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Preface
Over the last few decades, incorporation of fillers in composites has acquired an
important place in commercial applications. Initially, these fillers were generally
composed of cheap, easily available diluents and were entitled as fillers. However,
their ability to tailor the properties of final material has burgeoned and that’s why
these filler-based composites find different applications in today’s fast-growing
world. Various organic and inorganic fillers are utilized in composites to enhance
the properties and simultaneously reduce the cost of materials. Particulate fillers
are responsible for delivering many advantages, namely cost reduction, improved
processing, density control, thermal properties, electrical properties, flame retardancy, enhanced mechanical properties, and wear resistance.
This book embraces all the chapters that are concerned with the effect of incorporating different fillers or particulates on fabricated composites. It delivers a
comprehensive study associated with the sections of material science, polymer
technology, anisotropic elasticity phenomena, fracture mechanics, applied
mechanics, material synthesis, mechanical and thermomechanical characteristics,
tribological behavior, etc.
Significant research efforts all around the world are continuing to explore the properties of composite materials. Researchers are collectively focusing their efforts on
the use of particulate fillers in composites for miscellaneous applications. To ensure
a sustainable future, the use of fillers is the best solution to improve the properties
and reduce the ultimate cost of materials. This book is solely focused on fillers, and
some of the important topics include but are not limited to synthesis, characterization, and application of organic and inorganic particulate-filled composites.
Several critical issues and suggestions for future work are comprehensively discussed in this book with the hope that it will provide a deep insight into the state
of the art of fillers. I would like to thank the publisher and Ms. Maja Bozicevic for
invaluable help in the organization of the editing process. Next, a special thanks
go to those who invested their time and effort in the compilation of the material
that became this book. Many authors who contributed their expertise and perspectives are clearly the backbone of this work and they deserve the lion’s share of the
commendations.

Dr. Amar Patnaik
Malaviya National Institute of Technology,
Jaipur, India

Chapter 1

The Effects of Novel Additives
Used in PVA/Starch Biohybrid
Films
Eyyup Karaogul, Ertugrul Altuntas, Tufan Salan
and Mehmet Hakki Alma

Abstract
The main aim of this chapter is to indicate the importance of additives and
modifications used for PVA/starch biohybrid films. The additives and modifications used to improve the mechanical, thermal, and morphological properties of
films are plasticizers, cross-linkers, fillers, physical and chemical treatment, and
natural materials as well as thermoplastic starch. Plasticizers are preferred for
higher molecular dynamism because of flexibility of functional groups in PVA and
starch. Their flexibility is considerably affected by carboxyl and hydroxyl groups
of plasticizers. The use of cofunctional groups increases the plasticity, flexibility,
and physicochemical and mechanical properties of films. Moreover, cross-linking
modifications are also effective to enhance the properties of biofilms. These
modifications improve the tensile strength, modulus of elasticity, water resistance,
thermal resistance, swelling behavior, and antibacterial activity of films. Fillers are
also used to enhance the properties of PVA/starch films. In this way, the properties
such as gas barrier, mechanical stiffness, transparency and thermal stability of the
filler-added films are improved. The chemical and physical modifications provide
stronger hydrogen bonds in films due to increasing carboxyl groups. Thus, the
physical, biological, and chemical properties of films are improved because of the
changing molecular structure via esterification, etherification, hydrogen bonding,
and oxidation.
Keywords: PVA/starch biobased films, modifications, formation methods,
physicochemical properties

1. Introduction
Petrochemical-based plastics are being replaced by biobased materials because
of being widely eco-friendly. In the last decades, the biobased films have been
investigated due to their biodegradability and for being suitable , generally obtainable, and less expensive materials in the industry. The plastics produced from
petrochemical sources (e.g., polyesters and polyolefins) have been commonly used
in the packaging industry due to their potential features. They are obtainable in
large quantities and at low cost, displaying advantageous properties (i.e., good
tensile strength, enriched barrier properties, and heat sealing) and applicability
in the industry [1, 2]. However, these plastics are totally nonbiodegradable and
1
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expose a serious ecological problem due to hydrophobic properties and very low
water vapor transmission rate [2, 3]. The growing public interest on the environment is induced by a growing research on biohybrid films (i.e., biobased films)
as alternatives to traditional nondegradable plastics due to the harmful effect of
petroleum-based plastic packaging [4]. The eco-friendly polymeric resources can be
categorized into three main groups depending on the raw material used: renewable
natural, biodegradable synthetic polymers, and microbially produced biopolymers.
The renewable natural polymers can be obtained from several sources such as
starch, cellulose, chitosan, etc. [5], while biodegradable synthetic polymers such as
polyvinyl alcohol, polycaprolactone, polylactic acid, polybutylene succinate, and
copolymers are produced by using natural or petroleum-based monomers. On the
other hand, microbially produced biobased polymers (e.g., polyhydroxybutyrate
and valerate copolymer) are manufactured via various microorganisms.
Starch among all natural biopolymers has been believed to be one of the most
suitable biopolymer resources due to its biodegradable, regularly available, and inexpensive features. There are two major polymers of starch: amylose and amylopectin.
Amylose is a linear molecule with a spiral structure unlike a branched structure of
amylopectin. Moreover, the molecular weight of amylose is commonly a smaller
molecule (1–1.5 million), while amylopectin is a large molecule (50–500 million) [6].
Various starches have been used in the biohybrid films because of changing amylose/
amylopectin ratio. And these are classified by amylopectin content [7]. In most studies, biobased films have been manufactured from starch of corn, wheat, rice, potato,
tapioca, and cassava [8]. Various starch types have been also used to the biobased
films because of changing amylose and amylopectin ratio [7–10].
However, the biobased films obtained from starch have demonstrated some
disadvantages such as brittleness, low processability, high water sensitivity (i.e., low
moisture resistance and hydrophilic character), and poor mechanical properties
compared to petroleum-based conventional polymers [37]. Moreover, the starches
are not thermoplastic biopolymers due to the intra- and intermolecular hydrogen
bonds, because the degradation temperature of starch exceeds the melting temperature [11]. These make them inadequate for some packaging purposes limiting
their widespread industrial applications [12–14]. Therefore, physicochemical
and biological properties of the starch should be improved. Several modification
techniques are needed to improve the mechanical and physical properties to overcome the inadequate features of the starch-based biobased films [15]. Thus, several
efforts have been made to improve thermal properties of starch by blending with
a plasticizer for its stability, elasticity, and edibility. Despite the above-mentioned
modifications and applications, the biodegradable films produced from starch are
still limited due to poor mechanical and hydrophilic properties along with susceptibility to the biological attacks. Accordingly, polyvinyl alcohol (PVA) known as
synthetic biodegradable polymer and thermoplastic starch was utilized together to
obtain excellent compatibility [16]. In several studies, starch was used with polyvinyl alcohol (PVA). As an example, various starches such as corn, potato, rice, and
tapioca have been studied in combination with PVA polymers [9, 10].
PVA is an important polymer having superior gas barrier properties along
with higher strength, tear, and flexibility than those of natural biobased polymers. Nevertheless, it has weak dimensional stability owing to high water uptake.
Furthermore, PVA has relatively high manufacturing cost in comparison with the other
commercial polymers in the market. Thus, if PVA is blended with renewable and abundant natural sources like starch, the manufacturing costs can be reduced. This method
also resulted in improved moisture resistance and rapid biodegradation [17, 18].
Over the last 10 years, hundreds of studies about PVA/starch biobased films have
been carried out on the topic using various production techniques. The researchers
2
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used the PVA and starch together for the purpose of exposing their superior
properties and eliminating the poor properties. The main aim of this chapter was
to investigate the effects of additives and modifications on the several properties
of various novel additives on the PVA/starch-based biodegradable hybrid films.
Moreover, the review of the studies was explained in a molecular chemistry point
of view in the specific subheadings. So, the results obtained from the literature
have been evaluated based on the effect of different novel additives on the several
properties of PVA/starch-based biodegradable films.

