEM cannot bring any more information on the GB, so elementary cartography by
STEM was done allowing analysis at nanometric scale. EDX line profile was performed
across both grains. No change of the element ratio was observed at the interface. This
study at nanometric scale was also studied by B. Domenggs et al. on two different
lamellar. They showed an identical result to ours on one cross-section and the other
showed the existence of Cu-rich phase that can answer the question of what type of
phase is constituted GB explaining the IBLC mechanism [62].

3. Strategies of design of core-shell CCTO@MO

3.1 Synthesis of the core (CCTO)

Solid-state reaction is the predominant method used to prepare the core composed
of CaCu3Ti4O4,. This method is simple and allows the preparation of the materials
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Figure 3.

High resolution TEM images taken with [111] zone axis. In inset, zoom on the GB.

from a mixture of solid starting materials. The reagents CaCO3, CuO and TiO, were
weighted in stoichiometric proportions. The precursors are then mixed and ground in
isopropanol using zirconia balls for 6 h to homogenize the powder. Finally, the
resulting powder is put in a muffle oven for a heat treatment of 950°C for 24 h. This
synthesis process was chosen for the reproducibility of the structure and microstruc-
ture of the powder, more particularly, the size of the grains remains constant and close
to 1 pm and the IBLC mechanism requires large grains (Eq. (1)). The quality of the
powder was checked by XRD diffraction and the average size of the grains was
analyzed using laser granulometry and SEM (Figure 4).

3.2 Surface charge of the CCTO particles

The dispersion of CCTO powder is a key point for the coating. This is very critical
for nanopowders with size particles inferior to 100 nm. This is not the case of the
CCTO used in this study, since the particle size is close to 1 pm. However, it is very
important to be able to disperse homogeneously the particles in a solvent. For this, the
particle surface charge needs to be known in an aqueous or non-aqueous medium. The
particle surface properties are related to the potential of the particles in different
environment. The surface charge is a property that all materials possess or acquire
when they are suspended in a solution. The charge was evaluated by zeta potential
measurements in relation to pH value. The started solutions contain CCTO sample
mixed in a KOH solution, which is titrated with an HCI solution to decrease pH until 2.
As the solution is titrated versus pH, the intercept is called iso-electric point (IEP) and
corresponds at the maximum of instability of the particle dispersion. On the other
hand, the maximum stability is obtained at high absolute potential values. So taking
into account the Figure 5, the stability of the CCTO is found for a basic pH.
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Figure 4.
(a) SEM images of CCTO particles synthesized by solid state reaction and (b) particle size distribution by
granulometry.
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Zeta potential of CCTO versus pH.
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Figure 6.
Mechanism of silica shell formation on the CCTO particles.

3.3 Silica-based core-shell CCTO

The schematic illustration of the core-shell structured process is depicted in
Figure 6. The method is based on the Stéber process [63] in which silica shell is
formed around a core via the hydrolysis followed by a condensation reaction of a
silicate precursor—in this work, we used TEOS. The Stober method takes place at a
basic pH close to 10. The negative zeta potential of CCTO (Figure 5) means that OH
groups are on the surface, and then the silicate group from the TEOS precursor
attaches to the -OH groups. After this first layer, additional layers are formed by
hydrolysis and condensation of TEOS.
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The process of CCTO core@silica-shell was as follows. At first, CCTO powder was
added in a mixed solution of ethanol/H,O/ammonia (75/23.5/1.5%vol) and the solutions
were adjusted to a pH value of 10. Several concentrations of CCTO in the solution were
tested (2 g/1, 5 g/1, 10 g/1). No influence on the coating and dielectric properties was
identified. For industrial applications, the powder amount must be important, so the
concentration of 10 g/L was chosen. The solution was stirred at room temperature during
1h. Afterwards, tetraethyl orthosilicate (TEOS) was slowly added in the first solution
under magnetic stirring. The final solution was mixed for 12 h. Finally, the mixed solu-
tions were centrifuged and washed with ethanol several times and then the powders were
dried at 80°C for 12 h to obtain core-shell structured CCTO@SiO, particles. This process
and the volume of ammonium make it possible to obtain a homogeneous and uniform
SiO; shell surrounding the CCTO particles [64]. The thickness of the silica shell can be
calculated by changing the amount of TEOS used in the following reaction:

Mrtros X psio, X

Vigos = x Np(CCTO)(D? — d° 2
TEOS preos X Msio, X 6 p( )( ) 2
with
X 6
Np = m(CCTio)3 (3)
(P(CCTO)”d )

Where (d) is the CCTO particle diameter (um), (D) is the core-shell particle
diameter (um). The CCTO particles are assumed to be spherical with 1 pm as diameter
(d), as observed on the as-synthesized CCTO particles. The eq. (2) is as a function of
the molecular weights of SiO, formula unit and TEOS (g.mol '), the densities of silica
and TEOS (2 g.cm > and 0.934 g.cm >, respectively). The amount of TEOS was
calculated from the average size CCTO particles (~1 pm) to obtain a silica
nanocoating from 1 to 125 nm.

3.4 Shell thickness and uniformity

To confirm the shell, transmission electronic microscopy was used. HR-TEM
images demonstrated that the particles have a core-shell structure with different
contrast for both phases, light contrast for the silica shell and dark contrast for the
core of CCTO (Figure 7). To confirm these contrasts, STEM-EDS mapping of
CCTO@SiO, particles was conducted for a thickness close to 10 nm (Figure 8a). The
CCTO particles were successfully coated by silica shell. As shown in Figure 7, we
found that the shells were uniform and homogeneous. The experimental shell
thickness was found to be consistent with the calculated thickness, at least up to
20 nm. Thereafter, it is observed that the thickness remains constant for a
thickness slightly above 20 nm (Figure 8c). Thus, for a high concentration of
TEOS, the appearance of spherical SiO, particles is observed (Figure 8 (a thickness
of 65 nm image)). The formation of spherical SiO, particles in addition to the
particles coating is always a side effect in the coating process. Therefore, it is crucial to
control the proportion not only of TEOS but also of ammonium that serves as a
catalyst. In the literature, it has been shown that for an optimized ammonium con-
centration, there is a minimum concentration of TEOS needed to guarantee full
coating of the particles, and then the shell thickness can be adjusted with the
concentration of TEOS [64-66].
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20 nm

Figure 7.
TEM images of CCTO@SiO, for thickness shell from 1 nm up to 65 nm. The light contrast corresponds to the
amorphous shell.

3.5 Surfactants effects on core-shell particles

The coating by chemical process to obtain a homogeneous shell is sometimes
difficult due to the nature of surface (charge, hydrophobic, ...) and mutual chemical
interactions. To improve the shell, several agents can functionalize the core particles.
Moreover, the surface modification is demonstrated to improve the dispersibility of
particles in a solvent. Researchers have also demonstrated that the surface modifica-
tion has an influence on grain growth [67, 68]. PEG, Brj58, F127 agents are used as in-
situ surfactants. CCTO particles with the modified surface were then used in the
Stober process to coat them with a silica shell. Jana et al. described different mecha-
nisms for the functionalization of core particles with the Stéber method [69]. Brij58/
F127 agents are surfactants characterized by CMC (Critical Micellar Concentration).
CMC is the concentration of surfactant in an environment from which micelles form
spontaneously. Below this, the surfactant forms a layer on the surface of the liquid and
the rest is dispersed in the solution. We tested the concentration below and above the
CMC of each surfactant. Surfactants have a crucial role in improving stability of
colloidal system. To investigate the stability of these systems, zeta potentials were
measured at pH = 10 (Figure 9).

As shown in Figure 9, the effect of surfactant on CCTO particles is not the one
expected for a pH equal to 10, which is the value of solutions in the Stéber process.
However, regardless of the surfactant used, coating up to 20 nm (by step of 5 nm)
was possible. For each system, the pellets from materials coated with a 20 nm thick
SiO; shell, were sintered at 1050°C for 24 h and the dielectric properties were

98



On Recent Progress on Core Shell Nanostructures of Colossal Permittivity Materials...
DOT: http://dx.doi.org/10.5772 /intechopen.1002472

b)

120k
/
g0 ©
£100 F //
4 -
2 80} P
- A
% 60 - S
3 pd
E 40 + H
5 L ‘/‘ . *
g 200 ¢
£ ! ./t
O 1 1 1 1 1 1
0 20 40 60 80 100 120

calculated shell thickness (nm)

Figure 8.

(a) Compositional elemental mapping of a core-shell nanoparticle using STEM-EDX, (b) bright-field
transmission electron microscopy (TEM) image of a cove-shell nanoparticle and (c) real shell thickness for all
samples as function as shell thickness calculated with Eq. (2).
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Figure 9.
Zeta potential measured for CCTO without and with surfactants (PEG, Brij and F127).

measured (Figure 10). The good properties obtained in the table are linked with the
high average grain size. The benefit of the surfactant in the case of SiO, shell is
unclear and their exact role in preventing agglomeration is still under discussion.
This fact was already noted in the work of Hai et al. on BaTiOj3 particles [70].
However, for other shells like Al,O5, the surfactant helped us to coat uniformly the
particles.
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c)
e( 1 kHz) Tan & p (M€.em)
CCTO pur 30000 0.1-0.12 130
PEG 50000 0.1-0.12 30
Brij 58 (non 1omic) 40000 0.1-0.12 50
Pluronic F127 50000 0.1-0.12 100
(Amphiphile)

27100 pm

Figure 10.

(a) CCTO@SiO, (20 nm) with PEG (b) CCTO@S:iO, (20 nm) with Brij58 and below for both SEM image of
the corvesponding pellets showing the grain and GBs. (c) table: dielectric properties for each pellets of CCTO
without and with surfactant coated by 20 nm.

Figure 11.
SEM image of the microstructuve showing the grain and GBs with some SiO, particles on the grains. In enlarged
zone, the GBs showing the presence of CuO and SiO, phases.

3.6 The thickness shell effect on the properties

In order to investigate the impact of silica shell on the dielectric properties, pellets
were made at 1050°C for 24 h. The average grain size of CCTO@SiO,, about 80 pm is
similar to un-doped CCTO. For this one, previous reports have shown that during
sintering, a liquid copper phase appeared and led to an enhancement of the grain size
[40, 71]. It seems that the same mechanisms are responsible for the grains growth of
SiO,-coated samples and that this dopant does not play a role in growth (Figure 11). It
was also noted that the ceramic density is between 91 and 96% and no correlation with
SiO, is observed. In addition, the initial core-shell structure is lost after thermal
treatment. However, as shown in Figure 11, it can be noted that SiO, grains are
located on the grains and also between the grains, i.e. constituting the GBs. CuO
existence at the GBs also occurs, as attempted in the CCTO ceramics.

Dielectric measurements on the core-shell materials indicated that the dielectric
constant (g,) slightly decreased with shell thickness values less than 20 nm, but then
the drop is drastic and follows an exponential function (Figure 12). This fact could be
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Figure 12.
At left, evolution of dielectric constant and loss tangent and at right vesistivity as function as SiO, shell thickness.

explained by the appearance during the synthesis of SiO, spherical particles, the
higher the TEOS concentration is, the higher the amount of SiO, is (for example, the
TEM image of particles coated with 65 nm in Figure 7). When the samples are
sintered at high temperature, SiO, particles crystallize into SiO, quartz and
cristobalite. SiO, has a very low dielectric constant and, therefore, reduces ¢, of the
ceramic. Nevertheless, the presence of the SiO, phase at the GB limits the loss tan-
gents, which remain around 0.1 regardless of the composition. Moreover, in accor-
dance with the drop of the dielectric constant, the resistivity increases to very high
values.

Although the SiO, shell does not improve the dielectric properties as desired, the
effect is positive. Control of the GB thickness is possible with an accuracy of 1 nm and
the properties for shell values <20 nm are slightly better. Beyond the amorphous silica
coating, it was interesting to investigate other insulating shells that might exhibit
better properties. In the literature, significant effects of the Al,O3 and TiO; shells on
the resulting dielectric behaviors of the ceramics were observed. A large dielectric
constant was obtained for BaTiO;@TiO, due to the interfaces created by the intro-
duction of the intermediate TiO, layer [72]. BaTiO;@Al,O; showed an enhanced
dielectric breakdown strength and decreased energy loss without degradation of the
dielectric constant [73].

3.7 Aluminum oxide-based core-shell nanocomposites

The process used to synthesize CCTO@AI,O3 core-shell particles is slightly differ-
ent from the one used for SiO, coating, but it is derived from Stober and Peng
methods [63, 74]. It is well-known that the growth of a uniform Al,O5 shell outside
the surface is very challenging due to the large lattice mismatch between the core and
Al O3, along with their relatively weak chemical interaction [75]. Aluminum
propoxide was dissolved in an ethanol solution, and the precursor amount was calcu-
lated using the same Eq. (2) as was used for SiO,, based on the calculated average size
of the CCTO particles. CCTO powder was identical for all coated samples, and as a
result, the average grain size remained at 1 pm. After the dissolution of the precursor,
a CCTO powder mixture with a concentration of 10 g/l with ethanol was dropped into
the suspension, and then dispersed by sonification for 20 min. In parallel, a 1:5 (v/v)
mixture of water and ethanol (50 mL) was added slowly drop by drop, and the
mixture reaction was ultrasonicated for 2 h. The particles were collected by
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Figure 13.

TEM images of CCTO@ALI, O for thickness shell from 1 nm up to 20 nm, at the top the CCTO is not
functionalized, at the bottom the CCTO is worked with PEG. The light contrast corvesponds to the amorphous
shell.

centrifugation and washed with ethanol and ultrapure water. From this power, pellets
were pressed and sintered at 1050°C during 24 h.

Figure 13 depicts the TEM images of CCT@AL,O5 for several thicknesses. These
images clearly show that the coating is not homogeneous and uniform. Its thickness
varies along the grain surface, and sometimes no coating is visible at all. This obser-
vation led us to modify the solution containing the CCTO particles. To avoid particle
agglomeration, the surfactant polyethylene glycol (PEG) was used, which has been
reported to be the efficient protecting agents to stabilize a solution. A series of samples
were realized with CCTO functionalized by PEG and subsequently coated with alu-
minum propoxide using the same process (precursors, proportion of solvent, time
sintered temperature ... ). The TEM images confirmed a better coating for all the
samples with a clear core-shell nanostructure of CCTO@AIL,03; with homogeneous and
compact shell layer. CCTO grains were well crystallized and the shell was amorphous.
EDS analysis was used to check the composition of the core-shell with Ca, Cu, Tiand
Al elements.

SEM investigation of the compounds after sintering has exhibited that the
average size grain for coated samples (120 pm) is bigger than CCTO (70 pm)

(Figure 14a). At the same time, the density is found better for CCT@ALO3. Then,
Al O; phase acts as a sintering aid. The appearance of a liquid phase, thanks to the
CuO-AlL O3 interaction during the ceramic sintering heating stage, results in
enhanced growth of ceramics grains and density. The presence of Al element and CuO
phase in the GB has been attested by EDS analysis in CCTO@AIL,O3 sample

(Figure 14b). However, there is no significant observation of the Al element within
the grains (area 1).
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Figure 14.

(1) SEM images of (a) CCTO and (b) CCTO@AL,O; pellets (2) EDS analysis in different aveas: grain (1), grain
boundary (2) and copper-rich phase (3) [61].

Dielectric measurements on the synthesized nanocomposites indicated that the
dielectric constant (g,) at 1 kHz is higher with a value close to 91,000 than CCTO
(68000). This increase can be correlated with the IBLC model describing the mecha-
nisms leading to colossal permittivity of CCTO [48]. An interesting point of these
results is that the loss tangent is slightly lower but the resistivity is slightly increased.
However, the functionalization of CCTO by PEG or PVP further improves the dielec-
tric properties and, in particular, the bulk resistivity which increases by an order to
achieve 2 10® Q cm. Dielectric losses are linked to the modification of the interfacial
polarization between the grains, which results from the accumulation and movement
of charges at the interfaces. The presence of the compact insulating Al,O; phase
reduces the concentration and mobility of these carriers, leading to a reduction in
dielectric losses and an increase in resistivity.

3.8 Titanium oxide-based core-shell nanocomposites

The coating of CCTO particles with a titanium shell and different thicknesses has
also been applied with the same process used for Al,O3 with the appropriate precursor
tetrabutoxyde de titane -TBOT (sigma Aldrich, 97%). The scanning and transmission
electron microscopy clearly indicate the shell around CCTO grains. The SEM images
show a shell around a grain agglomerate. TEM and STEM clearly indicate that the
obtained samples are composed of well-crystallized CCTO and amorphous TiO,.
Dielectric measurements were realized on pellets sintered at 1050°C for 24 h, as
previously done, to compare the impact of the shell’s composition. The permittivity
found for this series is very high, with a value of 870,000 at 1 kHz for CCT@TiO,
(10 nm), at the expense of losses and bulk resistivity. The evolution and thermal
stability of CCT@TiO, (10 nm) compound using in situ variable temperature cham-
ber (HT-XRD) has been determined from ambient to 1000°C. Regarding the compo-
sition evolution of the phases, the crystallization of TiO, phase starts to form anatase
structure for T = 600°C. As temperature rises, transformation to the rutile phase takes
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place at 850°C due to the isotropic thermal parameters change for oxygen. In addition,
the rutile phase amount starts to rise continually. The existence of rutile phase in the
CCTO@TiO, pellets was confirmed by Raman scattering in GBs. Baumard et al. have
shown that under the experimental conditions of TiO, synthesis, it becomes conduc-
tive [76]. Thus it is possible that the rutile GB has become slightly conductive, which
would explain the low GBs resistivity and the high tan(8) found. Therefore, the
overall resistivity of the sample that depends on the GB resistivity is also very low. If
the GB is slightly conductive, the resistivity is reduced but if the GB is not sufficiently
insulating, the electrical losses increase. Thus to improve the ceramic properties, one
way would be to make insulator the GBs. It could be shown that the TiO, phase in
anatase form is insulating and, therefore, improves the properties of grain joints [59].
However, the anatase form is metastable regardless of temperature and pressure,
whereas rutile is an equilibrium polymorph, in agreement with CCTO@TiO..

4. Toward new compositions and core-shell design

The coating of CCTO grains with single composition shells (SiO,, TiO,, Al,03) has
been successfully achieved and the shell thickness obtained can be controlled. Per-
mittivity decreased slightly for CCTO@SiO, and CCTO@ALO5 but remains high
(~10*), this means that the shell does not destroy the properties. Dielectric losses are
improved for these both compounds. It has also been found that resistivities are
improved and more specifically for Al,O; coating with a bulk resistivity that increases
from 10° to 10° Q cm. While the dielectric constant is greatly improved by
CCTO@Ti0,, linked to the GB capacitance, the bulk resistivity is low [77]. The coating
of CCTO compared to additives or conventional doping leads to a decrease in dielec-
tric losses while maintaining a high permittivity [78-80]. Taking into account the best
properties of each compound for a shell thickness close to 10 nm, shell mix was
considered, CCT@SiO,@Ti0O,, CCTO@SiO,@AL O3, CCT@TiO,@Al, O3 and
CCT@Si0,@ALO;@TiO,. The objectives were (i) to keep the high dielectric constant
by improving the bulk resistivity (ii) to observe the impact of several compositions on
the dielectric properties (iii) to correlate the € and the capacitance of GBs and the bulk
resistivity and the GB resistivity to confirm the IBLC model. The process of synthesis
of these powders remained the same as before by mixing the precursors TEOS, TBOT
and Aluminum propoxide depending on the desired shell. The structural and micro-
structural characterizations (HRTEM-SEM) showed the good conformity of the shells
around the grains and the amorphous character of the shell. The question arises as to
whether the 3 shells form a solid solution when the ceramics are sintered. According to
the phase diagrams of the 3 binary oxides, the mutual solubility of the oxides is
negligible. In the ternary Al,03-TiO,-SiO, system, only the aluminosilicate compound
AlgSi,0;13 could be formed at identical ratios [81]. However, for T < 1600°K, phase
formation is negligible. The sintering temperature of 1050°C we used is too low, and
no such phase has been demonstrated, only TiO, which crystallizes. From impedance
spectroscopy, by fitting the data with two RC elements in series consisting of a resistor
and capacitor connected in parallel, one for the grains and the second for GBs, the
capacitance and resistivity of the grains and GBs were analyzed for all samples. As
indicated by the IBLC model, the permittivity plotted as a function of the capacitance
of the GBs follows a linear dependence in agreement with the Eq. (1) (Figure 15a).
Moreover, GB resistivity is significantly more insulating than grain resistivity and as
GB resistivity decreases, so does the overall sample resistivity is. In these figures, it
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(a) Correlation of e, and Cgy, for undoped CCTO (black dot) and “core-shell” CCTO samples. No correlation of &
and Cy, for the same samples is found in the inset (b) Correlation of sample vesistivity with Ry and its absence with
R, shown in the inset.

can be seen that a very high permittivity also shows the lowest resistivity, which
becomes incompatible with the characteristics expected for a ceramic capacitor.

5. Toward an innovative cold plasma technology to coat
dielectric particles

Cold plasmas, also named non-thermal plasmas, have shown their high efficiency
in many industrial applications, including abatement of gaseous and liquid hazardous
species [82-85], inactivation of micro-organisms in biomedical applications, food
industry [86-91], and surface interactions [92-95]. In this type of plasma, chemical
processes are initiated by collisions between energetic electrons (hot electrons) accel-
erated by the electric field and heavy species (atoms, molecules). Consequently, the
gas temperature remains close to ambient, while the electronic temperature is much
higher (some 10,000 K).

During the last 20 years, new promising processes based on various micro-plasma
configurations were investigated [96-99]. Micro-plasmas are characterized by a
reduced size. One of the discharge dimensions must be sub-millimeter, corresponding
to a value of p x d (pressure x discharge gap) between 1 and 13 Pa m close to those of
low-pressure plasmas, but with pressures that can reach atmospheric pressure. Con-
sequently, current and energy densities are much higher than for conventional low-
pressure plasmas. This leads to greater efficiency in the production of chemically
active species in such plasmas [98]. These processes with small reaction volumes
translate directly into short processing times.

Plasma Enhanced Chemical Vapor Deposition (PECVD) technique was success-
fully used for many years for plasma deposition processes. Classically, the plasma was
generated by an RF-excitation (at 13.56 MHz) [100-102]. However, the coupling of a
micro-plasma reactor with a nanosecond-pulsed electric generator can present many
advantages: on the one hand, this allows to benefit from the intrinsic micro-plasmas
properties and on the other hand, the nanosecond-pulsed plasmas results in a very
efficient energy transfer, i.e. input electric energy is mainly used to produce hot
electrons leading to chemical reactions but not to gas heating.

This is why it is important to estimate excitation temperatures, i.e. rotational,
vibrational and electronic temperatures (Trot, Tvib, Te) in order to characterize the

105



Ceramic Materials — Present and Future

plasma reactivity. These parameters provide information especially on the input
energy distribution, and, contribute to identify the main mechanisms responsible for
chemical transformations into the plasma.

For all these reasons, it seems interesting to explore a new approach to coat CCTO
grains with silicon oxides by cold plasma treatments.

5.1 Experimental procedures

CCTO powder was prepared by standard solid-state reaction starting from a stoi-
chiometric mixture of CaCO3, CuO and TiO,, described in detail above. Next, CCTO
powder was mixed with an Ink Vehicle (Fuel Cells Materials) and deposited by
screen-printing on a glass substrate, and finally ink.

was evaporated by heat treatment.

SiO, is obtained from the decomposition of hexamthyldisiloxane (HMDSO,
CgH150Si,) vapor by an argon/oxygen cold plasma. A low HMDSO proportion in the
Ar/O,/HMDSO mixture is required to obtain a higher quality SiO, film, typically a few
100 ppm of HMDSO [103]. In addition, in order to have a complete oxidation of
HMDSO to SiO,, CO, and water vapor, a stoichiometric molecular ratio of O,/HMDSO
must be kept at a value of 13 [104]. Plasma treatments were performed into a 21 L
vacuum chamber, the Ar/O,/HMDSO mixture was introduced in the micro-torch by
mains of controlled gas and liquid mass flow meters at a working pressure of 2.9 10> Pa.
A compromise was found between thickness, layer homogeneity and processing time
for the gas mixture composition and the time treatment: Ar/O,/HMDSO = 2028 Ncm?
mn '/7.84 Nem® mn%/523 mg h™ ", respectively, and 30 min treatment in this study,
the shell thickness being mainly controlled by the processing time.

The experimental setup used to realize the plasma treatments is illustrated in
Figure 16. Optical emission measurements were performed with a 750 mm imaging

I Gas handling system |

| Ar + O, + HMDSO

Y

Quartz :
Z_ W/
window S UL
HV pulser
\‘.
UV-Visible XY
optical pze | oz stages — Vacuum chamber
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ICCD ACTON 750 Laiad system

Figure 16.
Experimental setup of the plasma generator system and spectroscopic acquisition.
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Figure 17.
Time evolution of voltage and current of a single pulsed discharge (630 V applied voltage).

Figure 18.
Profile of the micro-torch plasma.

spectrometer equipped with an ICCD camera. The micro-torch was driven by a high
voltage pulsed generator controlled by an arbitrary function generator set in pulse
mode. The maximum of current was achieved in a very short time of about 30 ns, as it
can be seen on example of voltage and current record of a single discharge displayed in
Figure 17.

The micro-torch was a wire/cylinder configuration with an annular discharge gap
of 250 pm and an outer diameter of 2 mm. The gas mixture flowed on the axis of the
reactor and the plasma appeared as a needle going out of the reactor. The CCTO
support was placed on a translational motorized XY stage, which allows to treat a
surface of 15 x 15 mm”, an example of the micro-torch plasma behavior is given in
Figure 18.

6. Results and discussion
6.1 Spectroscopic investigations

Optical emission spectroscopy (OES) is a powerful, non-intrusive plasma diagnos-
tic tool. It allows the identification of the species present in the plasma phase. In
addition, a comparison between experimental and simulated molecular spectra pro-
vides access to the different plasma excitation temperatures. Emission of plasma was
investigated in the UV-visible range. The main atomic species observed were Si I, C 1,
Ar1, ArIl, O I The identified molecular species were the ro-vibrational bands of SiO
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(AMI-X'*) at 234-250 nm, OH’ (A%Z*-X?IL,) (0,0) at 309 nm, CH (B*Z-X°II) (0,0) at
390 nm and CH (A*A-X’II) (0,0) at 430 nm, and the C, Swan band (d’I1,-2’I1,) (0,0)
at 516.5 nm. An example is shown in Figure 19. The presence of atomic and diatomic
species derived from the HMDSO molecules demonstrates the strong dissociation
power of this type of plasma.

Several molecular spectral simulation software are available on the market. In this
study, we have used SPECAIR and LIFBASE codes [105, 106]. Among other functions,
they can be used to easily estimate plasma excitation temperatures by adjusting
plasma parameters in order to obtain the best fit between simulated and experimental
spectra.

An example of such processing is shown in Figure 20 for estimating rotational
temperature. The three ro-vibrational bands OH’ (A%=*-XI1,) (0,0) at 309 nm, CH
(B*=-X?1I) (0,0) at 390 nm and CH (A®A-X?II) (0,0) at 430 nm were used as
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Figure 19.
Experimental spectrum in the range of 234 nm to 250 nm, mainly composed of SiO emissions, with the presence of
C1and SiIlines (1000 V applied voltage).
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Figure 20.
Spectra of OH" (A*X*-X*IT;), CH (B*3-X*I1) and CH (A*A-X*I1). (a) and (c) LIFBASE simulated spectra, and
(b) and (d) experimental spectra (1000 V applied voltage).
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Si0, shell (50 nm)

Figure 21.

(a) TEM picture of a core-shell obtained with Ar/O,/HMDSO = 2028 N cm? mn~"/7.84 Ncm? mn~"/523 mg
h™*, vespectively, 30 min treatment and 1000 V applied voltage and (b) EDS-STEM mapping pictures of
elements and their superposition O, Cu, Ti, Si.

thermometer species. The rotational temperature Trot, usually assimilated to the gas
temperature Tg [107], was estimated individually for the three thermometers by
simulated spectra adjustments, built from the LIFBASE code. The best adjustment was
Trot = 300 + 10 K.

The same technique can be used to estimate the vibrational temperature of mole-
cules Tvib, as well as electron temperature Te. These values have been estimated
under our experimental conditions at Tvib = 2400 K to 3700 K (£ 100 K) (depending
on the applied voltage) and Te = 5.3 eV £ 0.2 eV.

These results show that this micro-plasma produces highly non-Local Thermody-
namic Equilibrium (non-LTE) or cold plasmas, and respects the characteristic
inequality of cold plasmas:

Tmt = Tg < Tvih < Te (4)
6.2 Microstructure analysis

TEM analysis revealed the presence of a particularly homogeneous shell around the
CCTO grains with a constant thickness, as shown in Figure 21a, where the thickness is
50 nm =+ 2 nm for this sample. In addition, any orientation of SiO, shell was observed,
which confers an amorphous character to the shell. X-ray analysis confirmed the
shell’s amorphous structure.

The mapping data of principal elements present in the shell zone have been analyzed
by EDS-STEM and shown in Figure 21b. The mapping of O, Cu, Ti, Si and their superpo-
sition confirmed that CCTO grains are coated with Si. This means that there is an associ-
ation between Si and O to obtain SiO (SiO,) which confirms the core-shell structure.

7. Conclusion

Nanocomposites depicted in this review are composed of a calcium copper titanate
(CCTO) core embedded in SiO,, Al,O3 or TiO2 shells. This strategy was used in order
to meet the specifications in the industry, i.e. materials with a strong dielectric con-
stant, low losses and a strong bulk resistivity. Two methods to achieve core-shell
nanostructured materials have been described i) the chemical pathway and ii) the cold
plasma pathway. For the chemical way, we focused on coating with different shell
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compositions by modifying the surface of CCTO grains, by modulating the shell
thickness at the nanoscale. Thus the modification of ceramics could make an impor-
tant contribution to the control of properties through the engineering of interfaces.
The main objective of this study was to control grain boundaries which are essential
for obtaining good dielectric and electrical properties. While “core-shell” materials
have already proved their interest in controlling properties, there are still points to be
improved to understand the phenomena. In particular, in-depth studies of grain
boundaries structure at the atomic scale should be carried out to better understand
chemical segregation, interdiffusion but also the investigation of the semi-conductor
character of grains. The reduction of the sintering temperature would be a plus to
limit the deterioration of shells and preserve this microstructure.

The cold plasma coating described in this work is advantageous over other
methods reported in the recent literature like: sol-gel, Stober, hétéro-coagulation
[105-107] due to its homogeneous shell and controlled thickness, its process rapidness
(max 1 h vs. 1-3 days resp.) and its dry character (no by-products). Another impor-
tant advantage is being able to work on all surfaces and particles with different
chemical composition of the deposition, compared to the layer-by-layer deposition
method [74, 108]. The metalorganic precursor (HMDSO) is totally dissociated in the
plasma, leading to the nucleation of SiO; on the surface of CCTO particles. This
system facilitated the generation of uniform core-shell grains with nanometric-
controlled shell thickness. The results of temperature measurements described in this
study i.e. Trot < Tvib < < Te, confirm the non-thermic character of this micro-
plasma. This type of plasma is therefore well adapted to chemical treatments, by
efficiently generating chemically active species by electronic collisions, without
overheating the whole gas.
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Chapter 6

Research of Multifunctional
Ceramic Materials for Their
Application

Angelina Stoyanova-Ivanova and Stanislav Slavov

Abstract

A new challenge is obtaining and researching ceramic multifunctional materi-
als containing phases with various properties, as well as Aurivillius phases, which
determine their application. They show potential for use in electrochemical applica-
tions and ferroelectric and piezoelectric devices, sensors, and non-volatile memories.
Presented are our studies of volumetric nonmonophasic ceramics from the RE-Ba-
Cu-O (ReBCO, RE = rare-earth; Y, Dy) and Bi-Pb-Sr-Ca-Cu-O (B(Pb) SCCO) systems
that are superconductors, obtained via solid phase synthesis. A bulk ceramic com-
posite Y1,3/BaCuO, was synthesized with starting stoichiometry of 1:3:4(Y:Ba:Cu)
via a one-step procedure. It has superconducting and magnetic properties at low
temperatures. DyBCO bulk ceramic with a nano-Fe;0, additive was synthesized and
characterized to identify the phase and elemental composition, the microstructure,
and the superconducting transition temperature. The Aurivillius phases were syn-
thesized via solid-phase synthesis and a melt-quench method. B(Pb)SCCO ceramics
(2223, 2212, and 2201), with conductive properties, have been used as an addition
to the active mass of a Zn electrode. The method of mixing the materials was also
investigated. Their behavior in an alkaline environment and positive influence on
the properties and longevity of the nickel-zinc battery has been studied. Part of the
obtained ceramic systems was patented.

Keywords: multifunctional ceramics, REBCO, B(Pb)SCCO, Aurivillius phases,
synthesis electrochemical applications, synthesis

1. Introduction

In recent years, particular attention has been given to the synthesis and charac-
terization of multifunctional materials, such as ceramics with various structures
obtained through different methods, aiming at their practical applications. In the
present paper, we present our previous results in the research of ceramic multi-
functional materials which contain phases with various properties (ferromagnetic
magnetic phases, superconductive ceramic phases, and others), as well as Aurivillius
phases (which possess high-temperature dielectric properties). Conductive ceramics
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are a class of functional materials with high electrical conductivity and chemical
stability [1-4]. Ever since the discovery of high-temperature conductance in 1987 by
Chu and Wu [5], there has been a special interest in cuprate ceramics, the methods of
their preparation, and their application.

The properties of these ceramics make them suitable for applications in
items such as magnetic bearings, permanent magnets, power cables, etc. “High-
temperature superconductor” is a term that has been used interchangeably with
“cuprate superconductor” for compounds like yttrium barium copper oxide
(YBCO) and bismuth strontium calcium copper oxide (BSCCO), however, there
are also other high-temperature superconductors. Research shows that Re123
(Re = rare earth element, such as Y, Eu, Gd, Dy, Nd, S, Ho, Er) materials are known
as superconductors with a high Tc [6]. The crystal structure of the ReBCO materi-
als is a multilayered perovskite structure [7]. Research over the years has been
mainly focused on finding techniques that increase the transition temperature, Tc.
Researchers have created many compounds from the YBCO family to obtain a Tc
that is higher than that of Y123 (92 K), such as Y124 with a Tc = 80 K [8] and Y247
with a Tc that can vary from 30 K to 95 K, depending on the oxygen content [9, 10].
In 2009 Aliabadi, Farshchi and Akhavan [11] and Tavana [12] discovered a new
Y-based high-temperature superconductor in the face of Y-Ba-Cu-O (Y-358), which
becomes superconductive at over 100 K.

YBa,Cu30,-x (Y123) and Bi,Sr,Ca,Cuz0; (BSCCO) remain some of the most
investigated superconductive systems. A reproducible and well-defined ceramic
compound with nominal composition (Y123/BaCuO,) has been synthesized in a
one-step reaction. It has been found that barium cuprate is one of the few copper
oxides exhibiting ferromagnetic interactions, thus during Tc measurements, it can
affect the transition width of the p-T curves [13, 14]. Studies have shown that, besides
the superconducting properties, a composite ReBCO (Re = rare earth) compound
that contains BaCuO, exhibits magnetic properties as well. Thus, one can expect that
such a diversity in the non-monophasic ReBCO ceramic’s property might be useful for
future practical application [15, 16].

Using solid phase synthesis a bulk sample Dy-123 doped with nano-Fe;O was
obtained. Inserting a low concentration of Fe;0,4 into a Dy-Ba-Cu-O sample improves
its superconductive properties. We assume that this occurs due to the presence of
Fe;04 nanoparticles and BaCuO, and CuO phases at the boundaries of the grain which
improves its connectivity [17].

The stability of these ceramics in a strong alkaline environment has been
researched and its influence on their structure and properties has been traced. The
magnetic properties of the resulting samples were measured, both before and after
the electrochemical testing. The results show that the samples retain their super-
conductive properties after a stay in a strongly alkaline environment. They can be
successfully used as an additive to the electrode in alkaline batteries, thus improving
their cyclic operation capabilities [18].

Previous research conducted by us also demonstrates the potential of supercon-
ducting ceramics such as B(Pb)SCO 2201 and B(Pb)SCCO 2212 to be used as additives
to the active mass of the zinc electrode in batteries and the effect on the electrochemi-
cal properties have been presented [19-27]. The influence of the different methods
of obtaining a Zn active mass has been studied, as well as the content of the additive
inside it [24, 25]. Using impedance spectroscopy the obtained Ni-Zn electrochemical
alkaline systems (anode of nano-sized ZnO doped with differing content amounts of
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conducting ceramics) have been studied [26, 27]. The observed effect of adding them
improves the battery’s properties and lifespan, which makes B(Pb)SCCO cuprate
ceramics a promising doping material for the development of new electrochemical
systems, as well as for use in different devices.

The development of new materials with ferroelectric or hybrid properties, the
following application directions can be defined as storage devices such as FERAM
and DRAM and semiconductor elements [28], capacitors, sensors; high-temperature
piezoelectric materials, namely the class of layered bismuth-containing compounds
with additives, such as SrBi Ti,O;s with a Curie temperature of about 530°C [29] and
Ko 5Bis sTi4O45 [30] with Curie temperature 555°C and d33 about 21.2 pC/N, Saito at al
[31], Takenaka at al [32], Zhang et al. [33] with equivalent properties to piezoelectric
bismuth-based materials, such as similar strain rate at room temperature, better
thermal resistance up to the Curie temperature; electro-optical ceramic materials and
their application — transparent thin films, usually the compounds LiNbO; and
Li(Nb, Ta)O;, and with an amorphous matrix with included ferroelectric crystals
such as (Na, K)NbOs, BaTiO; [34, 35], LiNbO; [36], Bi,VOs5 [37], Bi,GeO [38]. The
presented results regarding multifunctional ceramic materials show great potential
for use in a wide spectrum of applications.

2. Materials and methods
2.1 Materials

The cuprate superconductors, also called cuprate ceramics, have been obtained
via solid-phase synthesis. For the preparation of the composite material, a mixture
of yttrium-barium-copper-oxide (YBCO) is obtained with an initial nominal stoi-
chiometric composition of 1:2:3 and 1:3:4. Y203, BaCO3, and CuO are mixed and
homogenized to form a homogeneous mixture. This mixture is then subjected to a
three-step thermal treatment in an oxygen-rich environment [15, 16]. Following the
same scheme, samples of the Dy-Ba-Cu-O system, which has been doped with nano-
Fe;0, [17, 39].

B(Pb)SCO 2201 and B(Pb)SCCO 2212 ceramics were prepared using a two-step
solid-state synthesis. Starting materials including Bi,O;, PbO, CuO, SrCOs, and
CaCO; are dried, weighed in the required stoichiometric ratios, and homogenized.
They are then heated at 780°C for 24 hours, crushed again, and pressed into
tablets at 5-6 MPa. The tablets are subsequently fired: B(Pb)SCO 2201 at 830°C for
24 hours, and B(Pb)SCCO 2212 at 830°C for 48 hours under ambient air atmo-
sphere [19].

To prepare the Zn electrode, an active mass is used, which is prepared from
nanosized ZnO, carboxymethylcellulose (CMC 3% solution), polytetrafluoroethylene
(PTFE 60% suspension) in a weight ratio of 81:14:5, and an additive B(Pb)SCO 2201
or B(Pb)SCCO 2212) with a different content [19-27]. CMC and PTFE serve as plas-
ticizers. The mixing is done either through mechanical mixing, ultrasonic mixing, or
ball milling. The prepared paste is applied onto a current collector made of modified
copper foam. The obtained electrodes are dried at 70°C for one hour and pressed at a
pressure of 30 MPa. The studied electrode package consists of electrodes measuring
5.0 x 3.0 cm with a thickness of 0.15 cm, separated by a microporous separator, and
immersed in an alkaline electrolyte.
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Polyphase samples were synthesized in the system Bi,05-Ti0,-Nd,O; using the
method of melt quenching, and developed a methodology for the control of the con-
stituent material Auriuvilius and pyrochlore crystalline phases. The method is used
to control the high-frequency dielectric characteristics [40]. Additionally, the glass-
crystal materials for sensors in the system SiO,-Bi,05-Ti0, have been synthesized by a
method of melt quenching and controlled crystallization of the glass and subsequent
synthesis of thin layers by ink-screen-printing technique [41]. The materials in the
system La,03;-Gd,05;-PbO-MnO-B,0;, demonstrate the synthesis of a monophasic
material with a content of perovskite crystalline phase (La; xGdy) o6 Pbo4MnO; which
has been shown to be promising for ferroelectric applications [42].

2.2 Methods

The following contemporary methods were used to analyze the structure and mor-
phology of the synthesized and alkaline-treated samples: standard X-ray diffraction
(XRD), scanning electron microscopy (SEM), and energy-dispersive X-ray spec-
troscopy (EDX). The non-stoichiometric oxygen coefficient (8) and the total oxygen
content (y) were determined by a spectrophotometric method [43]. To establish the
superconductive properties, magnetic measurements (AC/DC) were used.

For the electrochemical characterization of the initial ceramics and the obtained
electrodes, the following techniques were employed: cyclic voltammetry (CV),
chrono-potentiometry (CP), and potentiostatic electrochemical impedance spectros-
copy (PEIS) using a Biologic potentiostat/galvanostat SP200 instrument.

3. Results and discussion

A bulk ceramic composite Y123/BaCuO, was synthesized by a solid-state reaction
with starting stoichiometry of 1:3:4(Y:Ba:Cu) [15]. The ceramic composite Y123/
BaCuO, obtained in a one-step procedure was studied and appears to lead to a mate-
rial possessing both superconducting and magnetic properties at low temperatures.
We have shown that if the nominal starting composition is 1:3:4 (Y:Ba:Cu) one can
obtain a two-phase composite with 62 wt% of superconducting YBCO with high criti-
cal temperature equal to 92.6 K and 38 wt% of magnetic BaCuO,. It was also proven
that the stability of obtained composite in alkaline solution is superior over pure Y123
material which is important for practical application.