2. Formation of PVA/starch films
PVA/starch-based biodegradable formulations are produced from polyvinyl
alcohol (PVA) and starch known as main compositions with different additives
such as plasticizer, cross-linkers, and filing materials. Until now, PVA/starch blend
biobased films have been prepared using casting (sol-gel or mixing) and thermal
(extruder or extrusion) methods by many researchers in the literature.
In casting method, PVA is dissolved in hot water with the gelatinized starch in
order to form intermolecular interaction. The obtained mixture is then stirred in a
mechanical high-speed mixer for homogenization [19] over 1000 rpm/min and at
85–95°C temperature, and then some of the additives are added into the mixture
under continuous stirring. After removing the bubbles formed during the preparation of biobased films by an aspirator, it is dried at room temperature [20]. The
hybrid films are generally heated in an oven at 80–95°C for 1 h to induce the crosslinking reactions [21]. Another approach for the fabrication of PVA/starch blend
biobased films is using a single or twin screw extruders. Primarily, the plasticizing
starch is mechanically mixed with PVA, and then, PVA/starch blend granules are
obtained following the extrusion process under the optimum conditions at various
temperature and screw speeds. After that, the biobased films are obtained from the
prepared granules by using the blown film extrusion or hot-press molding [4, 22].
In casting method, considerable amounts of water are evaporated from aqueous
solutions or suspensions with a high energy-consuming process to obtain PVA/
starch hybrid films [23]. The PVA/starch blends are generally produced via solution casting method. Nevertheless, this method has several deficiencies such as low
solution density, low manufacturing yield, high energy consumption, etc., which
limit its industrial practices [19]. On the other hand, the extrusion films have a
great importance due to energy-efficiency process, high productivity, and continuous industrial production possibilities. However, the solution casting method has
gained much more attention compared to extrusion process for the production
of PVA/starch blend films in scientific publications due to its easy applicability in
laboratories [4, 23, 24].

3. Use of additives and modifications in PVA/starch biobased
formulations
Various additives such as plasticizers (e.g., glycerol and sorbitol), cross-linkers
(e.g., glutaraldehyde and epichlorohydrin), fillers (e.g., silicium dioxide and
calcium carbonate), and natural raw materials (e.g., cellulose and chitosan) as
well as thermoplastic starch have been used to improve the mechanical, thermal,
and morphological properties of PVA/starch-based biodegradable hybrid films.
Furthermore, a variety of methods including esterification, oxidation, and etherification were applied in order to modify the starch [25]. These novel additives and the
3
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modifications have been discussed under the following subheadings as plasticizers,
cross-linkers, fillers, and chemical and physical modifications.
3.1 Plasticizers
Plasticizers are additives that increase the elasticity. These are the ingredients for
nonthermoplastic starch, which are added in order to alter their physical properties. Plasticization takes place in the amorphous zone, which has a higher molecular
dynamism. The type and the amount of plasticizer have an important influence on the
ability to hinder hydrogen bonding along the polymer chains. The major gain obtained
from utilization of plasticizers is that the tensile strength (TS) is decreased, while the
elongation at break (E%) increases as well as they become more flexible [26]. One of
the most important properties of an efficient plasticizer is to be compatible with the
polymer matrix. The plasticizers such as glycerol, polyethylene glycol, urea, ascorbic
acid, sorbitol, citric acid, and tartaric acid are usually used [19]. However, the plasticizers in the biobased films cause an increase in permeability to moisture, oxygen, and
aromatic compounds [27]. Table 1 presents the various plasticizers and used methods
along with the effects of plasticization on some properties of PVA/starch films.
Water is accepted as a basic plasticizer for PVA/starch biofilms. Physicochemical
properties of films could differ based on the changing water content. At the same time,
the water is also compatible with other plasticizers. When the plasticizers are added
into biofilm formulations, the physical properties are affected due to the increasing
relative moisture because of compatibility with water. Possibly, water is absorbed
because of polarity compliance to the solubility of other plasticizers added as additives.
The plasticizer effect of water could usually be effective when it is used also together
or not with an above-mentioned plasticizer. Furthermore, glycerol, sorbitol, and citric
acid are generally favored as an efficient plasticizer for PVA/starch films. According to
previous studies, the E% increased while TS decreased because of increasing glycerol,
sorbitol, and citric acid ratio from 10 to 50% in the biobased films. It was also reported
that E% and TS of sorbitol or citric acid–added films were higher than those of the
glycerol-added films. However, the water absorption property of the biobased film
decreased with the increasing glycerol ratio due to its hydrophobicity [29]. Moreover,
the swelling behavior of the film containing glycerol was the lowest compared to the
sorbitol- and citric acid-added films due to weaker hydrogen bonding capabilities,
unlike the solubility value due to weaker hydrogen bonding capable [8].
Plasticizers
added

Characteristics of PVA/starch film and obtained improvement

Processing
method

Reference

Water

A large decrease in tensile strength in all the tested films was
recorded when the storage relative humidity increased from 15%
to 33%.

Casting

[8]

Glycerol

E% increased while TS decreased. TS, E%, swelling behavior,
and degree of the compatibility with PVA and starch were lower
compared to sorbitol and citric acid. However, solubility was
higher.

Casting

[8]

Urea

It had a good interaction, homogeneity, and sensitivity to the water
with PVA and starch in comparison with glycerol and sorbitol.

Casting

[28]

Formamide

Casting
It was not a good plasticizer and could not improve the
compatibility and flexibility of the blend.
It exhibited synergistic effects and the compatibility, especially E%,
with simultaneously added urea in the blend.