The composite material was obtained which consists of a Y123 phase with oxy-
gen content of 6.88 to 6.99 and a BaCuO, phase in a 2:1 ratio [15, 16]. This composite
material and the method of obtaining it have been patented [16]. On Figure 1 the
x-ray diffraction spectra are presented: YBCO material with a superconductive Y123
phase (specter a), the obtained composite material containing a superconductive
Y123 phase and a BaCuO, phase before (specter b) and after alkaline treatment
(specter c), while Figure 2 represents its magnetic hysteresis before (curve a) and
after alkaline treatment (curve b). It is superconductive at a temperature higher
than that of liquid nitrogen, possesses magnetic properties, and is resistant to
alkaline environments. The presence of superconductive and magnetic properties
and its resistance to alkaline environments increase the possibilities of application
in all areas of technology.

Another composite material with multifunctional properties from the Dy-Ba-
Cu-O (with a nominal composition of 123) system was also obtained by solid-phase
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Figure 1.

X-ray diffraction spectra of; respectively: YBCO material with a superconductive Y123 phase (spectrum (a)), the
obtained composite material containing superconductive Y123 phase and BaCuO, phase before (spectrum (b))
and after its alkaline treatment (spectrum (c)) [16].
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Figure 2.

Magnetic hysteresis loops (magnetization curves) of the obtained composite material before (curve (a)) and after
alkaline treatment [16].

synthesis. It was doped with Fe;0, nanopowder, which is imported after the
second stage of synthesis. The obtained results show that additions of Fe;0,
nanopowder at low concentrations to the Re(Y;Dy)-Ba-Cu-O systems improve
the superconducting properties by increasing the critical temperature and critical
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current density of the obtained polycrystalline bulk ceramics with inhomogeneous
composition. Homogeneous distribution of iron is observed on their surface,
respectively [17].

The multiphase structure is observed in the SEM micrographs of the sample
Dy123 with Fe;0, shown in Figure 3. The main Dy123 phase has a typical surface with
elongated grains and an average grain size of ~3.74 pm. The EDX confirms the non-
monophasic composition of the ceramic sample as seen in Table 1.

In Figure 4 the EDX mapping of Dy123 with Fe;04 sample is shown. Whole
crystals of CuO and BaCuO, are visible on the surface, with small quantities
of Fe also detected scattered around the Dy123, CuO and BaCuO, crystals. We
believe that Fe does not react with the other elements and does not form phases of
its own.

Figure 3.
SEM of Dy123 with Fe304 [17].

Spectrum Series 1 2 3 4 5 6
element Atom. C. Atom. C. Atom. C. Atom. C. Atom. C. Atom. C.

[at. %] [at. %] [at. %] [at. %] [at. %] [at. %]
Dysprosium L 11.65 0.28 0 4,68 4.71 4.30
Barium L 9.04 0.26 12.59 9.34 9.39 8.52
Copper K 1113 44.99 17.70 13.25 13.22 14.61
Oxygen K 68.19 54.47 57.07 71.57 7140 7113
Chlorine K 0 0 12.33 0 0 042
Iron K 0 0 0.32 116 1.29 1.02
Phase DyBaCu CuO BaCuO,+ Dy123+ Dy123+ Dy123+

Fe Fe Fe Fe
Table 1.

Elemental composition of the Dy123 + Fe;0, sample obtained by EDX analysis [17].
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Figure 4.
EDX mapping analysis of Dy123 with Fe;O, [17].

The significant benefits that the rechargeable alkaline Ni-Zn battery system can
provide, including its high specific energy and power density, affordable electrode
materials, ecologically benign chemistry, and straightforward metal recycling
procedure, are what have sparked interest in these batteries [44-48]. The durability of
a Ni-Zn battery’s Zn anode, which is typically a paste-type composite electrode with
a main component of electrochemically active ZnO powder and various additives to
enhance the electrode’s electrochemical properties, is a major factor in the battery’s
life cycle. The electrochemical heterogeneity of the anode mass and active surface loss
during charge/discharge cycling, which results in progressive changes to the electrode
shape and capacity loss, are mostly caused by ZnO’s poor electrical conductivity
[44, 49]. A powder additive, such as acetylene black, is added to the zinc electrode
mass to increase conductivity, although this could cause a rise in hydrogen gas evolu-
tion during the charging process. Next, we will go over the study of superconducting
BSCCO ceramics as an additive to the Zn electrode mass. It improves the electrode’s
properties, conductivity, and structural stability, making it a suitable additive to a Zn
electrode in alkaline battery systems.

For the first time, structural and morphological changes in B(Pb)SCCO 2212 and
B(Pb)SCCO 2201 ceramics were investigated before and after their electrochemical
treatment (CV and CP measurements) in a Ni-Zn battery-like medium (7 M KOH,
25°C) [21]. This is the first step toward understanding the observed improvements
in the characteristics of the Zn electrode when using ceramic additives. After CV
(Figure 5), various reduction products are found, such as CuO, Bi,0;, Bi,CuOy,
Ca(OH),, and Sr.(OH),, and the CV curves show that at higher negative potentials the
Cu and Bi compounds are further reduced to metallic Cu and Bi (1). This can lead to
the formation of metal particles that improve the overall conductivity of the electrode
as well as the contact between the particles of the active ZnO. On the other hand, the
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CV curves of B(Pb)SCCO 2212 (a) and B(Pb)SCCO 2201 (b) in 7M KOH solution. Scan rate: 5 mV s™ [21].

Ca- and Sr- products in the case of the B(Pb)SCCO 2212 modification do not partici-
pate in the redox processes.

The structural and morphological changes occurring in B(Pb)SCCO 2212 and
B(Pb)BSCCO 2201 conducting ceramics in an alkaline environment have been investi-
gated, providing additional insights into the mechanisms of the ongoing processes.
Electron microscopy reveals that after electrochemical treatment, B(Pb)SCCO 2212
becomes smoother and forms higher and larger facets, while the surface of B(Pb)
SCCO 2201 becomes grain-covered [21].

Comparing the X-ray diffraction patterns of B(Pb)SCCO 2212 and B(Pb)SCCO
2201 ceramics before and after their chrono-potentiometric study shows that the
primary phases are preserved with reduced intensity after electrochemical treatment,
and the appearance of Bi203 is observed [21].

The potential of B(Pb)SCCO 2201 and B(Pb)SCCO 2212 undergoes a sharp change
when current is applied, indicating an initial breakdown reaction of the ceramic
additive before the reduction reactions. The electrode potential remains relatively
constant, which suggests that the breakdown is unaffected by the reduction products.
The process may continue until the complex structure of B(Pb)SCCO ceramics is
completely reduced, leading to the formation of simpler oxides such as CuO, Bi,0;,
Bi,CuO,, Ca(OH),, and Sr(OH), [21].

These results demonstrate that when the ceramics are treated in an alkaline
environment, they undergo partial reduction to oxides and hydroxides, leading to
the formation of insoluble Zn compounds, which reduce the solubility of ZnO in
the electrolyte and suppress the shape change of the electrode, thereby improving
conductivity. In the case of B(Pb)SCCO 2212, the presence of Ca and Sr. products
contributes to the stabilization of the electrode, reducing its solubility in the alkaline
electrolyte, suppressing dendrite formation, and mitigating gas evolution during
operation [21]. These positive effects are believed to be the cause of the observed up
to 30% extension in battery life when using a conducting ceramic as an additive in the
zinc electrode of the nickel-zinc system [19].

Ultrasound was also used to mix the additives in the preparation of the electrode
mass [24]. The micrographs of ZnO with carbon additive, ZnO with carbon and
B(Pb)SCCO 2201 additive, and ZnO with carbon and B(Pb)SCCO 2212 additive
obtained by the ultrasound-assisted mixing are shown (Figure 6). The ultrasound-
assisted mixing of the active mass leads to superior particle distribution, as seen on
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the SEM images. This is most noticeable in Figure 6b. The SEM micrographs of the

electrodes provided evidence for their better homogenization, while the impedance
measurements confirmed the better conductivity of the zinc mass obtained through
ultrasonic irradiation [24, 25]. In Table 2, the average values of EDX results are pre-
sented. It is seen that the composition did not change during the ultrasound mixing.

Figure 6.
SEM images of ZnO with carbon additive (a), ZnO with carbon and B(Pb)SCCO 2201 additive (b), and ZnO
with carbon and B(Pb)SCCO 2212 additive (c) with EDX analysis [24].
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Samples Elemental content, [at. %]
Zn C Bi Pb Sr Ca Cu o

Sample a) 18.27 21.81 5991
Sample b)

Spectrum 1 4.25 6.57 134 7.04 3.74 77.07
Spectrum 2 25.33 0.36 74.31
Sample c)

Spectrum 3 52 6.41 0.76 6.19 535 757 68.52
Spectrum 4 46.76 53.24

Table 2.

EDX analysis results for ZnO with carbon additive (Sample a), ZnO with carbon and 2201 additive, and ZnO
(Sample b) with carbon and 2212 additive (Sample c) [24].

During the ultrasound treatment, the composition of the active mass is preserved.
Physically mixing the B(Pb)SCCO additives with active zinc mass for Ni-Zn battery
has already been proven to have an influence in our past investigations. The PEIS
measurements show that the overall resistance of the electrode and that of the charge
transfer in the electric double layer is reduced by the BSCCO additives and thus the
electrochemical reaction is facilitated. These effects are strengthened due to the
ultrasonic treatments, although to a very low degree. Due to that, we believe that
better homogenization through ultrasonic irradiation of the additives with the ZnO
may enhance the conductivity, the stability and increase the life of the battery even
more. This study gives us a basis for future investigation of the newly prepared Zn
electrodes in a Ni-Zn electrochemical cell [25].

In more detail, the structural, morphological, and electrochemical changes that
might occur in the active mass and the electrodes, due to the different methods of
preparation, have been examined: ball-milling treatment, ultrasound, and mechani-
cal (by hand) mixing [25]. This study has proven useful in explaining how the differ-
ent methods of preparation might improve or worsen the homogenization of the zinc
mass content and the overall performance of the Zn-electrode. The results show that
the method of grinding in a ball-mill does not contribute to better homogenization
of the ceramic additives in the active zinc mass. The ultrasound treatment for %2 hour
leads to better homogenization of the active mass with B(Pb)SCCO 2212 and B(Pb)
SCO 2201 ceramic and respectively the reduction of the electrode resistance. The rea-
son for the observed results can be explained on one hand by the processes that take
place during ultrasonic treatment and on the other hand by the presence of calcium
carbonate in B(Pb)SCCO 2212, which probably favors faster processes at the micro
level. In the absence of B(Pb)SCCO 2212 more time is needed for the manifestation of
the desired effect [25].

The impedance characteristics of electrochemical systems (ECSs) were also
investigated, in which the anodes are obtained from nanosized ZnO material doped
with high-temperature superconducting ceramic Bi, , Ph, ;5,Ca,Cu,0, (B(Pb)SCCO
2212) at a concentration of 5, 7 or 10 wt .% for the purpose of electrochemical appli-
cations (such as Ni-Zn batteries) [26]. The electrically conductive properties of such
alkaline electrolyte ECSs were characterized at ambient temperature by electrochemi-
cal impedance spectroscopy measurements. The frequency spectra of Z* of the
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produced ECSs were recorded by electrical impedance-meter Bio-Logic SP-200, in
the range 0.1 Hz - 100 kHz, at room temperature (in our case 25°C). By this technique
[50, 51], both real (ReZ) and imaginary (ImZ) parts of the complex electrical imped-
ance Z* = ReZ + i ImZ are simultaneously measured as a function of the frequency f of
the alternating-current (AC) electric field applied. The amplitude of the AC voltage
applied between the electrodes of ECSs was 10 mVyys (sine function). The dimen-
sions of the electrodes were 5.0 cm x 3.0 cm, their thicknesses were 0.15 cm, and the
distance between them was 36 mm. They were separated by a microporous separator
in an alkaline electrolyte (liquid KOH). For the sake of comparison, reference ECSs
with identical geometry were designed with copper (Cu) (99.99% pure) or undoped
ZnO anodes [26].

The effect of ceramic additives on the complex electrical impedance and electri-
cal conductivity of the studied ECSs was evaluated. It was demonstrated that the
incorporation of B(Pb)SCCO 2212 HTSC ceramics at a concentration of 7 wt% into
the ZnO anode material of ECSs leads to an increase in their static (DC) electrical
conductivity. In addition, the AC conductivity of the ECSs is also improved and
approaches the values corresponding to ECSs with undoped ZnO anode through
identical ECSs geometrical configurations. The Nyquist plots in Figure 7a clearly
show the higher electrical conductivity of the studied ECSs having ZnO anode doped
with BPSCCO ceramics, as compared to the undoped ZnO anode.

Also, it is apparent in Figure 7a that Ry of the active volume of the studied ECSs
is decreased when the BPSCCO percentage in the ZnO mass of the anode of the ECSs
was increased from 5 wt% to 7 wt%. By further increase of the BPSCCO concentra-
tion up to 10 wt%, Rg slightly diminishes, and practically there is no difference in
resistance between identically constructed ECSs with the anode of ZnO doped with
the BPSCCO at either 7 wt% or 10 wt% (Figure 7a). The same applies for the cor-
responding values of the electrical conductivity ¢ = d/(Rg A). Note also that at these
two concentrations (7 wt% and 10 wt%) of BPSCCO, ImZ < ReZ/2 for the maximum
ImZ value of the circles in the Nyquist plots, i.e., the dispersive character of capacity
is evident, in contrast to the case for 5 wt% BPSCCO. Accordingly, the ECS scheme
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(a) Nyquist plots for complex impedances measured for the studied ECSs. The designations are as in Figure 1.
The insert: Enlarged view; (b) fitted data for ECSs with BPSCCO-doped ZnO anodes (data from (a)) to the
equivalent circuit scheme shown at the top of (b). The lines represent the fitting vesults [26].

129



Ceramic Materials — Present and Future

needs to be modified by adding new elements, as drawn in Figure 7b. Such an ECS
model gives satisfying fit results that agree very well with the experimental data
points (Figure 7b).

The electrical properties of the alkaline systems whose Zn electrodes (anodes)
contain active mass produced from composites of ZnO and B(Pb)SCCO 2212 con-
ductive cuprate ceramics (5, 7 and 10 wt%) were investigated in terms of complex
impedance (Z*) and tangent loss spectra [27]. The aim was to trace the effect of the
ceramics as additives on the impedimetric response and tangent loss spectra of the
electrochemical cells. The analysis of the electric impedance spectra of such elec-
trochemical systems indicated that the redox processes in them are enhanced by the
increase of the concentration of the B(Pb)SCCO 2212 ceramic additives (in the range
5-10 wt.%). Significantly, at a lower concentration of B(Pb)SCCO 2212, for example,
5 wt.%, a lower electric loss was established for the examined cells (related to the
better surface properties of the layer deposited on the anode). Thus, such composite
material (Zn active mass) with included B(Pb)SCCO 2212 conductive ceramics can
be proper for producing electrodes in Ni-Zn electrochemical alkaline systems with
enhanced performance.

For the first time, copper-based superconducting ceramics have been proposed as
additives to the negative electrode of nickel/zinc batteries. The addition of copper-
based superconducting ceramics such as BSCCO (2201, 2212, 2223) or YBCO (123)
improves the bulk conductivity and structure of the zinc electrode, reduces gas evolu-
tion during electrode charging, which has a favorable effect on capacity retention and
extends the electrode’s lifespan (Figure 8) [19].

These positive effects of the B(Pb)SCCO ceramic, observed from the tested
electrochemical systems, make it a promising doping material for the development of
new electrochemical systems as well as for use in different devices.

The dielectric properties of the samples in the system Bi,05-Ti0,-Nd,0; have
been studied in frequency 2.7 GHz and control of dielectric parameters is realized by
precise control of the percentage of initial oxides and synthesis temperatures [40].
Depending on the controlled melting conditions and additional heat treatment of the
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Figure 8.

Dependency of capacity on the number of cycles for a nickel-zinc alkaline battery cell with zinc electrodes
containing additives of BSCCO 2212 copper-based superconducting ceramics (curve a), YBCO 123 copper-based
superconducting ceramics (curve b), and carbon material - acetylene black (curve c) [19].
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supercooled compositions, different polyphase glass-ceramic materials with differ-
ent microstructures in the systems Bi,0;-TiO,-SiO, and Bi,0;-TiO,-Nd,O; controlled
microstructural features and dielectric properties were obtained [52].

The obtained results are the built and patented systems of new materials based on
ferroelectric ceramics, with application for capacitor batteries with specific thermal
parameters [53, 54]. In addition to that, a new sequence of technological procedures
has been created, which relates to the production of conductive composite ceramic
materials for industrial use [53]. Furthermore, conductive ceramics have been made
for use in hydrogen generators [54].

4, Conclusions

In summary, the scientific and applied contributions can be clarified as:

Creation of new composite materials from natural raw materials and methods for
their industrial production.

A composite material has been obtained, consisting of the Y123 phase and the
BaCuO, phase in a ratio of 2:1. It exhibits superconductivity at temperatures higher
than that of liquid nitrogen, displays magnetic properties, and is resistant in alkaline
environments. It finds applications in the field of electrical industry, computer
technology, space technology, medicine, alkaline rechargeable batteries used as power
sources, and more.

New constructions and materials for ceramic capacitor batteries.

The composition of the active mass of the negative zinc electrode, consisting of
powdered zinc and/or zinc oxide and binders with high hydrogen evolution overpo-
tential, also includes an additive of copper superconductive ceramic. It improves the
volumetric conductivity and structure of the zinc electrode, reduces gas evolution
during electrode charging, which has a favorable effect on capacity stability and
extends the electrode’s lifespan, and can find application as a negative electrode in
alkaline rechargeable batteries, particularly nickel-zinc batteries.
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Chapter 7

Investigation of Grinding Force and
Process Optimization of Woven
Ceramic Matrix Composites

Bin Lin, Jingguo Zhou, Jinhua Wei, Haoji Wang and Tianyi Sui

Abstract

Due to the special structure of the woven ceramic matrix composites, challenges
and difficulties in the grinding process gradually emerge. How to ensure the reason-
able and reliable application of materials has become a hot topic in the present
research. The force model is beneficial to understand, predict, and even control the
machining process. This chapter investigates the grinding force and process optimi-
zation of woven ceramic matrix composites, especially grinding force modeling, sur-
face quality, and process optimization of woven ceramic matrix composites during
grinding. A new force model considering the fiber orientation of WCMC is developed
based on the energy balancing theory. Through the construction of a mathematical
model, the study demonstrates the correlation of grinding force with the processing
parameters and the composite fiber orientation. The optimum process parameters
were obtained by aiming at minimum grinding force and maximum surface quality.
The results show that the predictable model has good consistency with the experi-
mental results, and fiber orientation has a major influence on the grinding force. This
research can be used to predict the grinding force, thus conducting the machining and
controlling their processing quality.

Keywords: woven ceramic matrix composites, grinding, process optimization, force
model, surface quality

1. Introduction

Woven ceramic matrix composites (WCMC) are more and more widely used in
the military, transportation [1], shipping, aerospace, nuclear industry [2-4], and other
fields due to their excellent properties of high specific stiffness, high-temperature
resistance, corrosion resistance, high toughness, and wear resistance. However, due to
the anisotropy of its materials, it is difficult to carry out mechanical processing [5].
Faced with the stability, precision, and low damage requirements of braided
ceramic matrix composites, the most common machining method for WCMC is
grinding [6, 7].

Grinding force is an important index to characterize the influence of grinding
parameters on the grinding process. Grinding force is produced by elastic
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deformation, plastic deformation of the workpiece and the interaction between abra-
sive particle, workpiece and grinding chip [8-10]. It is related to almost all process
factors of grinding. Therefore, it is of great significance to establish a grinding force
prediction model [11]. For the grinding of composite materials, research on the
machining force of ceramic material both on experimental and analytical aspects has
been in-depth investigated [12-15]. Durgumahanti et al. [16] established a new grind-
ing force model developed by incorporating the effects of variable coefficient of
friction and plowing force. Li et al. [17] developed a new grinding force model for
micro-grinding of reaction-bonded silicon carbide (RB-SiC) ceramics. It was found
that plowing and fracture were the dominant removal modes. Furthermore,
comparisons are made between the values predicted and the experimental data,
indicating that the proposed model is acceptable and can be used to simulate the
grinding force for RB-SiC ceramics in practice. Zhang et al. [12] studied the grinding
force of crystalline ceramic materials and amorphous ceramic materials in the exper-
iment to improve the mechanical models of ceramics. The result shows that the
grinding force models are not applicable for non-crystalline ceramic fused silica and
the specific grinding energy fluctuates irregularly as a function of the maximum
undeformed chip thickness seen from the experiment. So far, one of the main
focuses is on ultrasonic-assisted machining [18-20] of WCMC and the corresponding
force model to improve processing quality. But the efficiency is lower and more costly
than ordinary machining methods. Though the machining force model of ordinary
milling [13, 21], drilling [22], and even grinding [23, 24] of WCMC has also been
researched, the theory is always based on fracture mechanics, the maximum
undeformed chip thickness, or aggregate force including plowing, scratching, and
removing neglecting fiber orientation and idealizing the model because of the com-
plication of woven structure and reinforced particles or short fibers. In the review of
the previous work, though WCMC grinding force has been paid great attention to and
many experimental studies have already been made, the model considering fiber
orientation is a gap. Hence, a grinding force model for WCMC involving fiber
orientation is essential.