[19]

Table 1.
Effect of plasticization on some characteristics of PVA/starch films along with obtained improvements.
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The homogeneity of PVA/starch biobased films could also be enhanced with the
addition of urea, like glycerol. However, urea as a plasticizer showed stronger interactions with starch and PVA in biofilms than those of glycerol and sorbitol [11, 28].
Consequently, urea was considered a better plasticizer to improve the flexibility
of PVA/starch films [19]. Furthermore, the crystallinity of biobased films was also
decreased by the addition of urea and formamide. These agents could penetrate into
the crystallization zone of PVA/starch biobased films during the process forming new
hydrogen bonds with starch and PVA molecules, which damage the crystal region of
PVA in the biobased films. However, formamide is not a good plasticizer and could not
develop the compatibility and flexibility of the biobased films, while the compatibility
was improved when it combined with urea. When the additives containing both urea
and formamide are simultaneously used, their synergistic effects and the compatibility
could occur in the blend. Besides, while TS and young modulus of biobased films
were significantly decreased, the E% was substantially improved. With the increasing amount of urea in the biobased films, the sensitivity to water increased, while the
melting point of blends decreased. It was likely due to the facilitation of molecular
ability of both urea and formamide as a plasticizer [19].
3.2 Effects of functional group type and number of plasticizers on the properties
of biobased films
Physicochemical properties of blend films are substantially affected by the functional groups of plasticizers used in PVA/starch biobased films. The total number of
both carboxyl and hydroxyl groups in plasticizers were given in Table 2 along with their
behaviors in films. For instance, as regards the hydroxyl and carboxyl groups of glycerol
(H.3, C.0) and succinic acid (H.0, C.2), the E% of the glycerol-added film has shown
a high enhancement than that of the films containing succinic acid, contrarily to the
TS behavior. However, when malic acid (H.1, C.2) in the same carboxyl number with
succinic acid (H.0, C.2) was added to the film, the TS and E% were improved compared
to glycerol (H.3, C.0) and sorbitol (H.6, C.0) because of the presence of two functional
groups. Depending on the increasing functional groups of plasticizer, TS and E% of
tartaric acid (H.2, C.2) added biobased films with two same functional groups were
greater than those of malic acid, glycerol, and sorbitol [6, 30]. Furthermore, the
biobased films containing citric acid (H.1, C.3) were stronger and more flexible than
that of containing glycerol [7, 30] and xylitol (H.5, C.0) [31]. On the other hand, when
the glycerol and xylitol added films were compared, it was found that xylitol-added
biobased films had a higher strength and more elasticity than glycerol-added biobased
films due to its 5 hydroxyl groups [31]. Even a few xylitol molecules can play an extra
role in plasticizer than others [32]. Similarly, the comparison of glycerol- and sorbitoladded films showed that TS and E% of sorbitol-added film were greater than glycerol
[7, 30]. Consequently, E% value increases while TS decreases with an increase in the
total functional groups and the amount of these plasticizers in blend films.
The concept of plasticization could be understood with the analysis of different
properties such as elongation at break (mentioned above) or glass transition point
(Tg). For instance, Aydin et al. reported that the addition of plasticizers reduced the
Tg point clearly and the change of plasticizing performances could be observed by
increasing Tg point. Apart from the above-mentioned plasticizers, 1,4-Butanediol
(H.2, C.0), 1,2,6-Hexanetriol (H.3, C.0), pentaerythritol (H.4, C.0), xylitol (H.5,
C.0), and mannitol (H.6, C.0) from 2 to 6 hydroxyl groups have also been investigated
based on the changes in Tg point. Among the investigated plasticizers, 1,4-butanediol
demonstrated the maximum plasticizing effect for starch and PVA due to small
molecular size and geometry [32]. Table 2 shows the effects of the various plasticizers
with different functional groups and number on the properties of PVA/starch films.
5
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Plasticizer added

PVA/starch film
characteristics
and obtained
improvement

Funct. groups
1

H

Formula

Reference

2

C

Numbers

1,4-Butanediol

Among the
investigated
plasticizers with 2 and
6 hydroxyl groups, it
showed the highest
plasticizing effect for
starch and PVA due to
small molecular size
and geometry.

2

—

[32]

Glycerol

The E% of the
glycerol-added film
was higher than that
of succinic acid on the
contrary TS.

3

—

[6]

1,2,6-Hexanetriol

Further penetration
into the chain fragment
of starch and PVA was
prevented because of
their larger molecular
geometry.

3

—

[32]

Pentaerythritol

Due to molecular size
and geometry, its
plasticizer efficiency
was generally lower
than 1,4-butanediol,
1,2,6-Hexanetriol,
xylitol, and mannitol.

4

—

Xylitol

Compared to the
glycerol, its TS and E%
had more potential1.
However, after its
continuous addition,
penetration capability
into molecular chains
tended to be lower2.

5

—

1[31], 2[32]

Sorbitol

Mechanical properties
of sorbitol-added films
were higher than those
of glycerol-added
films.

6

—

[30]

Mannitol

It can enhance the
thermal stability.

6

—

[32]

Succinic acid

It is too fragile to be
used in applications

—

2

[6]
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Plasticizer added

PVA/starch film
characteristics
and obtained
improvement

Funct. groups
1

H

Formula

Reference

2

C

Numbers

Malic acid

It has a good effect on
the TS and E% than
those of glycerol,
sorbitol, and succinic
acid due to both
hydroxyl and carboxyl
groups.

1

2

Tartaric acid

Compared to malic
acid, glycerol, and
sorbitol, it had a higher
TS and E%.

2

2

Citric acid

Due to hydroxyl and
carboxyl groups, its TS
and E% were stronger
than those of glycerol
and xylitol.

1

3

[6, 30]

[31]

Table 2.
Effect of functional group type and number on the plasticization in PVA/starch films.