This chapter mainly develops a grinding for the model of WCMC considering fiber
orientation based on the energy balancing theory to fill the gap. The influence of
grinding parameters on specific energy and grinding force is analyzed. Taking the
SiO,f/Si0, as an example, a series of experiments were carried out to verify the
accuracy of the model. This research, on one hand, can be used to predict the grinding
force of WCMC; on the other hand, it provides a baseline for selecting the proper
machine and tool for WCMC processing.

2. Modeling of the grinding force of woven ceramic matrix composites
2.1 Force modeling of the single particle in grinding WCMC

Points A and C are the positions where the diamond first cuts in and leaves the
workpiece, respectively. Points B and D are the locations where particles touch and
leave the workpiece for a second time [25]. It is worth noting that point B is the
coincident point of the grit motion track, as shown in Figure 1. Therefore, the shaded
area BCD can be viewed as the amount of particle removal except for the first one
(Figure 1(a)). Assuming the process is ideal, the material is completely removed in
each cut, and the first cut’s difference is neglected.
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Figure 1.

Particle trajectory during the grinding process: (a) relative motion trajectories of adjacent particles and (b) cross
section of the chip thickness [25].
2.1.1 Kinematic analysis of abrasive particles
In the XOY coordinate system, the grit motion track equation is (Figure 1(a)):
x =R, siny +V, (1)
y =R;(1— cosy) (2)

where R, (mm) is the radius of the grinding wheel, y (rad) is the angle between the
instantaneous position of grain and vertical direction in the grinding process, and V,
(mm) is the horizontal travel distance when the wheel is turned at an angle y.

Introducing the time variable, the grit relative motion track equation changing
over time is

x(t) = Ry sin(vit/Ry) + vyt 3)
y(#) = R(1 = cos(vit/R;)) (4)
2.1.2 Cross-sectional area of the chip thickness
According to Figure 1(a), it can be obtained as follows:
cos(vit/Rs) = (Rs —ap) /(R —h) (5)
h=R,— (RS — ap)/ cos(vst/Ry) (6)

In Figure 1(b), the cross-sectional area of the chip thickness is

2
s(t)=1~2htan9-h=h2tan0: R _ Rmap tan6 (7)
> ' cos(vit/R;)
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where 6 (°) is half of the grain vertex angle. h(mm) is the cutting height of the
grain, and a, (mm) is the grinding depth. Because y = v,t/R; is so small that
cos(vt/R;) ~ 1, then

s(t) zapz tan @ (8)
2.1.3 Moments grit cutting into and out of workpiece
When grit cuts out of the workpiece, % = 0 in Eq. (5), so:
cos(Vstamax/Re) = 1 — ap /R; 9)

Where ... (s) is the moment grit cuts out of workpiece for each cutting process.
Hence:

R a R
Lnmax = — arccos <1 - p> +2nr— (n=0,1,2,3... ... ) (10)
Vs Rs S

When#n = 0 and » =1, then:

R a R a R
fomax = — arccos(1— L), t1max = — arccos|1— L) + 22— (11)
v R v R

s s s S vS

It is assumed that the moment grit reaches point B at adjacent two times z;(s) and
t2(s), so x(t1) = x(¢2) y(t1) = y(t2), according to Egs. (3) and (4):

R sin(vit1/R;) + vypt1 = Ry sin(vita /R;) + vytn (12)
Ri[1 — cos(vst1/R;)] = Rs[1 — cos(vsta/R;)] (13)

According to the boundary conditions:t1 /R, = 27-05t2/R;, sin(vit1/Rs) ®vit1/Rs,
solve Egs. (12) and (13), we can obtain

w Rf
t= 1" (14)
Vs Vs + Dy
RS w
=" (2- v ) (15)
Vs Vs + Uy

The value of ¢; and ¢, is compared with each others to identify which is the moment
grit reaches point B the first time, and then

27R; w
tr-t1 = ~ (1- v ) >0 (16)

s Vs + Uy

Therefore, t; is the first moment grit reaches point B and ¢, is the second
moment.

2.1.4 Contact arc length between the grain and workpiece

The equation of the unit contact arc length 4l during the grinding process is

142



Investigation of Grinding Force and Process Optimization of Woven Ceramic Matrix...
DOT: http://dx.doi.org/10.5772 /intechopen.1001865

dal = \/dx2 + dy2 = \/1)52 + 200, cos(vit/R;) + vy, %dt (17)
So, this is simplified as
dl = (v; + vy, )dt (18)

Therefore, the contact arc length for one cutting process is

11 max 11 max
= J dl = J (vs + vy )dt = R +2s) [arccos (1 — a_p) + mz—w} (19)

f t Vg R, Vs + Uy

Based on the angle relation between a and a,,, R;.M eanwhile,a, <Ry, so
a,*/R?~0, sina~a. Then:

an\[2ay /R, — a? /R % \ 22, R, (20)

Then:

R;(vs +vy) 2a 7 v
| =5\ o) [ © )\ = /2a,R, l’( 24,R. RS) 21
Vg ( R; +U:"'Uw r +U: pts T @1

2.1.5 Removal volume for one cut

Based on Figure 1(a), the removal volume for one grit is

11+t1 max

v rmxs(t)dl - Jtomaxs(t)dl - J s()dl (22)

1] 51 t2+20 max

Substituting Egs. (8), (11), (14), (15) and (18) into Eq. (22), then

11+t1 max
V= J apz tan O(v; + vy, )dt = 27R; tan Gapsz/vs (23)

12+0 max
2.1.6 Specific grinding energy model

During one cutting process, the total work single grit does is
E = F;(vs + vy) (timax — t2),where F, is the tangential grinding force, and the total
removal volume is V as Eq. (23) shows. Then, the specific grinding energy is

Fi(vs +v,) arccos(1—a,/R) + mvy/(vs + vy)

24
2a,%,, tan 0 7 (24)

u =E/V =

Fi(vs+vy)
vyayb

into the workpiece when grinding depth is ap for single-grain grinding. b = 24, tan , so:

The general specific grinding energy u =

in which b is the width of grit cutting

_ Fi(vs +vy)

=7 W 2
2a,%v,, tan 6 (25)
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2.1.7 Grinding force model of single abrasive

There are two fiber orientations in both grinding directions, respectively: perpen-
dicular to the fiber bundle end and side surface in direction 1, and perpendicular and
parallel to the fiber bundle side surface on direction 2. Figure 2 shows the relation
between the fiber orientation of WCMC and the grinding direction.

Here are some instructions: the required energies removing unit volume perpen-
dicular to the fiber bundle end and side surface are #,,,; and u,,,1 on direction 1,
respectively. The removing unit volumes parallel and perpendicular to the fiber bun-
dle side surface are #,¢,» and #,,, and the volume ratios of the fiber bundle end surface
on direction 1 and parallel to the fiber bundle side surface on direction 2 are f and y
separately, then

On direction 1:

Vena = BV, Vperl = (1 - ﬂ)V (26)
On direction 2:

Vpar = 7V, VperZ = (1 - }/)V (27)

Grinding Direction 1

Process Direction Process Direction Process Direction

Perpendicular to Parallel to Fiber Perpendicular to

Fiber Bundle Side Bundle Side Fiber Bundle End
Surface Surface Surface

Figure 2.
Relation sketch between fiber orientation of WCMC and grinding divection [25, 26].
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Figure 3.

Trends of numerical solution of tangential force with grinding depth [6].

where V,,; and V), are the removal volumes of perpendicular to the fiber bundle
end and side surface on direction 1, and V,,, and V., are the removal volumes of
parallel and perpendicular to the fiber bundle side surface on direction 2.

So, on directions 1 and 2, the needed energy removing volume V is

E1 = Veathena + Vperlupevl = uendﬂv + uperl(]- - ﬂ)V (28)
E; = Vparupar + Vpeﬁupeﬁ = u}mryv + uperZ(]- - 7)V (29)

According to energy balance E = F,l, substituting Eqgs. (21), (23), (28) and (29),
then.
On direction 1:

27R; tan 04, vy [Uenap + Upers (1 — )]

F, =E{/l = 30
=B/ \/2a,R: (v, + v;) + 7Ry, G0
On direction 2:
Fo— Byl = 27R; tan 02, vy | Upary + tpera(1—7)] (31)

\/2a,Rs (v +v5) + 7Ry,

In the formulas above, .4, Uper1> Upera, and uy,, are all related to processing
parameters and material properties of each fiber orientation. If the composite is not
3D orthogonal, fiber orientation cannot be identified obviously, assuming that ur =

UenaPp + uperl(l — p) or Uf = Upary + uperZ(l —7), then:

27R; tan Oa, v, uy

Ft =
20, R, (v, + v5) + 7Ry,

(32)

where uy is the specific energy related to grinding direction and fiber orientation.
Then, the normal force F, can be obtained through Eq. (33) as follows:

F, = (F;+Crp)/u (33)

Here, u is the friction coefficient among grinding grain, processed material surface,
and debris, and Cr is a constant that is related to the grinding process.
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2.2 The analysis and modeling of grinding force

Based on Egs. (32) and (33), the theoretical model of tangential force during
grinding is obtained by introducing the randomness of abrasive particles [6]:

F—g Etan0'a, v v,
\/2a,Rs (v +v5) + 7R,

= —¢(tan@)E

ap“v vy,
\/2a,R (0 +05) + TR,

where E(-) refers to a mathematical expectation; £ and tan ' are the expectations
of £ and tan 6, respectively. R, is the grinding wheel radius; £ is a constant related to
Rg; @, B, and y are the fitting coefficients of a,, v;, and v,, with actual processing, which
is related to grinding direction and fiber orientation; ¢ is half of the single-grain tip
angle. Therefore, once the grinding wheel and the workpiece are selected, the width b,
the radius, the grains exposure height distribution, and the grains protrusion angle are
invariable. For this reason, the working conditions and the grinding wheel state are
practically constant, given that the wheel wear is ignored. Thus, the expected & and ¢’
are constant.

Since v, <v;, @, <R; for each grain, meaning that the minuscule changes of the
true Rs and vs. are eliminated. When the nominal v, and v,, values are constant during
processing and ap is variable, Eq. (34) can be simplified as

F, =& tan Q’E(ap"") (35)

where & is a constant describing the grinding wheel condition and the
machining process and processing parameters v, and v,,, while o’ are the fitting
coefficient of a,,.

Api = hi - (hmax - “p) (36)

According to the law of large numbers, the grain exposure height /; distribution
follows a normal distribution:

hi ~ N (h,o%) (37)

where his the average value of &, ¢ is the standard error, and the actual depth a,,
also follows a normal distribution:

api ~ N(h — hmax + ap, 6%) (38)

Eq. (38), it can be divided into two cases.
The first is hmax > ap, under which only ; > hmax — ap, the grains can participate in
the grinding. Therefore, Eq. (34) can be written as

o — (% 1 ,M
F, = tan HIJO ﬂpia/ﬁe T day; (39)
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Trends of numerical solution of tangential force with wheel speed or feed vate [6].

Eq. (39) is a transcendental equation with too many variables to obtain an analyt-
ical solution. So, assuming;:

ap 1 [a i*(;*hmaxﬂlp)]
f(ap) = JO ﬂpia/%€7 e dﬂp,‘ (40)

The trends of the numerical solution of tangential force with grinding depth are
shown in Figure 3, reflecting that independently of the changes in other parameters,
the value of f(a,) increases with a,,. Thus, F, also increases.

When the nominal value of a,, is constant,max > ayand h; > hmax — a,during
processing. v, or v,, is changing, meaning that Eq. (34) can be simplified as

F, = & tan0v,” (41)
F, = & tanOv," (42)

where f'and y'are the fitting coefficients v, and v,,. Assuming thatf = v/” f = 0,7,
the numerical solution variation trend of the variable f'is as shown in Figure 4.

On the other hand, when /.x <4y, all the grains and the wheel matrix take part in
the grinding process. Thus, the tangential force will have two components: the first
caused by the interaction between the grain and workpiece, and the second caused by
the interaction between the wheel matrix and workpiece. The resulting situations for
the tangential and normal forces are more complicated than those of single-grain
grinding.

3. Tests and methods

The grinding type used in this study is up-grinding without coolant. The dyna-
mometer is Kistler 9257A, and the data acquisition system is Kistler 5070A which was
used with the dynamometer sampling frequency of 20 kHz. Grinding experiments are
performed on the JDUT400E CNC machine. The workpiece material is 3D orthogonal
Si02£/Si02. After the experiment, the surface roughness Sa is obtained via a non-
contact 3D optical measurement instrument NANOVEA ST400. In the single-particle
scratching test, the grinding wheel is customized with a single diamond grain, and the
radius of rotation during abrasive processing is 13.6 mm. The specimens have the
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dimensions of 50 x 25 x 15 mm, and grinding are along the longest direction with the
grain engaged across the entire workpiece length. The real grinding process is shown in
Figure 5(a). In the grinding test, the tool is specially designed as an electroplated
diamond with grain numbers of 100 # and 240 #. The wheel diameter is 16 mm, which
was used to carry out all the grinding experiments. There are two fiber orientations on
the processing surface. Since the grinding forces of fibers in different directions vary,
the wheel width of 7 mm was selected to ensure that the grinding zone includes two
areas containing two different fiber orientations. The specimens have dimensions of
40 x 27 x 25 mm. The front surface is the grinding surface, while the grinding direction
is along the 40 mm side. All the workpiece surfaces are ground to planes in advance,
guaranteeing that, independently of the grinding depth, machining does not cross the

1 mm thickness fiber layer. The real grinding process is shown in Figure 5(b).

The process parameters of the single particle scratching test and grinding wheel
test are shown in Table 1 and Table 2, respectively. In the single-particle scratch test,
the grinding experimental parameter design adopts single-factor grinding. In the
grinding test, a full factorial experiment is adopted. The workpiece feed rate has a
lower influence on the processing force than the grinding speed and depth. Thus, the
workpiece feed rate is set to 500 mm/min. In order to compare with the grinding
experiment of single grit, the selected grinding wheel speed and grinding depth level
are the same as that of single grit. And each experimental run (for each of the
conditions) is replicated three times.

“Dynamometer 3D Si0z/Si02
Grain

AE data acquisition device

Workpiece fixture

Grinding direction ek o 1:mm Dynamometer

Zone

Normal force
Tangential force

Front Left side

rinding force/N

Workpiece © =30

0 05 10 15 20 25 30 35 40 45
Time/s

Figure 5.
Experiment setup: (a) the single particle scratch test and (b) the grinding experiment setup [6, 25].
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Parameters Value

Grinding wheel radius Rs (mm) 13.6

Grain vertex half angle 6 (°) 38.7

Grinding wheel speed v, (r/min) 1000, 1500, 2000, 2500, 3000

Feed rate of workpiece v,, (mm/min) 500, 550, 600, 650, 700

Grinding depth a,, (mm) 0.1,0.12, 0. 14, 0.16, 0. 18
Table 1.

Grinding parameters of the single particle scratch test.

Parameters Value

Feed rate (mm/min) 500

Grinding wheel 100# 240#

Grinding speed (m/s) 1.4 21 2.8 35 4.2

Grinding depth (mm) 0.1 0.12 0.14 0.16 0.18
Table 2.

Grinding parameters of the full factor experiment [6].

4. Result and discussion
4.1 Force analysis on a single abrasive particle
4.1.1 Specific grinding energy

Through Eqgs. (24) and (25), the specific grinding energies of our proposed model
and the general model are obtained, as shown in Figure 6. Experimental result dem-
onstrates that the specific grinding energy sharply decreases with increasing wheel
speed and increases slightly with the increasing feed rate and grinding depth in both
processing directions. The specific energy of direction 1 is larger than that of direction
2 under the same processing parameters. The proposed specific energies and the
general ones have the same changing trends as each other under grinding parameters,
but the values and the order of magnitude have a huge difference.

The difference between the general and the proposed models are reflected in two
aspects. One is the model in the research and is based on single grain which is always
taking part in the machining of each cut. The grain edge height is constant relative to
the workpiece when the grinding depth is fixed. The other is the model that considers
the contact period from #; to #; n.x between the grain and workpiece in one cut. It can
be known that from the moment #;,,,, to the next time the grain cutting into the
workpiece, single grain does not take part in grinding anymore. Therefore, the angle
ratio comparing Egs. (24) and (25) appears, and the specific energy is smaller. Fur-
thermore, each grain taking part in grinding does not always have contact with the
workpiece during conventional wheel grinding, but when it cuts out of the workpiece
or is within the cutting process, other grains are participating in cutting. Therefore,
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for single grinding, the process is discontinuous no matter on a macroscopic or
microscopic scale.

4.1.2 Force model verification

Figure 7 is the experimental and fitting results of the force with changing grinding
parameters, which show good accordance with the experimental ones, and reflects the
rationality of the force model. Meanwhile, the grinding force has a similar trend with
the change of specific energy when the machining parameters change. This is because

force is closely related to changes in energy. The grinding process is steadier, and the
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Experimental and fitting results: (a) Fy on direction 1, (b) F,, on direction 1, (c) F, on direction 2, and (d) F, on
direction 2 [25].

specific energy and the grinding force decrease. Inversely, increasing the feed rate will
reduce the brittle fracture and increases the plastic deformation of the material
resulting in a larger specific energy and grinding force. Increasing cutting depth will
increase the material removal rate. Therefore, the integrated effects make the specific
energy and the grinding force increase. From the global, the force and the specific
energy are not just going up or down, and there are some fluctuations with the
grinding parameters. The main reason is that the presence of reinforced fibers causes
their fluctuations [27].

4.2 Grinding force analysis of grinding wheel
4.2.1 Effect of process parameters on grinding force

The grinding force contour maps with the change of grinding speed and depth are
shown in Figure 8. It can be seen that the changes of tangential and normal forces are
similar for the 100 # grinding wheel. A peak and closed profile was found in Figure 8
(a) and (b), meaning that there is a grinding force turning point. Furthermore, the
difference is revealed between the maximum values measured for tangential and
normal forces. The largest tangential force was measured for a combination of the
grinding speed 1.9-2.9 m/s and grinding depth 0.145-0.168 mm. On the other hand,
the largest normal force was found for a combination of the grinding speed 2.7-3.0 m/
s and grinding depth 0.117-0.139 mm. Generally speaking, the grinding force
increases as the grinding speed decreases and the grinding depth increases, but there
are some differences here. This phenomenon could be attributed to the change of fiber

151



Ceramic Materials — Present and Future

0.18 Grinding 0.18

& Grinding
force (N)

force (N)

1420
0.16 <% 0.16

0.14

Grinding depth (mm)
=1
Y
Grinding depth (mm)

3880
5815

4280
6.338

4700
6,990

e
I~}

0.10 0.10
1. 21 28 335 2 14 . 28 35 42
Grinding speed (m/s) Grinding speed (m/s)
(a) Tangential force of 100 # grinding wheel (b) Normal force of 100 # grinding wheel
0.18 Grinding Grinding
force (N) force (N}
0.16 L) 57000
) . E 200
= 2680 E 3363
= s = i
'13 0.14 =0 'él- 5025
%n 800 f‘=_° r.as
2 6580 E o
S 0.12 pRa 5 1002
N 8540 1135
Suvers Severs
proc pesirot
0.10
1 21 28 35 28 35
Grinding speed (m/s) Grinding speed (m/s)
(c) Tangential force of 240 # grinding wheel (d) Normal force of 240 # grinding wheel

Figure 8.
Grinding force contour maps with the change of grinding speed and depth [6].

cutting types and tribological behavior between the abrasive grains and SiO,f/SiO,.
With the increase in grinding depth and decrease in grinding speed, the wear debris is
crushed into small pieces, which changes the SiO, fiber cutting type, and causes a
decrease in grinding force. The contour maps of grinding force using a 240 # grinding
wheel are in Figure 8(c) and (d). Both tangential and normal forces are high when the
grinding speed ranges from 2.0 to 2.4 m/s, and the grinding depth is 0.165-0.180 mm.
Furthermore, when the grinding speed ranges from 1.4 to 1.9 m/s, the grinding depth
is above 0.100 mm, the grinding wheel encounters a severe blockage.

4.2.2 Comparison of the force of the single particle and grinding wheel

The grinding force for both the single-grain and grinding wheel grinding using the
same parameters were shown in Figure 9. When the grinding depth is changed from
0.10 to 0.18 mm, the grinding speed is set to 2.8 m/s. The grinding speed changes from
1.4 to 4.2 m/s, while the grinding depth is set to 0.10 mm. The experimental results
indicate that both the tangential and normal forces in single-grain grinding decrease
with the grinding speed and increase with the grinding depth, as discussed in the
previous study by the authors. However, the diamond wheel grinding performance is
notably different. The diamond wheel grinding force fluctuates with the increases in
grinding speed and grinding depth, particularly for 240 # grinding wheel. When testing
the grinding force using a grinding wheel, the grains on the grinding wheel are much
more complicated than the single-grain test. For example, the heights and conditions of
the gains on the grinding wheel are different from each other. Thus, the contacting
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Force of single-grain and diamond wheel grinding [6].

condition between the grinding wheel and the material surface is much more compli-
cated than single-grain grinding. Due to the complexity of the grinding wheel diamond
grains, the material removal type of grinding wheel will be significantly more compli-
cated than single-grain scratching, that is the reason why the grinding performance of
single-grain grinding and grinding wheel grinding is different.

4.2.3 Surface roughness after grinding

It was found that the surface roughness following the grinding using 240 # grind-
ing wheel is notably smaller compared to 100 # grinding wheel, as shown in
Figure 10. The difference in grain size of the two grinding wheels causes the differ-
ence in surface roughness. Larger grains cause wider and deeper scratches on the
workpiece, leading to a rougher grinding surface. The grain size of 100 # grinding
wheel is 124-178 um, and that of 240 # grinding wheel is 53-74 um.

Furthermore, with an increase in grinding speed, the surface roughness obtained
using 100 # grinding wheel first increased and then decreased. The surface roughness
in the 240 # grinding wheel first decreased and then increased. The changes trend of
surface roughness and the grinding force was the same, indicating that a smoother
surface is obtained when using a smaller grinding force. It should be noted that for
240 # grinding wheel under the grinding speed of 1.4 m/s, only the test with 0.1 mm
grinding depth could be performed. The remaining four tests have failed due to
severe grinding wheel blockage. Thus, no surface roughness data were shown in
Figure 10(b).
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Surface roughness Sa under the different grinding speeds and depths [6].

Wheel Parameters Optimum grinding parameters

Fmin Samin (llm)

(N)
v a, v a, (mm) v a, (mm) Z, F, F, Sa
(m/s) (mm) (m/s) (m/s) (mm®s) (N) (N) (pm)
100# >35 <0.16 — 0.14-0.175 >35 0.14-0.16 8.17-933 <3 <53 <15
240# >28 <0.16 1.75-4.2 >0.16 28-42 <012 <7 <36 <47 <£96

or <0.12

Table 3.
Optimum grinding parameters of both wheels.

4.2.4 Optimum grinding parameter

Table 3 shows the processing parameters corresponding to the minimum grinding
force and surface roughness [28-30] of the two grinding wheels, respectively. By
taking the intersection, the optimal machining parameters of the two grinding wheels
can be obtained. At the same time, the respective nominal removal rates are calculated
under the optimal processing parameters. Reasonable machining parameters should
not only ensure the machining quality and reduce the damage to the workpiece and
the tool, but also consider the processing efficiency.

5. Conclusions

In this chapter, a new force model of WCMC considering fiber orientation was
proposed based on energy balancing theory and verified with the grinding experiment
of 3D orthogonal SiO,f/SiO,. The main findings are listed as follows:

1.The study modifies the specific grinding energy model and proposes an
analytical model to predict WCMC grinding force in single-grain processing in
terms of fiber orientation.
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2.Through the grinding experiments, the grinding force and the specific energy
decrease with the increasing wheel speed but increase with the increasing feed
speed and grinding depth.

3.During the grinding process, the force and specific energy of direction 1 are
always larger than those of direction 2, and the normal force is always bigger

than the tangential force.

4. Aiming at minimum grinding force and maximum surface quality, the optimum
process parameters of two grinding wheels are obtained.

The research content of this paper includes some published papers, which have
attracted wide attention. We will continue to carry out extensive research on the
processing of ceramics in the future, especially the processing of woven ceramic
matrix composite and ceramic electronic components.

Acknowledgements

This work was supported by the National Natural Science Foundation of China

[51375333].

Conflict of interest

The authors declare no conflict of interest.

Author details
Bin Lin"?**, Jingguo Zhou™?, Jinhua Wei?, Haoji Wang"?* and Tianyi Sui>**
1 School of Mechanical Engineering, Tianjin University, Tianjin, China

2 Key Laboratory of Advanced Ceramics and Machining Technology, Ministry of
Education, Tianjin University, Tianjin, China

3 Aerospace Research Institute of Materials and Processing Technology, Beijing, China

*Address all correspondence to: tdlinbin@126.com; suity@tju.edu.cn

IntechOpen

© 2023 The Author(s). Licensee IntechOpen. This chapter is distributed under the terms of
the Creative Commons Attribution License (http://creativecommons.org/licenses/by/3.0),
which permits unrestricted use, distribution, and reproduction in any medium, provided

the original work is properly cited.

155



Ceramic Materials — Present and Future

References

[1] Chen D, Liu 'Y, Meng M, et al.
Dynamic axial crushing behaviors of
circular composite tubes with different
reinforcing fibers and triggers.
International Journal of Mechanical
Sciences. 2023;244:108083.

DOI: 10.1016/j.ijmecsci.2022.108083

[2] Wang H, Koyanagi T, Arregui-Mena
DJ, et al. Anisotropic thermal diffusivity
and conductivity in SiC/SiC tubes
studied by infrared imaging and X-ray
computed tomography. Ceramics
International. 2022;48(15):21717-21727.
DOI: 10.1016/j.ceramint.2022.04.153

[3] Pan Z, Qiao F, YuJ, et al. Distribution
of axial yarns on the localized
deformation and damage mechanism of
triaxial braided composite tubes. Thin-
Walled Structures. 2022;177:109389.
DOI: 10.1016/j.tws.2022.109389

[4] Park JY, Kim D, Lee HG, et al.
Fabrication and evaluation of C-ring
strength of SiCf/SiC composite tube.
Journal of the Korean Ceramic Society.
2021;58(6):718-727. DOI: 10.1007/
$43207-021-00146-0

[5] Teti R. Machining of composite
materials. CIRP Annals - Manufacturing
Technology. 2002;51(2):611-634. DOL: org/
10.1016/S0007-8506(07)61703-X

(6] Lin B, Wang H, Wei ], et al. Diamond
wheel grinding characteristics of 3D
orthogonal quartz fiber reinforced silica
ceramic matrix composite. Chinese
Journal of Aeronautics. 2021;34(5):
404-414. DOI: 10.1016/j.¢ja.2020.12.026

[71 Yao L, Liu Z, Song Q, et al. Prediction
modelling of cutting force in rotary
ultrasonic end grinding 2.5D woven
SiO,£/SiO, ceramic matrix composite.
Composite Structures. 2023;304(2023):

156

116448. DOI: 10.1016/j.compstruct.
2022.116448

[8] Yang Z, Zhu L, Lin B, et al. The
grinding force modeling and
experimental study of ZrO2 ceramic
materials in ultrasonic vibration assisted
grinding. Ceramics International. 2019;
45(7):8873-8889. DOLI: 10.1016/j.
ceramint.2019.01.216

[91LiC, Li X, Wu Y, et al. Deformation
mechanism and force modelling of the
grinding of YAG single crystals.
International Journal of Machine Tools
and Manufacture. 2019;143:23-37.

DOI: 10.1016/j.ijjmachtools.2019.05.003

[10] Li H, Yu T, Wang Z, et al. Detailed
modeling of cutting forces in grinding
process considering variable stages of
grain-workpiece micro interactions.
International Journal of Mechanical
Sciences. 2016;126:319-339.

DOI: 10.1016/j.ijmecsci.2016.11.016

[11] Meng Q, Guo B, Zhao Q, et al.
Modelling of grinding mechanics: A
review. Chinese Journal of Aeronautics.
2022. DOLI: 10.1016/j.¢ja.2022.10.006

[12] Zhang Y, Lin B, Liu J, et al. An
experimental study on mechanical
modeling of ceramics based on
microstructure. Applied Sciences. 2015;

5(4):1337-1349. DOI: 10.3390/app5041337

[13] Wang Y, Sarin VK, Lin B, et al.
Feasibility study of the ultrasonic
vibration filing of carbon fiber
reinforced silicon carbide composites.
International Journal of Machine Tools
and Manufacture. 2016;101:10-17.
DOI: 10.1016/j.ijjmachtools.2015.11.003

[14] Huang H, Liu YC. Experimental
investigations of machining
characteristics and removal mechanisms



Investigation of Grinding Force and Process Optimization of Woven Ceramic Matrix...

DOT: http://dx.doi.org/10.5772 /intechopen.1001865

of advanced ceramics in high speed deep
grinding. International Journal of
Machine Tools & Manufacture. 2003;43:
811-823. DOI: 10.1016/S0890-6955(03)
00050-6

[15] Zhang Y, Li C, Ji H, et al. Analysis of
grinding mechanics and improved
predictive force model based on material-
removal and plastic-stacking mechanisms.
International Journal of Machine Tools and
Manufacture. 2017;122:81-97.

DOI: 10.1016/j.ijmachtools.2017.06.002

[16] Patnaik Durgumahanti US, Singh V,
Venkateswara RP. A new model for
grinding force prediction and analysis.
International Journal of Machine Tools
and Manufacture. 2010;50(3):231-240.
DOI: 10.1016/j.ijmachtools.2009.12.004

(171 Li Z, Zhang F, Luo X, et al. A new
grinding force model for micro grinding
RB-SiC ceramic with grinding wheel
topography as an input. Micromachines.
2018;9(8):368. DOI: 10.3390/mi9080368

[18] Yuan S, Fan H, Amin M, et al. A
cutting force prediction dynamic model
for side milling of ceramic matrix
composites C/SiC based on rotary
ultrasonic machining. The International
Journal of Advanced Manufacturing
Technology. 2016;86(1-4):37-48.

DOI: 10.1007/s00170-015-8099-6

[19] Wang Y, Lin B, Zhang X. Research on
the system matching model in ultrasonic
vibration-assisted grinding. The
International Journal of Advanced
Manufacturing Technology. 2014;70(1):
449-458. DOI: 10.1007/s00170-013-5269-2

[20] Ding K, Fu Y, Su H, et al. Study on
surface/subsurface breakage in
ultrasonic assisted grinding of C/SiC
composites. International Journal of
Advanced Manufacturing Technology.
2017;91(9-12):3095-3105. DOI: 10.1007/
s00170-017-0012-z

157

[21] Zhang ], Lin B, Fei ], et al. Modeling
and experimental validation for surface
error caused by axial cutting force in
end-milling process. International
Journal of Advanced Manufacturing
Technology. 2018;99(1-4):327-335.
DOI: 10.1007/s00170-018-2468-x

[22] Ojo SO, Ismail SO, Paggi M, et al. A
new analytical critical thrust force model
for delamination analysis of laminated
composites during drilling operation.
Composites Part B: Engineering. 2017;
124:207-217. DOI: 10.1016/j.
compositesb.2017.05.039

[23] Cao X, Lin B, Zhang X.
Investigations on grinding process of
woven ceramic matrix composite based
on reinforced fiber orientations.
Composites Part B Engineering. 2015;71
(mar.):184-192. DOI: org/10.1016/j.
compositesb.2014.11.029

[24] Cao X, Lin B, Wang Y, et al.
Influence of diamond wheel grinding
process on surface micro-topography
and properties of SiO,/SiO, composite.
Applied Surface Science. 2014;292:
181-189. DOI: 10.1016/j.
apsusc.2013.11.109

[25] Wei J, Wang H, Lin B, et al. A force
model in single grain grinding of long
fiber reinforced woven composite. The
International Journal of Advanced
Manufacturing Technology. 2019;100
(1-4):541-552. DOI: 10.1007/
s00170-018-2719-x

[26] Wei ], Wang H, Lin B, et al. Acoustic
emission signal of fiber-reinforced
composite grinding: Frequency
components and damage pattern
recognition. International Journal of
Advanced Manufacturing Technology.
2019;103(1-4):1391-1401. DOI: 10.1007/
s00170-019-03645-x

[27] Liu C, Ding W, Yu T, et al. Materials
removal mechanism in high-speed



Ceramic Materials — Present and Future

grinding of particulate reinforced
titanium matrix composites. Precision
Engineering. 2018;51:68-77.

DOI: 10.1016/j.precisioneng.2017.07.012

[28] Wei ], Wang H, Lin B, et al.
Measurement and evaluation of fiber
bundle surface of long fiber reinforced
woven composites. Surface Topography-
Metrology and Properties. 2019;7(1).
DOI: 10.1088/2051-672X/aaf6fd

[29] Wei J, Wang H, Lin B. Measurement
of cell body and the whole surfaces of
long Fiber reinforced woven composites.
IOP Conference Series Materials Science
and Engineering. 2019;678:012029.

DOI: 10.1088/1757-899X/678/1/012029

[30] Wei ], Lin B, Cao X, et al. Two-
dimensional evaluation of 3D needled
Cf/SiC composite fiber bundle surface.
Applied Surface Science. 2015;355:
166-170. DOI: 10.1016/j.
apsusc.2015.06.182

158



Chapter 8

Lime Mortars Containing Ceramic
Material as Pozzolan

Leane Priscilla Bonfim Sales, Aline Figueiredo da Nobrega,
Iranilza Costa da Silva, Ana Cecilia Vieira da Nobrega,
Arnaldo Manoel Pereiva Carneivo, Fabiola Luana Maia Rocha
and Diego de Paiva Bezerra

Abstract

Lime mortars have been indicated for restoration and conservation interven-
tions in historic buildings, however, the slow hardening of these mortars does not
favor their use and dissemination in construction areas. The inclusion of pozzolans
improves these properties, and although the results achieved are not close to those
found in conventional cementitious mortars, they are seen as compatible materials for
restoration services, since they present moderate mechanical responses and chemical
compatibility. This chapter aims to show the impact of different pozzolans on fresh
and hardened lime mortar’s properties, including mechanical, rheological, and micro-
structural properties. In addition, an overview of historical mortars is presented.

Keywords: historical mortar, lime mortar, pozzolan, metakaolin, conservation,
restauration

1. Introduction

Among materials found in secular constructions, lime mortars stand out and were
used until at least the beginning of twentieth century [1]. Studies that analyze the
coatings of old buildings show that not only aerial lime was found, but also natural
hydraulic lime and lime with the addition of pozzolans [2-4].

The use of lime in mortars has been rescued and is indicated in restoration inter-
ventions in historical buildings to ensure physical and chemical compatibility of new
mortars, with respect to old ones [5, 6]. This is because using Portland cement in
restoration and conservation works presents incompatibilities, in view of its different
characteristics in relation to original mortar, such as high rigidity, low porosity and
presence of alkaline hydroxides that can react forming soluble salts [7]. Such charac-
teristics lead to pathologies such as fissures and efflorescence.

Lime mortars have some disadvantages compared to those produced with Portland
cement, such as lower mechanical strength and very long hardening time [8]. Studies
show that lime and pozzolan mixture implies changes in setting and hardening
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mechanism and in rheological responses, as well as in improvement in performance
regarding water permeability, durability and mechanical resistance [6, 9-11].

There is evidence of use of volcanic ash and ground ceramic fragments as natural
pozzolans throughout history and it was associated with obtaining resistant and
durable mortars [12], but in recent works, metakaolin is among the most used poz-
zolans in lime-based mixtures, justified according to authors by its high pozzolanic
activity [5, 6, 8-10, 13-16] and Veiga et al. [17] reinforces that lime mortars added
with pozzolans in general are chemically and physically compatible with old mortars,
having a similar composition and ability to accommodate the movement of masonry
structures.

2. Historical mortars

Throughout the useful life of a structure, there is inevitably a need for conserva-
tion and restoration, in view of its exposure to environmental weather and wear due
to human use.

Various types of binders were used in the past, some like clays and bitumen were
ready to use, and others required heating and mixing with water before application
[18]. Also according to the authors, aerial binders such as gypsum and lime were ini-
tially used. Then hydraulic binders came up, resulting from the calcination of impure
lime or from the calcination of pure lime with materials with silica and alumina.

Thus, until mid-nineteenth century, lime was the main binder for laying and
coating mortars and its use was frequent in ancient historical civilizations [19].
Veiga [20] mentions that aerial lime mortars are part of almost all old buildings and
performed structural functions, when used in masonry blocks, to protective, adhe-
sion and decorative functions, when used in plasters, laying mortars and paintings,
respectively.

Currently, studies have been developed to know its properties from a technical
point of view, recover lost technology and define application, mixing and mainte-
nance techniques [19].

The application of mixtures based on currently conventional binder, Portland
cement, presents, in conservation and restoration services in historical buildings,
physical and chemical incompatibilities with original materials of structure [5],
since it is associated with high mechanical resistance, high modulus of elasticity, low
permeability to water vapor and the presence of alkaline hydroxides that can react
forming soluble salts [7].

As for the use of cement in repairs to old buildings, Veiga [21] also points out other
common drawbacks, such as the difference in surface texture and the way it reflects
light, the presence of soluble salts that can be transported to interior of walls and
crystallize, leading to element degradation as well as excessive stiffness and limited
ability to allow wall to dry. Magalhdes [22] presents old wall pathologies associating
them with their possible causes.

Despite current imposition of productivity, reduction of costs and deadlines and
absorption of non-specialized labor in the field of civil construction, conservation
and restoration services demand care to avoid future pathologies. Compatibility
between masonry materials and laying and coating mortars contribute to proper
functioning of wall and increase its durability. In the past, the mix of materials for
this purpose was based on local availability [23].
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Therefore, in most severe cases of old coatings degradation, it is necessary to
replace all original material with material that is close to previous one and that is
durable [17], where the original material is usually lime-based mortars [5, 6].

Grilo et al. [15] point out that some properties are specific to lime-based materials,
such as moderate mechanical properties, good performance in water vapor transmis-
sion and durability.

Veiga [21] compares performance of current and old external coatings mortars in
terms of permeability. While currently, the focus is on ensuring walls watertightness,
either by cutting capillarity in foundations, waterproofing and watertight window
frames, the ancient walls were thick and porous and admitted water entry, but also
allowed expulsion of water to be easy and fast.

Many times, the lack of knowledge about old mortars constitution and techniques
applied for adequate restoration interventions lead those responsible for such services
to adopt replacement of entire coating, which deprives building of its character and is
a solution that presents a performance and durability inferior to that of pre-existing,
as reported by Ref. [21].

This concept, in addition to being related to the conservation of history, is also
linked to sustainability concept, since an inadequate solution can accelerate degrada-
tion process. The author emphasizes that it is necessary to understand degradation
degree and know materials that makeup coating and their properties.

Given the current context, Sec [23] points out that it is important to encourage
application of mortars compatible with existing walls, using products available on
market and suitable for current situation.

3. Lime mortars

Although in Europe, studies involving lime or lime and pozzolan mortars are
vast [5-8, 14, 16, 24-26], Veiga [20] states that lime-based mortars use is still rare in
rehabilitation works and conservation of old buildings.

Veiga [20] attributes this to the need for scientific knowledge regarding local con-
ditions and raw materials nature, lack of training on part of professionals to perform
service, and difficulty of controlling planning in view of time required for application
and drying of multilayers and waiting for favorable temperature conditions.

Lime can be aerial or hydraulic depending on the chemical composition of its raw
material, limestone. Aerial lime, like any aerial binder, hardens by chemical reaction
with carbon dioxide (CO,), and limestone to be burned at a maximum of 900°C must
fundamentally consist of CaCO; or CaMg(COs), [23, 27]. Hydraulic lime, on the other
hand, hardens in contact with water and is obtained through burning at about 1200°C
of marly limestones that have up to 20% clay, and thus contain clayey compounds
such as Si0,, Al,O; and Fe,0; [23].

Still from a raw material perspective, aerial lime can be calcitic when its main
constituent is calcite (CaCO;); or dolomite when there is a high magnesium content
in limestone and its main constituent is dolomite CaMg(CO3),. Vinagre [27] mentions
that European standard EN 459-11 (2011) determines that calcitic lime has at least
70% (by mass) of calcium oxide and magnesium oxide sum, with a maximum of 5%
of magnesium oxide, and at least 55% of available lime, while dolomite must present
80% as a minimum value of these oxides sum, of which more than 5% correspond to
magnesium oxide.
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When limestone is subjected to burning/calcining, CO, is released and the
limestone becomes quicklime CaO (calcitic lime) or CaO + MgO (dolomitic lime).
Lime can be marketed as such or hydrated, and depending on the slaking process, in
powder or paste form [12, 27].

Hydraulic lime can be natural, when its raw material already has the aforemen-
tioned clayey compounds, or artificial, in a pre-defined mixture of calcium hydrox-
ide, calcium silicates and calcium aluminates [23]. Thus, the mixture of lime and
pozzolana can be seen as an artificial hydraulic lime.

The Portuguese standard [28] presents types and requirements of limes aimed at
applications in civil construction field. This group includes aerial and hydraulic limes.
Air lime hardens in carbon dioxide presence and hydraulic lime hardens in carbon
dioxide and water presence, that is, there is carbonation and hydration reaction.

Lime with hydraulic properties is subdivided into three groups: natural hydraulic
lime, formulated lime, and hydraulic lime [28]. The first is a consequence of burn-
ing more or less clayey or siliceous limestones, reduced to powder by slaking with or
without grinding, but it should be noted that grinding is limited to 0.1%. Formulated
lime is the result of mixing aerial lime or hydraulic lime with hydraulic or pozzolanic
material and, hydraulic lime, is the product of mixing lime with other materials such
as cement, slag, fly ash, limestone filler and others. All hydraulic limes are further
classified according to their 28 days compression resistance.