The different plasticizing effect of xylitol and mannitol was attributed
to lower penetration capability. Due to larger molecular geometry and size
of 1,2,6-Hexanetriol and pentaerythritol, further penetration into the chain
fragment of starch and PVA was prevented. Moreover, the plasticizer efficiency of pentaerythritol was generally lower than that of 1,4-butanediol,
1,2,6-Hexanetriol, xylitol, and mannitol. Consequently, the increase in hydroxyl
groups and molecular size of the plasticizers such as mannitol caused an
improvement in the thermomechanical stability on the contrary of xylitol. For
example, the maximum amount of mannitol (due to more hydroxyl number)
in the films tends to interact more with the blend, on the contrary, with lower
hydroxyl number plasticizers [32]. Based on the literature data obtained, it
could be expressed that the molecular structure and geometry of plasticizers
could inhibit or support their penetration into the molecular chain segments and
reduce or increase inter- and intramolecular interactions, although the number
of hydroxyl groups of plasticizers is hydrogen bonding quarters for starch
and PVA.
The presence of two type of functional groups could also significantly
influence other properties of biobased films. For instance, the citric acid could
improve the water stability and inhibit degradation of starch molecules [15]. Due
to the very strong interaction of water with glycerol and sorbitol, the solubility
values were higher than the plasticizer with carboxyl groups. While the solubility of tartaric and citric acids was easy in water, their solubility value was lower
than that of glycerol and sorbitol [7]. Eventually, the degree of swelling and
mechanical properties of biofilms could decrease or increase slightly with the
increasing content of plasticizer depending on functional groups [30]. However,
the degree of swelling of the films without plasticizer was higher than that of
films containing additives, while the solubility of films without plasticizer was
lower [7].
7
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3.3 Effect of plasticizers added simultaneously into biobased films
When the plasticizers having both hydroxyl and carboxyl groups were simultaneously added into the biobased films, their physicomechanical properties were
better than those of plasticizers with only hydroxyl group-containing agents. Yoon
et al. reported that as the additives containing both hydroxyl and carboxyl groups
were simultaneously added into the formulation, the TS and %E were enhanced
compared to the glycerol, having only hydroxyl groups. For instance, %E of the
glycerol-succinic acid–added films increased, while only succinic acid–added
film showed inadequate potential. The usage of the plasticizer composed of both
hydroxyl and carboxyl groups could enhance the flexibility and strength. Moreover,
the degree of swelling and solubility values of the comalic acid-/tartaric acid-added
films were higher than those of coglycerol-/succinic acid-added films. [6]. This was
because the hydroxyl (-OH) group number of malic acid-tartaric acid (7 hydroxyl
number) was higher (i.e., having a more hydrophilic character) than glycerolsuccinic acid mixture (5 hydroxyl number). %E of the glycerol or sorbitol-succinic
acid–added films increased, while %E of succinic acid–added film decreased with
increasing amount of additives. Nevertheless, TS of glycerol or sorbitol-succinic
acid–added films decreased, while TS of succinic acid–added film diminished with
increasing content of additive. The results of TS and %E mentioned above showed
that using cohydroxyl/carboxyl group as a functional group increased physicochemical and mechanical properties of films [30]. Eventually, when the plasticizers
having both hydroxyl and carboxyl groups were used simultaneously, TS and %E of
the films were found to be better than the films containing plasticizer having only
the hydroxyl group [7].
3.4 Cross-linkers
Cross-linking modification method is an effective and frequently applied
approach to enhance the physicochemical and mechanical properties of PVA and
starch [33]. Cross-linking can be carried out via treatment of granular starch using
functional or multifunctional materials, which generated stable ether (R-O-R)
or ester (R-CO-OR) linkages with the hydroxyl groups (-OH) in starch [9, 34].
Some of these multifunctional compounds are monosodium phosphate, sodium
trimetaphosphate, sodium tripolyphosphate, epichlorohydrin, phosphoryl chloride,
a mixture of adipic and acetic anhydrides, and a mixture of succinic anhydride
and vinyl acetate. Cross-linker starch showed better compatibility and interaction
with PVA than those of unmodified starch; such as, water absorption and TS of
starch cross-linked films with sodium trimetaphosphate were higher than those of
uncross-linked starch films, unlike E%. Moreover, weight loss in the soil of uncrosslinked starch films was higher than that of the cross-linked starch films. Since the
weight loss of starch under the soil is related to the amount of moisture, the use of
cross-linked starch improves the water resistance of the biobased films [9].
When epichlorohydrin was used for cross-linking, the TS and %E of starch/
PVA blend films increased. Thermal degradation of biofilms has been diminished
by the cross-linker epichlorohydrin [35]. If sodium carbonate and sodium hexametaphosphate as the other cross-linkers are used, the equilibrium moisture content
of the biofilms is significantly reduced by lowering their hydrophilic characteristic.
Furthermore, these modifications increase the TS and modulus of elasticity of
biofilms, unlike elongation at break [33].
In a study, the usage of sodium trimetaphosphate and sodium tripolyphosphate
as the cross-linker enhanced the physicochemical properties such as swelling
behavior compared to the uncross-linked starch [8]. Likewise, the swelling of the
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biofilms was intensely reduced after utilization of cross-linker epoxidized natural
rubber owing to the interaction between the mixtures. Thus, the hydrophilicity
of the blend film decreases due to the reduction of the number of free hydroxyl
groups in PVA and starch molecule. And, %E of film improves with the addition of
cross-linker in blend polymer [36]. Singha and Kapoor have reported that the TS of
PVA/starch cross-linked with glutaraldehyde has shown improvement. Moreover,
modification with glutaraldehyde also improved the thermal stability of films.
Moreover, their antibacterial activities against Gram-positive bacteria compared to
Gram-negative bacteria indicated good resistance [15]. Additionally, borax can also
be used as a cross-linker for starch and PVA. The enthalpy and crystallinity slightly
decreased with increasing concentration of borax due to increasing cross-linking.
Also, it improved the TS and %E of biobased films compared to the biobased films
without cross-linker. Citric acid as another cross-linker can also be preferred for
biobased films. This cross-linker decreases the water absorption of biobased films.
So, citric acid also acts not only as a plasticizer but also as a cross-linker [29].
3.5 Fillers used in PVA/starch biobased films
Filled PVA/starch biobased films are the high-potential class of hybrid materials
composed of filler incorporated into a biobased matrix [37]. With the aim to attain
synergic effects, such a collaboration between environmental biopolymers and
fillers is one of the most impressive ways to improve the features of this bioblends
[38]. Because of the nature and the geometry of the filler, the properties of biobased
films such as gas barrier, mechanical stiffness, transparency, and thermal stability
have been enhanced [37, 39].
In a study, the use of silica as a filler has increased the TS of biobased films
[40]. With the increase of silica amounts in blend film, the water absorption
and water vapor transmission of starch have been decreased. This was due to the
complex structure designed by links between silica and hydroxyl groups of starch
and PVA. This phenomenon prevented the water molecules from dissolving and
developed the water resistance of the biofilm. Furthermore, silica has also improved
the compatibility between PVA and starch and formed a rigid structure. Even,
according to SEM results, the low amount of silica has provided excellent diffusion
and interaction between starch and PVA. On the other hand, filler silica has shown
less effect on the biodegradability of the films because of decreasing microorganism
penetration rate [9].
Nano-calcitine was preferred as a filler for PVA/starch film because of its
positive effects on the physicochemical properties of blend films. As an example,
the addition of nano-calcitine into blend film reduced the crystallinity, water
solubility, biodegradability, and oxygen permeability. At the same time, it increased
TS, limiting oxygen index, decomposition temperature, and water absorption
[41]. Simultaneously, addition of nano-SiO2/TiO2/CaCO3 into PVA/starch blends
increased the TS of biofilms enhancing the interfacial adhesion through inter- and
intramolecular interactions. With nano-TiO2, an increase in clearness of biofilm
was noticeably observed. However, water vapor permeability of biofilms containing
nano-SiO2 was lower than that of biofilms containing nano-TiO2/CaCO3 [4, 42].
Therewithal, TS and Young’s modulus of biobased films were also increased with
filler TiO2 unlike E% [43].
Zirconium phosphate as another filling material had an attractive effect in the
biobased films because of composing new hydrogen links. The addition of zirconium phosphate decreased the moisture uptake, while the degradation temperatures of biobased films increased [44]. The filler clay had an important effect on
biobased films due to its hydrophilicity. The use of clay in biofilm increased TS and
9
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heat resistance, enhanced the barrier properties to water vapor, and lowered glass
transition temperature [24].
In PVA/starch biohybrid film, natural raw materials were also added as fillers such as cellulose nanofibers, chitosan, and feather keratin. In investigations,
cellulose nanofibers blocked the recrystallization of starch by decreasing the
mobility of polymer chains. Hence, the physicomechanical properties and crystal
structure of blend film were significantly enhanced. In relation to this, storage conditions of biobased films improved. Cellulose nanofibers significantly
enriched also the stiffness and strength of blend films by the storage conditions
[34]. Similarly, the storage conditions of biobased films in natural weathering
could be also enhanced by added graphene into PVA and starch [45]. Moreover,
when the chitosan known as a natural filler was added to biofilms, their physicochemical properties such as TS, E%, water vapor permeability, and oxygen transmission rate improved. Also, water vapor and oxygen permeability, water uptake,
and hydrophobic character of the chitosan-added bioblend film were better than
biofilm without chitosan due to its incorporation [46]. As different inorganic salts
are used in the biobased films, their crystalline [47], thermal, water vapor barrier, and mechanical properties can be significantly affected via strong hydrogen
bonds. For this reason, Jiang et al. have reported that LiCl, MgCl2,6H2O, CaCl2,
and AlCl3,6H2O salts have provided a good compatibility with PVA and starch
[48, 49]. Moreover, the ZnO added biobased films have shown good dispersion,
homogeneity, mechanical properties, and water resistance [49]. Another filler
salt, AlCl3.6H2O, can show compatibility with PVA and starch. Hence, these salts
have presented great destroying effect on the crystalline and good mechanical
properties [50].
3.6 Chemical modifications
The chemical modifications applied to the biohybrid films produced from PVA
and starch have improved their physical-biological-chemical properties because
of the changing molecular structure of blend. For instance, the carboxyl group
of PVA and starch has occurred in bioblend films after oxidation of starch with
H2SO4 and KMnO4. After the increase of polar carboxyl groups by oxidation, the
hydrogen bonds in blend molecules were stronger than those of nonmodified
ones. At the same time, their TS and E% have improved [44]. After modification,
hydroxypropyl distarch phosphate converted from starch has shown highest TS and
capability of retarding evaporation of water due to being compatible with fillers [4].
In another modification, PVA and starch blend grafted with methylmethacrylate
had a higher E% and water desorption. For this reason, polysaccharide chain of
starch and OH- groups of PVA are mostly occupied with monomers [51]. However,
Yoon et al. depicted that TS increased on the contrary E% after using to blend film
modified methylmethacrylate with acrylamide [31].
The plasma and irradiation treatment known as novel modification were also
applied to PVA and starch blend films. These treatments can influence physicochemical properties of biohybrid films. Therefore, the treatment can cause a chemical bonding or graft functional groups on the PVA and starch backbone without any
additives [52, 53]. Hence, the carbonyl groups of biofilms are improved with plasma
treatment by using rotary argon plasma equipment. In addition, while E% of blend
films can tolerate, its TS could also be lower. The plasma or irradiating pretreated
with PVA and starch exhibited better thermal, processing, and mechanical (tensile)
properties and toughness due to the induction of the cross-linking reaction [53].
With irradiated or plasma modifications, biofilms could prolong the storage conditions up to 15 days [54].
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3.7 Physical modifications
Physical modification of PVA and starch could be safely used in biohybrid films.
In generally, gelatinized, ungelatinized, fast and slow drying, varying amylose
contents of raw material starch, changing of PVA and starch ratio, and impregnation
of antioxidants were preferred in blend films for this modification. Applying physical
modifications to biobased films affects significantly their physicomechanical properties. For example, gelatinized starch-polyvinyl alcohol blend films illustrate their
uniformity of morphologies than the ungelatinized films, which corresponds well
with the intensity of newly formed hydrogen bonds between starch, polyvinyl alcohol, and plasticizer. After the starch was gelatinized, the melting point of blend film
decreased because of forming stronger hydrogen bonding interactions at an elevated
preparation temperature [11]. At the same time, the gelatinized procedure is believed
as a useful way to eliminate the crystalline structure [55]. In the fast (at 50°C) and
slow (at 5°C) drying modification of the blend films, solubility, TS, E%, and degree of
swelling values of the biobased films are preferable at slow drying than those of fast
drying owing to the hydrogen bonding interaction forming at low temperature [56].
With increasing amylopectin contents of starch in blend film, the %E and Tg
increased while TS decreased. The linear structure of amylose improved the tensile
property of films (especially, the amount of elongation) and the degree of crystallinity. However, because of the amorphous structure of amylopectin, %E of blend
film was lower. Increasing amylose ratio in blend film significantly increased %E
values as it plays an important role in cross-linking [7]. Moreover, changing rates
of PVA and starch illustrated important role in blend films. The TS of the film
decreased with increasing starch content in PVA compared to pure PVA film [5].
At the same time, the crystallinity of PVA in blend film decreased importantly
compared to pure PVA film. On the other hand, the water absorption of blend film
increased with the increasing starch ratio, because the water absorption of PVA is
weaker than that of starch [29].
The impregnation of antioxidants into the biofilm is another physical modification
technique bringing antioxidative effect in biofilms. For instance, PVA/starch biofilms
impregnated with catechin showed antioxidant and antimicrobial properties, while
TS and %E of films decreased. Moreover, the biofilm containing catechin hinders
lipid oxidation and microbial growth on raw meat during storage condition without
substantial change in redness compared with commercial polyethylene pack [57].