Hydrated lime has the advantages of low drying shrinkage and good vapor per-
meability, but it also has disadvantages such as low initial strength, slow hardening
(24-48 h), low water resistance and easy dissociation in humid environments, on the
other hand, hydraulic lime has moderate strength, faster hardening speed (4-12 h),
good water resistance and salt erosion resistance [29].

The state of the art is vast within limes field, in view of various types presented
above and possibilities found throughout analysis of old constructions. Among
studies found, there are works that evaluate historic buildings and identify materials
present [30], while others are focused on the characterization of mixtures based on
different types of lime in the fresh and hardened state; in this context, curing condi-
tions, types of addition, proportion of materials, types of aggregates, use of additives,
rheology, among others, are included as study variables.

Veiga [20] reviews aspects related to aerial lime mortars in an attempt to under-
stand limitations of their use in restoration interventions. The author associates the
mortar performance with lime type, carbonation degree, porosity, nature and size of
aggregates present, among others. A survey of compressive strengths was carried out
and shows that values vary between 0.3 and 1.6 MPa, depending on mortar composi-
tion, calcination level and slaking methods. Aspects regarding its application are also
presented. Some of the limitations raised involve understanding short-term degrada-
tion factors, influence of local factors and management of lime time, either regarding
appropriate environmental conditions for application or regarding the waiting time
between layers application.

The binder: aggregate ratio in lime mortars ranges from 1:1 to 1:2.5, with 1:3 and
1:4 also being found, as stated by Veiga [20]. Still according to the author, the propor-
tion of 1:3 in volume has been adopted as a reference. In fact, in [6, 9, 14], among the
different proportions studied is 1:3. Nogueira et al. [31] also bring considerations
about aggregates packaging and paste volume, differentiating thick and thin mortars,
and point to proportions of 1:2.7 and 1:1.8, respectively.

About the mixing water, Seabra et al. [7] report that aerial lime paste demands
a high water content, as it consists of small particles and therefore a high specific
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surface area. Bakolas et al. [32] and Azeredo [33] used a water/binder factor in pure
lime and lime and metakaolin paste equal to 1.0.

Therefore, lime mortars have some drawbacks such as slow hardening, high
shrinkage and low strength [8]. Such limitations are alleviated with the inclusion of
pozzolans in their composition, providing lime mortars with improved performance
in terms of water permeability, durability and mechanical resistance [9, 10].

The improved properties observed in lime and pozzolana pastes are associated
with hardening reactions of these pastes that differ from lime pastes. While the for-
mer hardens by the simultaneous occurrence of carbonation and pozzolanic reaction,
lime pastes react exclusively by carbonation. In the following topic, the conditions
and mechanisms for the occurrence of reactions are presented, as well as the main
compounds formed in these pastes.

4. Mechanisms of setting and hardening

The hardening mechanisms of these materials are different: while aerial lime
pastes and mortars harden with air through carbonation, those using natural hydrau-
lic lime or lime with pozzolana harden in contact with air and water, occurring
simultaneously carbonation and hydration or pozzolanic reaction [34].

Lime pastes and mortars harden due to the reaction of calcium or magnesium
hydroxide with carbon dioxide in the air, this reaction is called carbonation. The
product formed from this reaction is calcium or magnesium carbonate, depending on
the reagent. When pozzolan is added to aerial lime pastes and mortars, hardening is
achieved through the pozzolanic reaction and carbonation, and the preponderance
between the processes will depend on the curing conditions of the environment and
lime composition.

Carbonation is controlled by carbon dioxide diffusion at the reaction site and
the main factors involved in reaction are CO, concentration, moisture content and
permeability [27, 35]. The mechanism of the carbonation reaction is also presented by
the authors in Figure 1. The carbonation reaction is very slow, it occurs from outside
to inside of mass and takes about 6 months to 1 year, or depending on weather condi-
tions, even longer [27].

The pozzolanic reaction is defined by calcium hydroxide with siliceous or silico-
aluminous materials reaction in water presence and is controlled by siliceous phase
dissolution that occurs in an alkaline medium [36].

Shi and Day [37] present the pozzolanic reaction mechanism in lime and poz-
zolan pastes which can be seen in Figure 2. Although mortars do not have significant
resistance up to 3 days at 23°C, micrographs of this age shown by authors indicate that
all pozzolan particles are covered by a layer of CSH gel.

Although Shi and Day [37] only mention C-S-H and hydrated tetracalcium
aluminate (C4AH13) formation, the main compounds formed in mortars and lime
and pozzolan pastes resulting from the pozzolanic reaction with calcium hydroxide
are hydrated calcium aluminates and silicoaluminates such as stratlingite (C2ASHS),
hydrogarnet (C3AH6), monocarboaluminate (C4ACH11), as well as C-S-H and
C4AH13, [5, 6, 10, 14, 16], especially when pozzolan is metakaolin.

One of the most influential aspects in these compounds’ formation, in harden-
ing process, and in mortars characteristics is their curing condition, as presented by
Azeredo et al. [10]. In this work, the authors evaluated pastes lime and metakaolin
behavior resulting from the calcination of kaolin residue cured at different relative
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humidities: 65% and 100%. The results showed that wet curing favored the poz-
zolanic reaction to the detriment of carbonation, and was the only one that formed
stratlingite. Moist curing mortars reached higher strengths.
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On the other hand, as a result of substitution proportions of lime by pozzolan, the
produced mortar acquires less or more hydraulic properties and influences the speed
of consumption of calcium hydroxide. Gameiro et al. [5] present the replacement of
50% lime with metakaolin as the best result regarding the extension of the pozzolanic
reaction up to 180 days.

The inclusion of pozzolan and the consequent setting and hardening associated
with the pozzolanic reaction produces compounds with better properties, such as
resistance and hardening time [6, 38]. However, it is important to emphasize that this
time is still slow in relation to Portland cement-based materials [39].

5. Pozzolans in lime mortars

According to Ref. [23], in the past, pozzolans were classified as sand and, when
they were mixed in lime mortars, gave them property of hardening under water. In
the absence of natural pozzolans, from volcanic origin, Sec [23] mentions that sieved
ceramic residues and “baked” clays were often used, and only in twentieth century,
the use of fly ash and silica fume began.

As shown, pozzolans’ inclusion in lime mortars leads to simultaneous hardening
by carbonation and pozzolanic reaction in moisture presence and improves properties
such as durability and setting time.

Among pozzolans, it is observed that metakaolin is pozzolanic material commonly
studied in lime and pozzolan mortars and pastes. It stands out for its pozzolanic
activity and consequent significant improvement in properties of these mortars [5, 6,
8-10, 13-16]. This pozzolan is derived from the calcination of kaolinite clay, between
600°C and 850°C [23].

However, there are studies that analyze mortars with lime and other ceramic
materials as pozzolans, such as brick residue [40], expanded clay, rice husk ash, red
brick dust and tile dust and yellow brick [41]. Besides, other materials are seen as blast
furnace slag, fly ash [41] and nanosilica [26, 42].

5.1 Influence of pozzolans on lime mortars
5.1.1 Microstructural aspects

As seen, carbonation is responsible for calcium carbonate formation in lime mortars,
however when there is a pozzolanic reaction, other compounds arise, resulting from
this reaction and may vary according to mortar composition and curing conditions.

Azerédo et al. [10] studied microstructural characteristics of hydrated lime pastes
and calcined kaolin residue varying curing conditions and the lime: metakaolin ratio.
The main phase formed in wet curing was stratlingite and in dry curing monocar-
boaluminate, in addition, wet curing and the highest content of metakaolin favored
calcium hydroxide consumption. Wet curing also improved compressive strength of
mortars [33]. Aspects related to setting and hardening mechanism of lime pastes and
mortars were reviewed by Alvarezet al. [34].

The main compounds formed in lime and metakaolin mortars and pastes resulting
from pozzolanic reaction with calcium hydroxide are hydrated calcium aluminates
and silicoaluminates such as stratlingite (C2ASHS), hydrated tetracalcium aluminate
(C4AH13), hydrogarnet (C3AH6), monocarboaluminate (C4ACH11), as well as
hydrated calcium silicate (CSH) [5, 6, 10, 14, 16].
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Moropoulou et al. [43] compared microstructural evolution of hydrated calcium
silicate phase (C-S-H) in pozzolanic pastes. Powdered calcium hydroxide Ca(OH)2
was used as a reagent and, as a silicon source, silica fume or tetraethyl orthosilicate
solution. The authors conclude that limiting factor in pozzolanic reaction rate is
siliceous phase dissolution since CSH phase in pastes with silica fume was identified
in less than 1 hour, but in pastes with tetraethyl orthosilicate in just 10 minutes.

5.1.2 Mechanical behavior

Velosa et al. [39] evaluated mortars with aerial lime, with aerial lime and three
types of metakaolin and with cement. The results showed that there was an improve-
ment in compressive and tensile strength and in modulus of elasticity in lime and
metakaolin mixtures compared to pure aerial lime, but responses were still lower than
cementitious mortar results. The authors also observed that, when comparing the
three metakaolins used, the higher alumina content and the lower the alkali content,
there were better mechanical results. The percentage of AL,O; in metakaolins analyzed
by authors ranged from 28 to 32%.

Veiga et al. [26] studied the application and performance of coating mortars with
aerial lime and different materials, namely: hydraulic lime, white cement, natural
pozzolan from Cabo Verde, metakaolin and silica fume, applied in recovery of old
fortresses near the coast of Lisbon exposed to saline atmosphere, erosion by wave
action, temperature variation and wind. From a mechanical point of view, in long
term, i situ lime mortar panels with Cabo Verde pozzolan and metakaolin showed
a behavior similar to that of lime and white cement mortar. Other characteristics
such as resistance to water penetration and adhesion to substrate were satisfactory
for mortars with metakaolin and Cabo Verde pozzolan, even though they were more
permeable than those containing Portland cement. The silica fume, however, did not
show enough mechanical resistance after 3 months and the authors report the low-
est proportion used since they considered the highest reactivity. Thus, they suggest
future studies with similar proportions for comparison.

In addition to metakaolin and Microsilica et al. [41] tested six other types of poz-
zolans: blast furnace slag, fly ash, expanded clay, rice husk ash, red brick dust, and
tile and yellow brick dust. Among objectives of this work, in addition to comparing
pozzolans performance in lime-pozzolana mortars, it sought to understand pozzolans
properties and their effects on reactivity. Thus, it was observed that amorphicity is a
preponderant factor for reactivity and improvement of mortar resistance, even more
than silica content of the pozzolan. Of analyzed materials, metakaolin and blast fur-
nace slag showed highest resistances, within same proportion of lime-pozzolana-sand
(1:1:3 ratio). It should also be noted that metakaolin was included in pozzolans group
with highest water demand, with a water/binder ratio (w/agg.) equal to 1.5, while slag
was among those that required the lowest water content. (a/agl. = 0.5), and even so,
metakaolin showed greater resistance.

Matias et al. [40] studied mortars with ceramic residues in different granulom-
etries for replacement as a fine material and as an aggregate. The residues showed
different pozzolanicity and consequently resulted in mechanical responses consistent
with them, so the greater pozzolanic activity, the better mechanical resistance.
Among the main conclusions, authors pointed out that even replacement of particu-
late matter such as sand proved to be a promising solution.

Table 1 presents mechanical behavior results of lime and lime and pozzolan
mortars with regard to compressive and flexural strength and elastic modulus. It is
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Author Testage Compressive Flexural Elastic Ratio/Composition *by

strength (MPa) Strength modulus mass **by volume

(MPa) (MPa)
Velosa 28 0.5 0.28 2000 1:3** (Air lime/sand)
etal. 28 0.75-26 03-07 2900-3300 1:0.5:2.5** (Air lime/
[39] .
metakaolin/sand)
Veiga 90 0.6 03 1850 1:1:6 ** (Air lime—
etal. hydraulic lime)
[26] AT
90 1.5 0.5 3920 1:0.5:2.5** (Air lime-Cabo

Verde Pozzolan)

90 1.5 0.6 2550 1:0.25:2.5 ** (Air lime—
silica fume)
90 13 04 2960 1:0.5:22.5** (Air
lime—metakaolin)
90 0.7 0.2 2130 1:1:4 ** (Air
lime-metakaolin)
Matias 60 0.2 0.19 — 1:3** (Air lime/sand)
etal 60 0.2-0.28 0.10-0.18 — 1:0.2:14.2** (Air lime /
[40] .
ceramic waste/sand)
60 0.28-0.30 0.14-0.20 — 1:0.5:16 ** (Air lime /
ceramic waste/sand)
Azeredo 28 0.55 0.2 — 1:3* (Air lime/sand)
; Sa]l 28 66 16 — 1:1:6* (Air lime/
metakaolin/sand)
28 4.0 1.0 — 1:2:9* (Air lime/
metakaolin/sand)
Gameiro 28 0.2 0.1 — 1:12 * (Air lime/sand)
F;];"l' 28 3.0 115 — 1:1:12* (Air lime/
metakaolin/sand)
28 14 0.7 — 1:0.43:12* (Air lime/
metakaolin/sand)
Table 1.

Mechanical behavior of lime and lime and pozzolan mortars.

emphasized that other data, with different composition ratios and test ages, can be
found in respective works.

It can be seen in Table 1, the difference in mortar resistance when volume or
mass ratio was used, so that resistances were significantly increased in mass ratio,
but regardless of this, insertion of pozzolans in mortar composition was generally
accompanied by improvement in mechanical resistance.

5.1.3 Rheological behavior

With regard to the rheological characterization of lime and lime and pozzolana
pastes, there are few studies. Fourmentin et al. [44] analyzed lime slurries and
observed a better fit to the Herschel-Bulkley model, where fluid needs a flow stress
to initiate flow and apparent viscosity decreases with increasing shear rate. Although
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in paper by Betioli et al. [45], cementitious pastes have better adjusted to model in
question, they are usually characterized as Bingham fluids [46-48].

Sales et al. [11] observed that both lime and lime metakaolin pastes followed
the same behavior. Additionally, the authors observed that presence of metakaolin
reduced paste initial yield stress from 2 to 1 Pa and viscosity. In case of cementitious
pastes that include pozzolanic additions, the behavior that best fits is also that of
Herschel-Bulkley [45-47, 49-57].

Zhang et al. [58] studied aerial lime and metakaolin pastes for initial fluidity,
macroscopic rheological properties, viscoelasticity and initial dissolution hydration.
The authors varied water/binder ratio, the superplasticizer and metakaolin content.
The superplasticizer increased fluidity. The pastes fitted Bingham and Herschel-
Bulkley model. Also according to authors, variation in viscoelastic characteristics had
more influence on water and superplasticizer content than on metakaolin content, so
dispersion is more prominent than formation of the network structure of the lime-
metakaolin pastes.

5.1.4 Influence of existing commercial additives

Arizzi and Cultrone [14] analyzed eight lime and metakaolin mortars with varying
metakaolin content, proportion of binder: aggregate and different types of additives.
The additives did not produce morphological and mineralogical changes in mortars,
but they reduced necessary water content and, consequently, reduced porosity and
increased resistance. Even so, an increase in metakaolin content stands out among
variables analyzed and results in changes in the most significant properties.

A more recent study also shows lime mortars behavior with metakaolin and with
nanosilica, another pozzolan with potential use in lime mortars [42]. The authors also
incorporated three additives: an adhesion improver, waterproofing agent and viscos-
ity modifier. The objective was to evaluate the influence of combination on several
properties, such as fluidity, hardening time, adhesion, cracking, porous structure,
resistance to freezing and durability. The general conclusion regarding additives was
that nanosilica increased strength and durability while metakaolin improved adhesion
and cracking.

6. Conclusion

Historical buildings require conservation and restoration services with compatible
mortars, that is, similar to original materials. Prior to the emergence of Portland
cement, the widespread binder was lime. In addition to lime, historical records also
point to the use of pozzolans in old buildings, which justifies their use nowadays,
along with the improvement in properties, such as hardening time and durability.
Pozzolans also influence the setting and hardening mechanisms, the resulting chemi-
cal compounds and rheological aspects.

However, for its current use, studies have been carried out, since much knowledge
of practice and construction techniques was lost with the advent of Portland cement
and the absence of old records. In addition, the inclusion of pozzolans in lime mortars
implies particularities in setting and hardening process, being influenced by the type
of pozzolan used and its pozzolanic activity, replacement content in mortar, environ-
mental conditions of application and curing, among others.
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Therefore, this chapter highlighted the factors that influence lime mortars and
how they respond to inclusion of pozzolans in terms of setting and hardening mecha-
nisms, mechanical performance, formed hydration products and rheological aspects.
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Chapter 9

Warm/Cool Feeling Characteristics
of Ceramic-Incorporated Fabrics:
Process, Characterization, and
Thermal Properties

Seung Jin Kim and Hyun Ah Kim

Abstract

Recently, high-performance functional textile goods have been commercialized
using various ceramic nanopowders, such as ZrC, Al,O3, SiO;, ZnO, ATO, and TiO,,
embedded in the yarns and fabrics. This study examines the warm-cool feeling char-
acteristics of ceramic-incorporated fabrics with their process, characterization, and
thermal characteristics. This topic is divided as follows: review (introduction), prepa-
ration (experimental), characterization with thermal property (results and discus-
sion), and summary. As a review, heat release and storage properties of the various
ceramic-embedded fabrics are introduced and multifunctional properties of different
ceramic-embedded fabrics such as UV-cut and anti-static with thermal wear comfort
are reviewed with types of ceramic particles embedded in the yarns through the
literature published up to now. In the text, warm-cool feelings of ceramic-embedded
fabrics prepared in this study are compared in terms of heat flow rate (Qmax) and
thermal insulation value (TIV) and summarized with dye-affinity and color-fastness
of the ceramic-embedded fabrics. Finally, the future prospect for functional to textiles
treated with ceramic materials is proposed in the fields of water repellence, anti-
bacteria, flame retardation, anti-static, and UV protection.

Keywords: coolness, warm feeling, ceramic, heat flow rate (Qmax), thermal
insulation value (TIV), FIR, dye-affinity, color fastness

1. Introduction

Heat storage and retention warm-up textile materials have been used in sportswear
and lingerie with eco-friendly and environmentally functional textile materials. Many
commercialized warm-up textile materials were developed by Japanese companies,
such as Unitica [1], Kuraray [2], Mitsubishi-rayon [3], Toray [4], and KB seiren [5].
Many studies and technical reports for this area have been provided despite the
confidentiality related to technical information by the manufacturing company [6-9].
Improving heat storage and retention of the warm-up textile materials in the company
mainly involves three types of technology: micro-multilayer fiber with high
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hollowness [10, 11], heat release/storage by ceramic-embedded technology, and heat
development using a phase change material (PCM) [12-14]. Of these technologies,
ceramic-embedded technology has attracted considerable attention because of its
appearance in the market by many Japanese textile companies.

On the other hand, many studies [15-19] related to their interactions between the
heat released from the ceramic particles in the yarns and infrared radiation have been
carried out using a range of ceramic particles, such as ZrC, Al;O3, and SiO,. Negishi
and Kikuchi [15] reported the heat-absorbing property of ZrC particles and that they
reflected far-infrared (FIR) radiation. Furuta et al. [16] examined the heat storage and
moisture permeability of the ZrC-embedded PET fabric. Bahng and Lee [17] reported
the heat-generating and rapid moisture absorption/drying properties of the Al,O3-
embedded fabrics. Anderson et al. [18, 19] reported increased solar absorption with an
increased TiO, content embedded in the PET filament and presented the thermal
outwear made from TiO,-embedded fabric designed for cold-weather applications.
Kim and Kim [20, 21] examined the thermal properties and wear comfort of the ZrC-
embedded PET fabrics.

On the other hand, some studies [22-25] related to thermal and wear comfort were
performed using regular and special fibers with a change in the yarn and fabric
structural parameters. Matsudaira [22] examined the moisture and heat transmission
of the eight types of fabric specimens made from different grooved hollow fibers.
They reported that the thermal conductivity of the fabric specimens differed
according to the cross-sectional shape of the grooved hollow fibers, and the maximum
heat flow (Qmax) of the fabric specimens was primarily affected by the contacted
surface area between the fibers in the yarn. Furthermore, the thermal insulation value
(TIV) of the fabric specimens was strongly dependent on the cross-sectional shape of
the grooved hollow fibers. Onofrei et al. [23] examined the influence of knitted fabrics
structure on the thermal and moisture properties using Coolmax® and Outlast®.
They reported the importance of a knitted fabric structure suitable for summer and
winter sportswear by analyzing their heat and moisture characteristics. Supuren et al.
[24] examined warm-cool characteristics through the moisture management and
thermal absorptivity of double-face knitted fabrics used in sports/activewear using a
cotton/polypropylene (PP) blend yarns. Majumdar et al. [25] examined the thermal
properties in terms of thermal conductivity, wet thermal resistance, and air perme-
ability of knitted fabrics made from cotton and regenerated bamboo cellulosic fibers.
They reported the thermal wear comfort according to the knitted fabric structure and
pattern. In addition to these studies, several studies have measured the warm-cool
feeling characteristics [26-28] and clothing temperature change using a phase change
material [29-31]. However, few studies have examined the thermal wear comfort with
the dyeability and color fastness of Nylon/PP sea and island warm-up knitted fabrics
incorporated with fine ceramic powders.

On the other hand, high functional fibers have become applicable to intelligent
textile materials, where self-regulating control of cold and hot weather is possible by
the release and absorption of heat [6, 12]. Among them, cool textile materials used in
hot weather are made from phase change materials (PCM) [6, 13, 14] and moisture-
responded transformable (MRT) fiber [14, 32], which are called intelligent textiles or
smart textiles. Recently, Mather [33] proposed that PCM, shape memory polymers
(SMPs), and breathable fabrics, including thermochromism and photochromism,
could apply to intelligent textiles. The MRT fiber was developed by Teijin in Japan,
which has been commercialized to knitted fabrics for sportswear [32]. MRT fibers are
expanded after moisture absorption like the hygral expansion (HE) of wool fibers.
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Kim and Kim [32] examined the physical properties of Huvis elastic fiber (HEF)
developed by Huvis Co. Ltd. in Korea, which is similar to the MRT fiber of Teijin in
Japan. Many studies [24, 34-43] focused on improving the coolness feeling character-
istics of sweating have been carried out using fabric manufacturing technology by
combining hydrophobic and hydrophilic yarns. Of these studies, D. Mikucioniene

et al. [34] examined heat transfer characteristics of the water absorption and fast-
drying knitted fabrics made from cotton/synthetic composite yarns. M. Piraee et al.
[35] reported the thermal characteristics of 13 acrylic knitted fabrics with different
stitch length. M. Yanilmaz [36] investigated wear comfort with absorption and drying
properties of acrylic knitted fabrics with different structures. Chen et al. [38-40]
reported the extent of the coolness of nylon and PET knitted fabrics using initial
absorption rate and wicking rate measured from biomimetics of branching structure.
Fan et al. [41] and Sarkar et al. [42, 43] conducted intensive studies to improve the
moisture absorption of multilayered fabric on plant-based fabric structures.

On the other hand, commercially applied coolness textile technologies include two
types of technology: one is perspiration absorption and fast-dry fiber material with a
noncircular cross-sectional shape, Coolmax®, as a well-known brand of Dupont
(Invista). In particular, perspiration absorption and fast-drying properties (coolness
characteristics) of fabrics using Coolmax® and Outlast® have been examined by
some textile scientists [23, 44-47]. Onofrei et al. [23] examined the influence of
knitted fabric structure on the thermal and moisture properties of knitted fabrics
using Coolmax®. Kim and Kim [44-47] examined the wicking and drying properties
as coolness characteristics and heat retention rate as warmness characteristics of
woven fabrics made from PET and PP composite yarns with Coolmax®/bamboo/
Tencel fibers. They reported that the Coolmax®/Tencel sheath/core fabrics exhibited
superior wicking and drying properties applicable to coolness fabrics for summer
outdoor clothing.

Another technology uses ceramic-incorporated hydrophilic PET fiber material
with superior heat transfer properties using ethylene vinyl alcohol (EVOH) as a
hydrophilic heat transfer material, which was commercialized in Japanese companies,
such as Kuraray and Komatsu-seiren. Sophista®, made in Kuraray is manufactured
using composite spinning technology with three types of yarn cross-sections: sheath/
core, multilayer, and multi-hollow with hydrophilic heat transfer material, EVOH,
which enables a cool feel to the wearer while it contacts the human skin. Aqusia®
made in Komatsu-seiren was commercialized using bicomponent spinning with nylon
with ceramic powders and hydrophilic PET. It is composed of a sheath filled with
ceramic-incorporated nylon and a core with hydrophilic and high heat transfer PET.
On the other hand, despite the many fiber manufacturing companies providing con-
siderable technical information as a commercial base, various physical properties,
including the coolness feel of the hydrophilic and heat transfer PET, are less known
for confidentiality reasons. Recently, Huvis Co. Ltd. in Korea developed a ceramic-
embedded hydrophilic PET coolness filament with noncircular and different shaped
cross-sections, but there are no reports of the detailed coolness feeling and dyeability
data according to the dyeing processing factors in terms of the dyeing temperature
and time.

Therefore, this study examined warm/cool feeling characteristics of ceramic incor-
porated fabrics, and which is composed of two part, first part examined the thermal
wear comfort in terms of maximum heat flow (Qmax) and thermal insulation value
(TIV) of the warm-up knitted fabric specimens made from Nylon/PP sea and island
composite filaments incorporated with fine ceramic particles. Second part examined the
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physical properties of the ceramic-embedded hydrophilic PET coolness filament devel-
oped by Huvis Ltd. Co. in Korea. The coolness feeling of the knitted fabric made from
the ceramic-embedded coolness filament was compared with that of control knitted
fabrics made from hydrophobic PET coolness and regular PET filaments. In particular,
the effect of ceramic powders incorporated in the coolness filament to the cool feeling
was examined. In addition, the dye-affinity, color difference, and color fastness to the
washing of hydrophilic PET coolness fabrics with noncircular and different shaped yarn
cross-sections were compared with dyeing process factors, such as different dyeing
temperatures and times, and discussed with those of the control fabrics, such as hydro-
phobic PET coolness and regular PET fabrics.

2. Literature review on application of ceramics to textiles goods

Improving the warm feel of textiles mainly involves three types of technology: heat
of wetting by water absorption, heat release using phase change material (PCM), and
heat storage/release by ceramic-incorporated technology. On the other hand, cool feel
technologies of textiles are classified into four types: perspiration absorption and fast-
drying PET with a noncircular cross-sectional shape (Coolmax®) and nylon high
hollow fiber (Wincall®) using conjugated spinning, hydrophilic PET fiber with supe-
rior heat transfer property using ethylene vinyl alcohol (EVOH) by bicomponent
(sheath/core) spinning, PCM material, and moisture-responded transformable (MRT)
fiber technologies. Of these technologies, hydrophilic PET fiber with EVOH using a
bicomponent spinning is composed of a sheath filled with ceramic powder and a core
with hydrophilic and EVOH PET polymer. As mentioned above, ceramic powders are
applied to both warm and cool-feeling textiles.

Therefore, many studies related to warm/cool feeling textiles have been explored
using ceramic powders with many researches to improve UV protection, anti-static,
and anti-bacteria properties. Recently, high-performance functional textile goods
have been commercialized using various ceramic nanopowders, such as ZrC, Al,O3,
Si0O,, ZnO, ATO, and TiO,, embedded in the yarns and fabrics. Among several
methods treated with ceramic powders to the textiles, coating is a common technique
used to apply nanopowders onto textiles, however, the coating has some issue in
washing durability according to the repeated washing and laundering of the treated
textiles. In recent, a new method by novel scheme, not a conventional one such as
coating method was developed. Accordingly, recent studies related to heat release and
storage by thermal radiation, including UV protection and anti-static properties, using
various ceramic particles are critically reviewed in this literature survey. In early
years, scientific studies [15-19] related to their interactions between heat released
from various ceramic particles embedded in the yarns and infrared radiation were
conducted using various ceramic particles, such as ZrC [15, 16], AL,O3, SiO, [17], and
TiO, [18, 19]. More recently, Kim and Kim [20, 21, 48-50] conducted an intensive
study on the heat release/storage and thermal wear comfort of ZrC/Al,O3-embedded
PET fabrics. They [20, 21] examined FIR emission characteristics of ZrC-embedded
knitted fabrics and reported the thermal wear comfort of the ZrC-embedded fabrics
via thermal manikin experiment. They concluded that ZrC absorbs the heat emitted
from the human body or reflects the FIR radiation, which prevents the heat in the
clothing and human body from flowing out.

In addition, Kim and Kim [21] examined heat release/storage properties and ther-
mal wear comfort of Al,O3/graphite and ZrC/graphite-embedded fabrics. They
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reported that the heat release characteristics of the ZrC/graphite-embedded fabrics
were superior to those of the Al,O3/graphite-embedded fabrics. In addition, various
wear comfort properties of the fabrics using thermal manikin and wearer trials with
human subjects were examined and reported that the wear comfort properties of the
ZrC/graphite-embedded fabric were superior to those of the Al,Os/graphite-
embedded fabric. In further studies, Kim [48] examined the thermal radiation and
wear comfort properties of the Al,O3/graphite-embedded fabrics according to the
embedded yarn structure distributed by ceramic particles in the yarns. Moisture
absorption and drying properties using a moisture management tester (MMT) and
thermal insulation property by a KES-F7 system were measured and compared with
two ceramic-embedded yarn structures (sheath/core and dispersed yarn). In particu-
lar, Kim [49, 50] examined the dry and wet thermal wear comfort properties of the
Al,O5/graphite-embedded fabrics for cold weather protective clothing according to
ceramic particles distributed yarn structures using a sweating thermal manikin
apparatus [49]. Thermal insulation (Clo value) using a thermal manikin of the
Al,Os/graphite-embedded fabrics was compared with thermal radiation (FIR
emissivity and maximum surface temperature) in terms of yarn structure such as
sheath/core, dispersed, and regular PET yarns [50].

On the other hand, many studies [51-62] using various ceramic particles to improve
UV protection and anti-static characteristics of the fabrics have been conducted with
fabrics coated with different ceramic powders. Of these studies, some studies [51, 52]
examined the increase of the effectiveness of UV protection by coating treatment of
TiO, and others [53-55] reported more efficient UV protection of ZnO-coated fabric
than conventional one. TiO, and ZnO among various ceramic particles were used as UV
blockers, which were more efficient at absorbing and scattering UV radiation than the
other ceramic particles. In contrast, ATO (antimony tin oxide) and ZnO particles
provide an anti-static property with electrically conductive characteristics [56-62],
which helps to effectively dissipate the static charge accumulated on the fabrics coated
with ZnO [59, 62] and ATO nanopowders [56-58, 60, 61]. In particular, ATO particles
have a thermal insulation property with a heat shielding effect [58]. However, most of
the previous studies given by the coating treatment have limitation to the durability of
the function during wearing clothing and laundering. Hence, functional yarns and
fabrics produced from new scheme, not coating have been required.

Most recently, Kim [63, 64] reported UV protection and anti-static characteristics
of the ATO/Ti0,/Al,03-embedded PET fabrics produced from new scheme, that is,
bicomponent spinning method, and showed the applicability of these yarns to
workwear protective clothing because of their superior UV protection and anti-static
characteristics. By the way, the hazard posed by static electricity is heightened con-
siderably in cold and dry environments in cold weather regions, particularly, oil and
gas industries are located, where the workwear protective clothing requires superior
thermal wear comfort with the anti-static property. In addition, apart from dramati-
cally reducing exposure to the sun to the workman exposed to sunlight, the most
frequently recommended form of UV protection is the use of UV protective clothing.
Accordingly, workwear protective clothing wearing in winter and cold weather
regions requires multifunctional high performance such as anti-static and UV cut with
superior thermal wear comfort.

In recent, Kim [65, 66] examined the UV protection and anti-static properties with
thermal radiation of the Al,O3/ZnO/ZrC/ATO-embedded fabrics to investigate their
properties according to the mixing of ceramic particles embedded in the yarns. They
reported that ZnO/ZrC and ZnO/ATO-embedded fabric exhibited superior UV
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protection due to excellent UV protection characteristics of the ZnO ceramic particles.
ATO-embedded fabric showed superior anti-static properties with lower rub-static
voltage and surface electrical resistivity (SER). Based on multifunctional high-
performance protective fabric, it was found that ZnO/ATO-embedded fabric is of
practical use for engineering workwear protective clothing with superior UV protec-
tion factor (UPF), excellent anti-static property, and relatively good thermal radia-
tion. In addition, ZnO/ZrC-embedded fabric was expected to be applicable to
workwear protective clothing wearing in cold weather regions because of excellent
thermal radiation, UPF, and relatively good anti-static property.

3. Experimental
3.1 Specimen preparation
3.1.1 Yarn specimens

The Nylon/PP composite filament was spun as sea and island-type partially oriented
yarns (POY) on the conjugated spinning machine installed in Huvis Co. Ltd. (Suwon,
Korea). Ceramic nanopowders (ZrC, 0.6 wt.%) were embedded in the core part with PP
polymer on the bicomponent spinning machine. Ceramic-incorporated Nylon/PP
warm-up POY was texturized on a texturing machine (AIKI, Japan), which was used as
a warm-up yarn specimen (W-1) to make a warm-up knitted fabric specimen. In
addition, two types of ceramic-incorporated PET (W-2 and 3) and one regular PET (W-
4) yarn were used as the control yarns to make the knitted fabric specimens, which
were compared with the ceramic-incorporated nylon/PP warm-up knitted fabric.

On the other hand, the yarn specimen used as a coolness yarn was developed and
spun on a pilot spinning machine in Huvis Co. Ltd. (Suwon, Korea). The developed
yarn specimen (C-1) was a hydrophilic ceramic-embedded (TiO,, 0.3 wt.%) PET
coolness filament with noncircular and different-shaped cross-sections. One control
yarn specimen (C-2) was a hydrophobic PET coolness filament, and the other control
yarn specimen (C-3) was a regular PET filament. The hydrophilic PET polymer was
first polymerized to impart hydrophilicity by adding intermittently polyol molecules
between the molecular chains of terephthalic acid (TPA) and ethylene glycol (EG).

A noncircular and different-shaped cross-section was imparted in the spinning pro-
cess. The ceramic nanopowder was incorporated into this process to give a coolness
feel. Table 1 lists the specification of the yarn specimens.

3.1.2 Knitted fabric specimens

Warm-up knitted fabric specimens were fabricated using four types of yarn
specimens on a circular knitting machine (Double knitting m/c, Geumyoung, Daegu,
Korea). The specifications of the knitting machine for warm-up knitted fabrics were
as follows: 30-inch diameter, 18 gauge, 2640 stitch, and 18 rpm speed, and 28 gauge
for coolness fabric specimens, was used with 15 rpm speed. The pattern of the warm-
up knitted fabric specimens was a double jersey with the loop side used by four types
of yarn specimens (Table 1) and the float (back) side with covering yarn composed of
150d/96f PET DTY and spandex 20d.

The pattern of the coolness knitted fabric specimens was also double knit. Table 2
lists the patterns of the warm-up and coolness knitted fabric specimens.
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Specimens Specification Characteristics Remark
Ww-1 Nylon/PP 75/36¢ Sea/island composite yarn Developed
W-2 PET 754/72¢ Nano-ceramic-incorporated PET control
W-3 PET 75%/72f Ceramic-incorporated PET control
W-4 PET 75%/72¢ Regular PET control
C-1 PET 75%/36F Hydrophilic PET coolness yarn Developed
C-2 PET 754/72f Hydrophobic PET coolness yarn control
C-3 PET 75%/72° Regular PET yarn control
Table 1.
Characteristics of the yarn specimens.
Warm-up knitted fabric specimen Characteristics (Design)
Pattern (double knit & fancy structure) Cam sequence
Yarn a b ¢ d e f
sequence
Dial B U V — — vV —
A - VvV-u vV —
Cylinder A — — AN — A
B - AN - —A
Stitch sequence
Dial A B A B
Cylinder A B A B
Coolness knitted fabric specimens Characteristics (Design)
Pattern (double knit & interlock single Cam sequence
pique structure) Yarn abcdefgh
sequence BUVUYV —V —V
A—-—V-VUVUYV
Cylinder A A — AN — A — A —
BA—AN—AN—A—
Stitch Dial AB A B A B A B
SCIUERCE  Gylinder A B A B A B A B

Yarn: a, b, d, e: surface yarn; sequence c, f: PET 150d/96f SD: DTY + Spandex 20d. note: U, n: tuck; A, V: knit; —: miss.
note: Uz tuck; V, A: knit; —: miss.

Table 2.

Pattern and design of the knitted fabrics.

3.1.3 Dyeing and finishing treatments of the knitted specimens

The Nylon/PP knitted fabric specimen (W-1) was scoured with Na,COs3, 2 g/ and
Sunmorl S-30, 1 g/# at 80°C for 20 minutes in a CPB scouring machine. After scour-
ing, the knitted fabric specimens were dyed with 3% o.w.f. of C.I. acid blue 288 with
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newborn, 1 g/Z, acetic acid PH-4 in a rapid machine. The PET knitted fabric speci-
mens (W-2, —3, and — 4) were dyed with C.I. disperse blue 78 with RM 340, 0.5 g/7,
and washed with NaOH, 2 g/¢ and Na,S,04, 1 g/# at 80°C for 20 minutes in a CPB
scouring machine. The dyeing conditions of the warm-up knitted fabric specimens
were shown in Table 3. The process conditions for coolness knitted fabrics were
provided in Table 3. The optimal dyeing conditions were determined by changing the
dyeing time and temperature for the nylon/PP warm-up and coolness PET knitted
fabric specimens. Table 3 lists the dyeing conditions of the knitted fabric specimens.

3.2 Measurement of yarn physical properties

The tenacity and breaking strain of the yarn specimens were measured according
to KSK 0416 with a gauge length of 100mm and a crosshead speed of 100mm/min
using Testomeric Micro 350 (USA); 20 readings were taken for each specimen. The
dry and wet thermal shrinkages were measured using the KSK 0215 measuring
method. Cross-sections of the yarn specimens were assessed to determine the ceramic
particles incorporated in the yarns using scanning electron microscopy (SEM, S-4300,
Hitachi Co., Japan).

3.3 Measurement of the thermal properties of the knitted fabric specimens

The thermal wear comfort of the warm-up knitted fabric specimens was measured
using a KES-F7 (Thermolabo II, Kato Tech. Co. LTD., Japan) measuring apparatus
[67]. The maximum heat flow at the transient state (Qmax, J/cm?s) of the knitted
fabric specimens were measured using a KES-F7 system at 20 £ 1°C and 70 + 5% RH.
A 10 cm x 10 cm specimen was prepared and assessed using Eq. (1). An average of five
readings for each specimen was reported.

M- C dT(t)
Specimens Dyeing condition Temp.increment M/C
Temp (°C) Time (min)
W-1 80,90,100  30,40,60 3 °C/min IR
w2 110,120,130 30,40,60 dyeing m/c
W-3 110,120,130 30,40,60
W-4 110,120,130 30,40,60
C-1 110,120,130 30,40,60 * Scouring
Soda ash(Na,CO03)2 g/l,
c2 110,120,130 30,40,60 Scouring agent(Sunmorl SS-30) 1 g/1, 80°C, 20 min
C-3 110,120,130 30,40,60 * Dyeing
Disperse dye (FORONBLUES-BGL 200-Claiant),(C.I. Disperse
Blue 78)
dispersing agent(RM340)0.5 g/1
* Weight reduction
NaOH 2 g/l, Na,S,0, 1 g/l, 80°C, 20 min
Table 3.

Dyeing conditions of the knitted fabric specimens.
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where q(t) is the heat absorption rate per unit area of the specimen (cal/sec-cm®);
A is the area of the plate; M is the mass of the heat plate; C is the specific heat of heat
plate (cal/g-°C); and dT(t)/dt is the heat decreasing rate of the heat plate.

Thermal insulation value (TIV) of the knitted fabric specimens was measured as a
measure of the heat insulation rate using Eq. (2) [67].

TIV = <1 — 2) x 100 2)

where a is the heat loss (W) of the plate without a specimen, and b is the heat loss
(W) of the plate covered with a specimen.

3.4 Measurement of the dye affinity and color fastness of the knitted fabric
specimens

The dye affinity characteristics of the knitted fabric specimens were examined at
different dyeing temperatures and times. Reflectance (R) of the knitted fabric speci-
mens according to the dyeing temperature and time was measured using a color
measuring device (Gretag Macbath, Color-Eye 3100, USA). The dye affinity (K/S)
was calculated from R using Eq. (3) [68].

K/S = (1-R)*/2R (3)

where R, K, and S are the reflectance, absorption factor, and scattering factor,
respectively.

In addition, the color difference (AE) was measured, and the color fastness to
washing of the knitted fabric specimens was assessed according to the KS K ISO
105-CO06.

4. Results and discussion
4.1 Physical properties of warm-up yarn specimens
The weavability of the yarns is very important for estimating fabric productivity,

which can be estimated and compared by the tenacity and breaking strain of yarn.
Table 4 lists the tenacity and breaking strain of the warm-up yarn specimens.

Specimen Tenacity (g/d)  Breaking strain (%) Thermal shrinkage (%)

Mean Dev. Mean Dev. Mean(D) Dev. (D) Mean(W) Dev. (W)
W-1 4.086 0.223 4.515 2.534 18.6 3.8 18.8 2.6
W-2 4.661 0.328 1.672 1.853 18.2 1.7 16.7 6.9
W-3 4.056  0.303 0.600 0.811 14.7 4.7 13.6 43
W-4 4.721 0.481 1.563 2.015 14.5 2.3 14.3 77

Note: dev. = max. — min. D: dry, W: wet.