4. Conclusion
PVA/starch biohybrid films are widely becoming an eco-friendly alternative to
petrochemical-based plastics due to their biodegradability and for being suitable ,
generally obtainable, and less expensive materials. These biohybrid films have been
obtained by using casting (sol-gel or mixing) and thermal processing (extruder or
extrusion) methods. A great number of components in PVA/starch biobased films
have been added to the matrix in order to improve physicochemical and mechanical
properties. Moreover, various additives such as plasticizers, cross-linkers, fillers,
and natural raw materials as well as thermoplastic starch have been used to improve
the mechanical, thermal, and morphological properties of PVA/starch-based
biodegradable hybrid films.
Plasticization in starch and PVA involves place in the amorphous area for higher
molecular dynamism as well as their flexibility. Elasticity and other properties
of biobased films are significantly affected by the functional groups (carboxyl
and hydroxyl groups) of plasticizers. The using of cohydroxyl/carboxyl group as
11
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a functional group increases the flexibility and physicochemical and mechanical properties of films. Cross-linking modifications in biobased films increase
amorphous zone in molecular structure. This formation is effective to enhance
the physicochemical and mechanical properties. These modifications improve
the TS [2], modulus of elasticity [33], water resistance [49], thermal resistance
[16], swelling behavior [8], and antibacterial activity of biofilms [15], unlike %E
[2]. The filler in PVA/starch biobased films has a high potential class. Nature and
the geometry of the filler-added biobased films have enhanced their properties
such as gas barrier, mechanical stiffness, transparency, and thermal stability. The
chemical modifications occur in the carboxyl group in molecular structure of PVA
and starch because of oxidation. With increasing of carboxyl groups, the hydrogen bonds in biobased films were stronger than those of nonmodified ones. This
stronger hydrogen bonding has improved physical-biological-chemical properties
of biobased films because of the changing molecular structure of blend. Moreover,
applied physical modifications to biobased films also significantly affect their
physicomechanical properties. Consequently, these modifications applied to starch
and PVA cause the esterification, etherification, hydrogen bonding, and oxidation
in their molecular structure.
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Chapter 2