Table 4.
Physical properties of warm-up yarn specimens.
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As shown in Table 4, the tenacity of the warm-up yarn specimens ranged from 4 to
5 gf/d, which is estimated as the free value of weavability in the weaving process. In
addition, the tenacity of nylon/PP filament (W-1) was slightly lower (4 gf/d) than that
of the other yarn specimens (W-2, —3, and — 4). Furthermore, W-1, —2, and — 3
exhibited lower tenacity than the regular PET yarn (W-4). This suggests that sea/island
yarn and nano-ceramic-incorporated yarn deteriorated yarn tenacity because of the
boundary characteristics of the two components between the base polymer in sea/island
yarn and nanoparticles incorporated in the yarns. Figure 1 presents SEM images of the
cross-section of yarn specimens, W-1, —2, and — 3. The sea/island yarn cross-section in
Figure 1a and nanoparticles of ceramics in Figure 1la—c are shown as white spots.

As shown in Table 4, the breaking strain of the Nylon/PP yarn (W-1) was much
higher (4.5%) than that of the other three yarn specimens because of the difference
between the nylon and PET yarn characteristics. As shown in Figures 2, 36 filaments
in yarn specimen 1 were shown, and 72 filaments in yarn specimens 2, 3, and 4 were
appeared, respectively. In particular, the breaking strain of yarn specimen 3 showed
the lowest value, which was attributed to the larger ceramic particles incorporated in
yarn specimen 3 than the other yarn specimens. Figure 1c shows that the ceramic
particles in yarn specimen 3 are larger than that of yarn specimens 1 and 2 (Figure 1a,
b), and these particles enable the yarn subjected to stress to be inextensible, resulting
in a lower breaking strain.

Estimating the thermal shrinkage of the newly developed yarns is essential for
designing relevant dry and wet thermal shrinkages of fabric in the dyeing and finishing
processes. Therefore, in this study, the thermal shrinkages of newly developed nylon/PP
warm-up composite yarn were compared with the other three yarn specimens. Table 4
lists the dry and wet thermal shrinkages of the yarn specimens. The dry and wet
thermal shrinkages of the nylon/PP warm-up composite yarn (W-1) ranged from 18 to

(a) W-1 (b) W-2 (c) W-3

Figure 1.
SEM images of a cross-section of the ceramic particle-incorporated yarns. (a) W-1, (b) W-2, (c) W-3.

Figure 2.
SEM images of the cross-sections of the yarn specimens (x1000). (a) W-1, (b) W-2, (c) W-3, (d) W-4.
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19%, which were higher than those of specimens 3 and 4, respectively, which was
attributed to the higher dry and wet thermal shrinkages of the nylon and PP than those
of PET. In addition, the dry and wet thermal shrinkages of the nylon/PP warm-up
composite yarn (W-1) and nano-ceramic particle-incorporated PET yarn (W-2)
exhibited a similar value. This suggested that nano-ceramic particles incorporated in the
yarns imparted thermal stability to the dry and wet thermal deformation.

4.2 Thermal wear comfort of the warm-up knitted fabric specimens
4.2.1 Contact-warm feeling

The Qmax (maximum heat flux) was defined as a measure of the warm/cool feeling by
contacting fabric measured using the KES-F7 apparatus. Figure 3 shows the mean of Qmax
of the warm-up knitted fabric specimens according to dyeing temperature and time.

The Qmax at the transient state of the nylon/PP knitted fabric (W-1) was lower
than that of the ceramic-incorporated and regular PET knitted fabrics (W-2, —3,
and — 4). This was attributed to the greater heat emitted from the ceramic particles
incorporated in the core of the nylon/PP composite yarns, which prevented heat flow
from the human body to outside through the fabric, resulting in a lower Qmax of the
nylon/PP knitted fabric specimen even though the thermal conductivity of the nylon
is higher than that of the PET. This result was partly due to the lower thermal
conductivity of ceramic-incorporated PP than TiO,-incorporated PET [69], which
resulted in a lower Qmax of the nylon/PP knitted fabric (W-1) than the ceramic-
incorporated PET fabrics (W-2, —3, and — 4).

4.2.2 Thermal insulation value (TIV) of the warm-up knitted fabric specimens

Understanding how the ceramic-incorporated characteristics of nylon/PP sea and
island composite yarns affect the TIV of the nylon/PP warm-up knitted fabric is
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0.04 -
0.02

Qmax

Figure 3.
Qmax of the warm-up knitted fabric specimens.
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essential to evaluating the thermal wear comfort for winter clothing. Figure 4 pre-
sents a diagram of the TIV of the warm-up knitted fabric specimens. The TIV of the
nylon/PP warm-up knitted fabric (W-1) was higher than that of the other knitted
fabrics (W-2, —3, and — 4), which was attributed to the greater heat emanating from
the ceramic particles incorporated in the islands of the nylon/PP sea and island com-
posite yarn than PET yarns and lower thermal conductivity of the PP in the core of the
composite yarns than PET yarns, which prohibited heat flow from human skin to the
outside through the knitted fabric, resulting in a higher TIV of the nylon/PP warm-up
knitted fabrics than the ceramic-incorporated and regular PET fabrics.

The TIV of the nylon/PP warm-up knitted fabric (W-1) was approximately 9.3%
higher than that of the ceramic-incorporated PET knitted fabrics (W-2 and -3),
highlighting the importance of the ceramic particles embedded in the sea and island
yarn structure with a low thermal conductivity of PP incorporated in the island to the
TIV of the fabrics.

4.3 Dyeability and color fastness of warm-up knitted fabric
4.3.1 Dye affinity characteristics

The dyeing characteristics of the nylon/PP ceramic-incorporated fabric were com-
pared with those of the ceramic-incorporated PET and regular PET fabrics according
to the dyeing temperature and time. Figure 5 presents the dye affinities (K/S) of the
warm-up knitted fabric specimens. The K/S of the nylon/PP knitted fabric (W-1) was
lower than that of the ceramic-incorporated PET and regular PET fabrics (W-2, —3,
and — 4). This was attributed to the low dye affinity of the PP fibers in the island of
the nylon/PP sea and island composite yarns compared to PET and nylon. In addition,
the changes in the dye affinity according to the dyeing temperature and time appeared
differently between the nylon/PP and three PET fabrics.
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Knitted fabric specimens

Figure 4.
TIV of the warm-up knitted fabric specimens.
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Figure 5.
K/S of the warm-up knitted fabrics according to dyeing condition.

In the case of nylon/PP ceramic-incorporated fabric (W-1), the K/S decreased with
increasing dyeing temperature and increased with increasing dyeing time at dyeing
temperatures of 80 and 100°C, but it decreased at a dyeing temperature of 90°C. The
ceramic-incorporated and regular PET fabrics (W-2, —3, and — 4) showed a different
trend of K/S according to the dyeing temperature and time. The dye affinity of the
ceramic-incorporated PET fabrics W-2 and -3 according to the dyeing temperature
and time was slightly higher than that of the regular PET fabric (W-4). Furthermore,
the dye affinity of the ceramic-incorporated PET fabrics (W-2 and -3) at a dyeing
temperature of 110°C decreased with increasing dyeing time. At a dyeing temperature
of 120°C, the dye affinity increased with increasing dyeing time. At 130°C, the dye
affinity decreased and increased with increasing dyeing time. The optimal dyeing
conditions in the dyeing process of the nylon/PP sea and island warm-up knitted
fabric were a dyeing temperature of 80°C and a 40 min dyeing time. The optimal
conditions for the ceramic-incorporated PET knitted fabrics were 110°C and 30 min,
at which K/S showed the highest value.

4.3.2 Color fastness to washing of the warm-up knitted fabric specimens

Table 5 lists the color fastness to washing of the warm-up knitted fabric specimens
according to the dyeing temperature and time. The color fastness to washing of the
nylon/PP knitted fabric was superior to that of the ceramic-incorporated and regular
PET fabrics, which was superior in the staining fabric, such as acetate and nylon, than
cotton, polyester, acrylic, and wool. In particular, the color fastness to washing of the
ceramic-incorporated PET-knitted fabrics exhibited a superior grade (4-5) to staining
fabrics such as cotton, acrylic, and wool regardless of the dyeing temperature and
time.
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4.4 Physical properties of the cool feeling yarns

According to Huvis Co. Ltd. [30], hydrophilic PET coolness yarn with noncircular
and different shaped cross-sections of the constituent filaments in the yarn was spun
on the melt spinning machine using a ceramic nanopowder mixed polymer made by
adding an intermittently polyol molecule between the molecule chains of TPA and EG.
Therefore, the tensile properties of the hydrophilic PET coolness yarn were examined
and compared with those of the hydrophobic PET coolness and regular PET yarns.
Figure 6 presents SEM images of cross-sections of the three coolness yarn specimens.

The noncircular and different shaped cross-sections of the constituent filaments in
the hydrophilic (C-1) and hydrophobic (C-2) coolness PET yarns were observed.
Ceramic nanoparticles in the hydrophilic coolness PET yarn were noted, which were
larger than those of the hydrophobic coolness PET yarns. The SEM image of a circular
cross-section of each filament in the regular PET yarn (C-3) was slightly distorted
because of the false twist in the texturing process. Table 6 lists the physical properties
of the three coolness yarn specimens. The tenacity of the hydrophilic (C-1) and
hydrophobic coolness (C-2) PET yarns was lower than that of the regular PET yarn
(C-3). This was attributed to the ceramic particles in the yarn. Hence, the boundary
characteristics between the base polymer and ceramic particles incorporated in the
yarns deteriorated the tenacity of the yarns. The breaking strain of the hydrophilic
coolness PET yarn (C-1) was compared with those of the hydrophobic coolness (C-2)
and regular PET (C-3) yarns, and was lower than that of C-2 and -3, which was
attributed to a similar reason to tenacity.

The wet and dry thermal shrinkages of the yarns need to be considered to examine
the process design for the wet and dry heats subjected to the dyeing and finishing
processes. The wet and dry thermal shrinkages of the three coolness yarn specimens
were listed in Table 6. As shown in Table 6, the wet and dry thermal shrinkages of

Figure 6.
SEM images of cross-sections of three kinds of coolness yarn specimens. C-1, C-2, (c) C-3.

Specimen Tenacity (g/d)  Breaking strain (%) Thermal shrinkage (%)

Mean Dev. Mean Dev. Mean (D) Dev. (D) Mean (W) Dev. (W)
C-1 4.182 0.758 3.371 0.741 13.280 0.623 6.674 1.186
C-2 4542  0.634 5.350 0.528 16.418 2.895 15.214 3.648
C-3 4.886 0.326 5.640 0.289 9.562 1.945 4.348 0.675

Note: D: dry; W: wet.

Table 6.
Physical property of coolness yarn specimens.
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the hydrophilic and hydrophobic coolness PET yarns (C-1 and -2) were higher than
those of the regular PET (C-3) yarns, respectively. This was attributed to the higher
thermal conductivity of the ceramic nanoparticle-incorporated PET yarns than that of
the regular PET yarn, which gave these yarns higher thermal stress, resulting in higher
thermal shrinkage. In addition, the wet and dry thermal shrinkages of the hydrophilic
coolness PET yarn (C-1) were lower than those of the hydrophobic coolness PET yarn
(C-2), respectively. This was attributed to the formation of a hydrogen bond between
the molecular chain formed by the moisture in the hydrophilic coolness PET yarn,
which enabled the hydrophilic yarn to deform less from the internal thermal stress
caused by the wet and dry heats, resulting in lower wet and dry thermal shrinkages
than the hydrophobic yarn. In addition, which was partly attributed to the larger
ceramic particles embedded in the C-1 yarn, as shown in Figure 6, than those in the C-
2 yarn, which makes less thermal shrinkages.

4.5 Contact cool feeling characteristics of the coolness knitted fabrics

Qmax measures the contact cool feeling as human skin contacts the fabric in the
transient state. Figure 7 shows the mean of Qmax of the three coolness knitted fabric
specimens according to the dyeing temperature and time.

The Qmax of the hydrophilic (C-1) and hydrophobic coolness (C-2) PET fabrics
was higher than that of the regular PET knitted fabric (C-3). This was attributed to the
higher thermal conductivity of the ceramic particles in the yarns, which provided
higher heat transfer, resulting in a higher Qmax of these knitted fabrics than the
regular PET fabric. On the other hand, the Qmax of the hydrophilic coolness PET
fabric (C-1) was slightly lower than that of the hydrophobic coolness PET fabric (C-
2), which was attributed to hydrogen bonding between the molecular chains in the
hydrophilic PET yarn (C-1), and partly attributed to the larger ceramic particles
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Figure 7.
Mean Qmazx of the coolness knitted fabrics.
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embedded in the hydrophilic coolness yarns (C-1) than those in the hydrophobic
coolness yarn (C-2). Hence, they prevent heat emanating from the human body from
flowing to the outside through the fabric, resulting in a lower Qmax of the hydrophilic
coolness PET fabric than the hydrophobic fabric.

Figure 8 presents the Qmax of the three coolness knitted fabrics according to
dyeing temperature and time. A considerable change in the Qmax of the hydrophilic
(C-1) and hydrophobic coolness PET (C-2) fabrics according to the dyeing tempera-
ture and time was not observed. On the other hand, the Qmax of the three fabric
specimens treated with 110°C dyeing temperature (30 and 40 min) was slightly
higher than those treated with 120°C and 130°C (30 and 40 min), which means the
better coolness feeling of fabrics treated with a 110°C dyeing temperature. Particu-
larly, in the hydrophilic coolness fabric (C-1), the highest Qmax was observed at a
dyeing temperature of 110°Cand dyeing time of 30 or 40 min. Hence, a superior
coolness feeling was achieved using these dyeing conditions.

4.6 Dye-affinity and color fastness characteristics of the coolness knitted fabric
specimens

The dye-affinity characteristics of the three knitted fabrics were compared and
discussed according to the dyeing temperature and time. Figure 9 presents the dye-
affinity (K/S) of the three knitted fabrics according to the dyeing temperature and
time. As shown in Figure 9, the K/S of the hydrophilic coolness PET knitted fabric
(C-1) was higher than those of the hydrophobic coolness and regular PET knitted
fabrics (C-2 and C-3), which was attributed to the higher dissolution speed of the
disperse dyestuff due to the hydrophilic property of the C-1 yarn specimen compared
to the C-2 and C-3 yarn specimens.

Furthermore, the dye-affinity of the C-1 was accelerated by increasing the diffu-
sion speed into the hydrophilic structure in the yarn. In addition, the K/S of the C-1
showed the highest value at the dyeing temperature, 110°C regardless of the dyeing
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Figure 8.
Qmax of the coolness and regular PET knitted fabrics.
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Figure 9.
K/S of the coolness knitted fabric specimens.

time, and decreased slightly with increasing dyeing temperature, indicating that the
hydrophilic coolness PET knitted fabric (C-1) shows high dye-affinity efficiency at
the low dyeing temperature. Figure 10 presents the AE of the three knitted fabric
specimens according to the dyeing temperature and time. The AE of the C-1 was
higher than those of the C-2 and C-3 like K/S. This was attributed to a similar reason
explained in the K/S. The AE of the C-1 and C-2 decreased with increasing dyeing
temperature and exhibited the highest values at a dyeing temperature of 110°C,
demonstrating high dye-affinity efficiency at the low dyeing temperature of the
ceramic-incorporated PET knitted fabrics.

Table 7 lists the color fastness to washing of the three knitted fabrics treated with
different stain fabrics according to the dyeing temperature and time. The color fast-
ness to washing of the C-1 and C-2 was slightly inferior to C-3 against stain fabrics
such as acetate and nylon. The color fastness to washing of the C-1 specimen showed
superior values (grade: 4 or 5) and was similar to those of C-2 and C-3 against the stain
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Figure 10.

AE of the coolness knitted fabric specimens.
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fabrics, such as cotton, polyester, acrylic, and wool, regardless of the dyeing temper-
ature and time.

5. Summary

The thermal wear comfort of the warm-up knitted fabric made from the ceramic-
incorporated nylon/PP sea and island filament was examined, and the dye-affinity of
the nylon/PP-knitted fabric was also investigated according to the dyeing temperature
and time. The tenacity and breaking strain of the nylon/PP composite yarn were
approximately 4gf/d and 4.5%, respectively, meaning that there was no problem in
weavability in the weaving process. The dry and wet thermal shrinkages of the nylon/
PP composite yarns ranged from 18 to 19%, which were higher than those of the
regular PET yarns. The Qmax of the nylon/PP warm-up knitted fabric was lower than
that of the regular PET knitted fabric, which was attributed to the greater heat emitted
from the ceramic particles incorporated in the core of the nylon/PP composite yarns.
In addition, the TIV of the nylon/PP knitted fabric was approximately 9.3% higher
than that of the regular PET knitted fabric, which was also attributed to the greater
heat emanating from the ceramic particles incorporated in the island of the nylon/PP
sea and island yarn than PET yarn. Considering energy savings in the dyeing process,
the optimal dyeing condition from the K/S dye-affinity result of the nylon/PP
ceramic-incorporated knitted fabric was a dyeing temperature of 80°C and a dyeing
time of 40 min. For the ceramic-incorporated PET knitted fabrics, the optimal dyeing
condition was 110°C and 30 min. The color fastness to washing of the nylon/PP
knitted fabric was superior to that of the ceramic-incorporated and regular PET
fabrics for all types of staining fabrics, which was superior for staining fabrics, such as
acetate and nylon, than cotton, PET, acrylic, and wool.

On the other hand, the contact coolness feeling (Qmax) and dyeability character-
istics of the ceramic incorporated and hydrophilic coolness feeling PET knitted fabric
were examined in terms of the dyeing temperature and time. The tenacity and break-
ing strain of the ceramic incorporated hydrophilic coolness PET yarn were approxi-
mately 4.18 g/d and 3.4%, respectively, which was estimated as being no problem in
weavability in the weaving process. The dry and wet thermal shrinkages of the
hydrophilic coolness PET yarn were 13.3 and 6.7%, respectively, which was 1.3 to 1.5
times higher than those of the regular PET yarn. The Qmax of the ceramic incorpo-
rated hydrophilic and hydrophobic coolness PET knitted fabrics were higher than that
of the regular PET fabric, indicating the superior contact coolness feeling of these
fabrics. The maximum value of Qmax of the hydrophilic coolness PET knitted fabric
according to the dyeing temperature and time appeared at a dyeing temperature of
110°C and dyeing time of 30 or 40 min, that is, exhibited superior contact coolness
feeling at this dyeing condition. Considering the energy saving and dyeability of the
newly developed yarn and fabric in the dyeing process, the K/S of the ceramic-
embedded hydrophilic coolness PET knitted fabric decreased with increasing dyeing
temperature, irrespective of the dyeing time, and higher than those of the hydropho-
bic coolness and regular PET fabrics. In addition, the maximum K/S value of the
ceramic-embedded hydrophilic coolness PET fabric according to the dyeing tempera-
ture and time was observed at 110°C and 30 min or 40 min, indicating the optimal
dyeing conditions for high dye-affinity and low energy consumption. The AE of these
fabric specimens according to dyeing temperature and time showed a similar trend to
the K/S. The color fastness to washing of the ceramic-embedded hydrophilic coolness
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knitted fabric was slightly inferior to the regular PET fabric in the case of stain fabrics
such as acetate and nylon, whereas it was superior in the case of stain fabrics, such as
cotton, polyester, acrylic, and wool, regardless of the dyeing temperature and time.

6. Concluding remarks

Application areas of ceramic particles to textiles are known as water repellence,
anti-bacteria, flame retardation, anti-static, and UV protection. Concerning water
repellence, nano-tex improved the water-repellent property by creating nano-
whiskers of hydrocarbons, which are added to the fabric to create a peach fuzz effect
[58]. The performance is permanent while maintaining breathability, and a hydro-
phobic property can be imparted on the fabrics by coating it with a thin
nanoparticulate plasma film [70, 71]. For imparting anti-bacterial properties, titanium
dioxide (TiO,) [72-74] and zinc oxide [53] are used. Fabrics treated with nano-TiO,
could provide effective protection against bacteria and the discoloration of stains.
Nano-ZnO provides effective photocatalytic properties like TiO,, once it is illumi-
nated by light, imparting anti-bacterial properties to textiles [75-77]. Flame-retardant
(FR) properties of textiles have been explored using special flame-retardant fibers
such as modacrylic (Kanekalon, SNIA), fire-retardant viscose rayon (FR-rayon), and
anti-static PET fiber, Beltron, has been used in protective clothing for FR and anti-
static textile materials [78-80]. On the other hand, many attempts to obtain flame
retardant activity by the formation of a layer of ceramics (glass, SiO,, A,O3) have
been explored [81-84]. As mentioned previously, abundant research works [56, 57,
61-66] concerning the improvement of the anti-static properties of textiles were
conducted using ceramic particles such as ZnO [62, 65, 66] and ATO [56, 57, 61, 63—
66]. In addition, ceramic UV blockers are usually certain semiconductor oxides such
as TiO,, ZnO, Si0,, and Al,O3. Of these, TiO, [52, 63, 64, 66] and ZnO [53-55, 65, 66]
are commonly used as previously explained. In particular, nano-sized TiO, and ZnO
are more efficient at absorbing and scattering UV radiation, and several studies on
their application of UV protection to fabric were conducted [51-55, 63-66]. The
application of various ceramic materials to textiles has been highlighted in many
papers, and new technology to overcome the limitation of conventional methods will
be of practical use for engineering various workwear protective clothings, including
fashioned textile materials.
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