Determining the Filler Activity in
the Sintering of Pitch Composites
Vladimir Shmalko, Valeriia Karchakova, Oleh Zelenskyi
and Fedir Cheshko

Abstract
Evaluation of the activity of fillers for sintering composites can be obtained
from the results of testing the mechanical strength, in particular, the shear strength
of pitch composites. The dependence of the strength of composites on the content
of fillers is described by an extremum curve. At the point of maximum strength of
the composites, the optimum ratio of components is realized. At this moment, the
whole pitch matrix is in the interfacial layer on the surface of the filler particles.
The contact angle of fillers wetting with binders is a necessary but not sufficient
condition. The activity of the fillers with respect to the particular binder is characterized by the adhesive strength of the material obtained after carbonization of the
“binder-filler” system. The activity of the fillers determines caking and sintering
capacity of the pitch binders. It is shown that anthracite is the most active filler for
the investigated pitches. Several methods for determining caking and sintering
capacity of pitches are given. One of them is the determination of these indicators by the work of destroying the pitch composites. It is shown that fillers have a
significant influence on the structure of the pitch matrix in composites.
Keywords: filler, activity, pitch, adhesion, sintering

1. Introduction
The properties of traditional materials, such as metals and their alloys, do not
always allow, even with the most modern processing methods, to achieve such
characteristics in strength, durability, and reliability, in order to provide the highest
operational capabilities for a variety of designs and equipment. In areas such as
missile technology, aviation, automotive, chemical industry, and many others, the
optimum characteristics of materials have long been achieved through the use of
composites [1]. The composites can be defined as materials that consist of two or
more chemically and physically different phases separated by a distinct interface
[2]. It is known that the structure of the matrix in composites is formed with a significant influence of the filler. The division of fillers into active and inert or active,
semi-active, and inactive [3] is overly simplistic, since the activity of the filler is
not its specific feature or fundamental property. Nevertheless, the activity of the
filler, especially for sintering pitch composites, is a very important characteristic.
The activity of the filler determines their behavior during sintering and the final
properties of the composite.
The activity of the filler is mainly determined by three factors:
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• The ratio between the adhesion energy of the matrix to the filler and the cohesive energy of the matrix [4].
• The amount of filler introduced.
• The degree of dispersion of the filler particles, which determines the area of the
contact surface of the matrix with the filler. The particle size of the filler is the
most important property that affects the hardening of the composite. For each
type of binder and filler, there is an optimum degree of filling [5].
Filler activity refers to certain properties of the filled system. Therefore, the
concepts of structural, kinetic, and thermodynamic activity were introduced [6].
The structural activity means the ability of the filler to change the molecular and
supramolecular structures of the composites (the degree of crystallinity, the size
and shape of the elements of the structure, etc.).
Kinetic activity is the ability of the filler to influence the mobility of certain
kinetic units of the polymer, the relaxation processes, and the viscoelastic characteristics during the deformation of the composite.
Thermodynamic activity is the ability of the filler to influence the state of
thermodynamic equilibrium, the phase, and thermodynamic parameters of the
filled polymer.
The free surface energy of the filler particles has a basic value and determines
the adhesion interaction and wettability of the surface. In this connection, the role
of functional groups on the surface plays an important role and their reactivity [7].
Unfortunately, until now there is no single approach to measure the degree of
activity of fillers. This is due, in particular, to the lack of theoretical developments
for sintering composites, in which the adhesive strength varies with the sintering temperature. In the sintering of pitches with fillers, the cohesive strength of
the cement matrix increases with carbonization, thereby increasing the adhesive
strength of the composite. Since the basis of the activity of fillers is their adhesive
interaction with the binder, it seems that the measure of their activity should be the
methods of determining the adhesive strength.
The interaction of the filler with the binder is most often evaluated on the basis
of wetting, while the quantitative characteristic is the wetting contact angle [8].
Wetting is the result of an adhesive interaction between the surface of the solid
(filler) and the contacting liquid (binder). Quantitatively, adhesion is characterized
by the work of adhesion, which is expressed by the equation of Dupree:
Wa = γ L + γ S + γ SL,

(1)

where γL is the surface energy (tension) of the liquid phase, γS is the surface
energy of the solid phase, γSL is the interfacial surface tension, and Wa is the work of
adhesion. A rise in the interfacial attraction results in an increase in the work of adhesion. Eq. (1) can be rewritten to determine the work of cohesion (Wc) when the two
phases are identical and no interface is present as shown in Eq. (2) for a solid phase:
Wc = 2 γ S

(2)

Adhesive strength—Ws—work of bond failure:
Ws = Wa + Wdef
Wdef can be very large and differs from Wa by n times.
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The wetting contact angle (Young’s equation) is associated with the work of
adhesion Wa:
cos θ = 2 Wa / Wc − 1

(4)

where Wa is the work of adhesion of the wetting liquid to the solid body and Wc
is the wetting cohesion work.
Systems of pitch-carbon filler are very difficult to describe. The properties of
the binders are always more detailed than the properties of the fillers. Usually, as a
direct evaluation of the quality of the binder, the contact angle of surface wetting
of the filler uses their adhesion interaction during mixing. The pitch filler systems
are thermodynamically nonequilibrium, and the equilibrium contact angle in such
a system is unattainable [9]. When describing composites, the binder properties are
always paid more attention. Evaluation of the filler is more modest. Therefore, for
pitch filler compositions, one can speak of an “apparent” contact wetting angle or of
a “dynamic edge angle,” as it is determined in some works [10].
The pitch matrix is a self-filled system that, when heated, even without an
external filler, gives a solid residue (semicoke, coke), which can be considered as
a dispersed-hardened system, i.e., as independent composite material with all the
features of physicochemical and mechanical properties [5].
The wetting angle for the pitch filler compositions is determined by sessile drop,
spreading drop, pendant drop, and other methods [11–13].
In addition to the wetting contact angle, the surface tension and capillary pressure
are used as a quantitative evaluation of the filler-binder contact interaction [14].
The softening temperature determines its chemical composition, surface tension,
viscosity, the particle size of the coke, its texture, chemical functional groups on the
surface and porosity [15]. The final properties of carbonized pitch composites (e.g.,
electrodes designed for high current densities) are largely determined by the interaction of pitch with the filler surface. Pitch should penetrate into the pores of coke and
fill the voids between the coke particles. It is believed that the wettability of coke by
pitch is a direct indicator of the degree of their interaction. A good wetting of the filler
surface with a pitch is a necessary, but insufficient, condition for a strong adhesion
bond and high physical and mechanical properties of the resulting composite material.
Imperfection of existing estimates of binder-filler interaction leads to new attempts
to assess the process of wetting fillers with pitch. In Ukraine, the technique [16] is
used, according to which the determination of the wetting power of the pitch is carried
out in metal or glass tubes into which the filler (coke) and pitch grains are loaded in a
ratio of 15:5. The tubes loaded in this manner are placed in a laboratory electric oven,
where they are kept for a certain time at a temperature of 200°C, which ensures the
flowability of the test pitch, but does not lead to caking of the test coke. Then, the
tubes are cooled and the coke is removed, not bound (not impregnated) with a pitch.
The wetting power (m) of pitch is calculated by the following formula:
m = m coke / m pitch

(5)

where m is the mass of bound coke (the difference between the initial sample of
coke (mсoke) and the removed part of the latter), g, and mpitch is the initial mass of
the pitch buried in the tube, g.
In the apparatus for determining wetting characteristics, according to the
procedure of [17], granular coke 0.25–0.5 mm in size is placed in a cylinder on top
of which a layer of solid pitch with a grain-size composition of 1–2 mm is applied.
This composition is heat treated in a drying chamber with forced air supply at a
predetermined temperature and a time of thermal aging.
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The prototype of method [16] is the method for determining the sintering ability of coals [18]. Caking coal is used instead of pitch, and anthracite is used instead
of coke. It should be noted that in the prototype, the determination temperature
reaches 600°C, which has a decisive influence on the physics-chemistry of the
processes taking place.
In our opinion, for pitches as caking binders, it is important to evaluate the
adhesive strength of their contact with fillers. In this case, the activity of the fillers
will be the “sintering strength” and/or the “sintering capacity” of the pitch [19].
By the strength characteristics of the pitch composites, quantitative estimates of
the quality of pitch as a binder relative to the selected filler can be obtained, as well as
evaluation of the activity of the fillers with respect to the selected pitch. It is assumed
that the use of this approach will allow to determine the optimal mass ratios of the
binder-filler. In this case, the transition of the pitch to a solid state must be irreversible. Only then will it fully reproduce the physicochemical processes of interaction
between the binder and the filler that occur during the production of the composite.

2. Experiment
In our work, we used industrial pitches as binders. Pitch samples were taken
in the production conditions of coke plants. The volume of the sample was
up to 4 dm3; the pitches were mixed, quartered, and sieved through a sieve
to a laboratory sample with a fraction of 0.5–0.25 mm. Table 1 presents their
characteristics.
Characteristics

Pitch mark
V

B1

Softening point, °C

85.0

72.0

Yield of volatiles, %

53.8

59.0

Quinoline insoluble, %

10.5

8.2

Toluene insoluble, %

33.2

28.2

Ash, %

0.11

0.13

Table 1.
Characteristics of the pitches that were used as a binder.

Samples

Pitch coke (PC)

W a V daf

3.0

0.8

A, %

dt, g/cm3

0.3

1.53

Shale coke (SC)

2.8

0.9

0.25

1.50

Shale coke > heated at 250 C
(SC-T)

0.9

0.5

did not determine

2.0

Anthracite (A)

3.0

5.5

4.0

did not determine

Strained glass

0

0

did not determine

2.6

Washed sand

0

0

Table 2.
Characteristics of the fillers.
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1.51

Elemental composition,
%
C

H

96.5

0.45

97.2

0.22

did not determine
94.0
did not determine
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We used both carbon and noncarbon fillers. All the fillers were crushed to the
size of particles passing through a sieve with a size of 0.5–0.2 mm holes. Table 2
gives an overview of the filler characteristics. These are pitch coke (PC), shale cokes
(SC), and shale coke after heat treatment (SC-T), which we preheated for 2 hours
at a temperature of 250°C to remove moisture. For comparison, we took hardened
glass, washed bank-run sand, and anthracite.

3. Results and discussion
The photographs of the surface of the filler grains (Figure 1) clearly show the difference in their structure. For shale coke (Figure 1a, b and e, f), there are at least two
types of structures: sponge (Figure 1a) and layered fibrous structures (Figure 1b). The
grain sizes with a spongy structure in Figure 1a are about 180–450 μm, and the grains
of shale coke with a layered structure are 100–300 microns in diameter and 800 μm in
length. The thickness of the layers in the grains of the layered structure according to
optical microscopy is <2–5 μm. The surface of the pitch coke grains is most rough with
numerous pores (Figure 1c, g and i), which coincides with the data [20]. Lamellar
anisotropic structures are visible on the pitch coke (Figure 1g). In the case of good
wettability, the caking can give a strong adhesive bond and a significant proportion of
adhesion due to the capillary penetration of the pitch in the pores of the filler.
The surface of anthracite grains is the smoothest. It is well visible that the
surface is sometimes chipped with folded structures. Anthracite grains have a
large variation in size from 20 μm to 100–160 μm. Anthracite dust is present on the
surface of the grains in the photographs (Figure 1d).
Samples of composites for mechanical testing were prepared as follows.
Mixtures of pitch and an inert filler (anthracite, sand, glass, pitch coke (PC),
shale coke (SC), and shale coke after heat treatment (SC-T) at 250°C) in different
proportions (from 1:1 to 15:1) are charged in cells of ceramic cassette (Figure 1),
preliminarily placed in a special coking chamber (Figure 2). One loading of the
cassette camera allows to receive 14 samples of char from the pitch composites. The
heat input in the coking chamber was carried out from below, since radial heating
of the cylindrical sample has a temperature gradient along the radius of the cylindrical charge—the outer layers of the charge in the coking chamber undergo heat
treatment for a longer time than in the central part. With one-sided heating (from
below), the temperature gradient in the loading of the coke composition is available
in the height of the load. Therefore, semicoke samples of the pitch composite for
mechanical testing had a gradient of strength in height, but in the fracture region,
samples were prepared at the same temperature (500°C).
Isothermal aging at the final treatment temperature is designed to increase the
homogeneity of the composite in the radial plane.
Mechanical test samples of solid residue from the pitch composites are carried out
according to the procedure described in [4], using a cassette chamber (Figure 2).
Each semicoke sample of the pitch composite was placed in the test cell
(Figure 3), and mechanical strength tests were carried out so that the fracture
region of all samples was in the semicoke plane heated to a temperature of
500°C. All the samples in the fracture region had the same final heating temperature, and the strength of the semicoke sample of the pitch composite was determined in an isothermal layer.
We believe that since the strength of the coke (filler) is higher than that of
the semicoke matrix, the destruction of the sample during our tests was mainly
carried out on the pitch matrix (cohesive failure), and the filler grains were not
destroyed.
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Figure 1.
Structure of filler surface (SEM): a – shale coke (×200); b – shale coke x 100); c – pitch coke (×200);
d – anthracite (×200). Optical microscope, polarized light, ×500): e, f – shale coke; g, h – pitch coke.
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Figure 2.
Coking chamber for samples of pitch composites: 1 – cassette of ceramic cells; 2 – coking chamber; 3 – heater.

Figure 3.
Test machine and test cell for testing composite for strength.

3.1 Determining the filler activity by the positive root of the parabola equation,
which describes the dependence of the pitch composite strength on the filler
content
The dependence of the pitch composites of the semicoke’s strength on the mass
ratio of the pitch and filler is investigated. As a rule, an extreme dependence of the
strength on the degree of filling was observed, characterized by the presence of a
concentration maximum.
A second-order equation is a reasonable approximation. For all the equations,
we calculate the discriminant and determine the roots.
Table 3 shows the equations of the second-order curves describing the dependence of the strength of the semicoke from the pitch composites on the composition
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Fillers

SC-T
SC
PC

Equation

R2

x1

x2

Y = −0.28x2 + 2.80x + 54.42

0.92

−9.81

19.81

Y = −3.69х2 + 39.2х−18.8

0.90

0.5

10.1

0.76

1.86

16.29

2

Y = −1.33x –19.2x + 40.2
2

Roots of equation

Glass

Y = −1.3x + 17.9x + 2.02

0.81

−0.1

13.9

Sand

Y = −2.77x2 + 34.1x−23.6

0.96

0.74

11.6

0.96

−1.47

20.45

Anthracite

2

Y = −2.58x + 48.96x + 77.5

Table 3.
Strength of pitch composites depending on the filler.

of all the excipients that were tested, the roots of these equations x1 and x2, and the
determination coefficients (R2) of the interaction y = f(x).
We do not consider the negative values of the roots x1 because they do not match
the condition of the problem.
The physical meaning of the roots x2 of the parabola equation is some hypothetical ratio of filler binding, in which the strength of the pitch composite falls to zero.
The x2 indicator can be used as an indicator of the activity of the filler. The higher
the value of x2, the greater the filler activity.
There is some physical meaning of the roots x2 of the parabola equation. The
x2 indicator can be used as a measure of the activity of the filler or of the sintering ability of the pitch. The higher the value of x2, the greater the activity of the
filler is. That is, the more active the filler, the more its quantity will be agglomerating. By x2, it is possible to rank the binders for the sintering ability to the
fillers. The activity of the filler is the amount of the inverse sintering power of
the pitch [21]. In accordance with this indicator, fillers are located (in descending order) in a row:
Anthracite—SC − T—PC—SC − glass—sand
3.2 Determining filler activity by sintering ability
As an example, let us consider the curve for the change in strength of pitch
composites with anthracite (Figure 4). The strength of the pitch composite
increases (the left branch of the curve in Figure 4), because the high modulus filler
reduces the ability of the entire composition to deform. With an increase in the
degree of filling, the individual particles of the filler approach and their boundary
(interphase) layers begin to interact with one another, forming a film structure of
the matrix between the particles (Figure 5a).
We do not take into account here that individual particles in composites are rarely
observed [22]. Since binders that solidify are typical nonequilibrium systems, the
loss of stability leads to the spontaneous formation of primary clusters—a decrease
in surface energy occurs due to a reduction in the interfacial surface and, as a consequence, aggregation of the filler particles. The filler particles on their surface have
a layer of a pitch matrix, the so-called interfacial layer (IFL) [23]. There is no clear
boundary between IFL and the pitch matrix, but it is established that IFL reduces
the concentration of stresses on the surface of the matrix and filler, which affects
deformation and fracture in composites [24]. The thickness of the interphase layer
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depends on the radius of the filler particles and the fractal dimension of its surface
[25]. At low filler concentrations in the matrix, the interphase layers are not an independent phase in the volume of the composite, which does not affect its properties.
Considering the fact that the interfacial layer is an oriented ordered structure,
the film has enhanced strength compared to the structure of the remaining volume
of the pitch matrix. At the critical point, the complete transition of the pitch matrix
to the film structure of the IFL is the main factor of strength increasing of the pitch
composites. In addition, the filler-binder ratio at this point is optimal, which corresponds to the maximum on the curve (Figure 4).
In the case of a critical binder-filler ratio, the pitch matrix is completely on the
surface of the filler particles in a structured (interfacial) layer (Figure 5a). The
activity of the filler is maximum. With a further increase in the content of the filler
in the composite (the right branch of the curve in Figure 4), the activity of the
filler does not decrease, but the pitch matrix cannot cover the entire surface of the
filler grains. The film is not enough to cover the entire surface of the filler grains.
The binder film is divided into separate fragments (Figure 5b), which is accompanied by a sharp decrease in the strength of the final composite. In this consideration, we do not take into account the effect of agglomeration of filler particles.
Although the amount of the matrix and probably its cohesive strength does not
change, the strength of the composite decreases. The strength of the matrix on the
surface of the filler particles can be another indicator of the activity of the filler.
In the actual conditions of formation of the contact surface of the filler with
a liquid binder, the processes of diffusion of the adhesive into the filler play an
important role. A part of the pitch can penetrate into the surface layer of the filler
due to capillary phenomena.
The removal of volatile substances from the pitch when carbonized leads to the
appearance of shrinkage stresses and defects and, as a result, to rupture the film.
That is, a pitch that is carbonized to the semicoke state may not completely cover
the filler surface and not create a continuous “carbon skeleton,” the ideas of which
were previously expressed [26].

Figure 4.
Experimental points and approximation by the parabola equation for the dependence of the strength of a pitch
composite on the amount of filler (anthracite) in it.
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Figure 5.
The microstructure model of the pitch composite: a – a binder in the film on the surface of the filler; b – with
pitch deficit: 1 – filler particles, 2 – semi-coke of the matrix.

3.3 Determining filler activity by cohesive strength of the pitch matrix film on
the filler surface
Another way to determine the activity of the filler is determining the cohesive
strength of the pitch composite in the film state on the filler surface. The more
active the filler with respect to the pitch binder, the more IFL is structured on the
surface of the filler and, correspondingly, the higher its strength.
We solved the problem of determining the strength of the matrix in the film as
follows.
In the filling region, which is characterized by the falling section of the curve of
the dependence of the strength of the composite on the degree of its filling (Figure 4),
the strength of the pitch matrix does not change, despite the reduction in the overall
strength of the pitch composite. The loss of strength curve in this descending section is
approximated by a straight line:
y = b − ax

(6)

where y is the strength of the composite and x is the filler content. One can
estimate the strength of the “film” pitch matrix by extrapolating this linear dependence on the ordinate axis, which gives the value of the strength of the semicoke
of the pitch matrix (film) without the filler (for x = 0). The extrapolation value
obtained by extrapolation at zero fill (σ0) (Figure 6) is simultaneously a measure
of the activity of the filler and at the same time can serve as a measure of the sinter
ability of the pitch.
The sintering thus determined is an indicator of the peculiarity of the pitch to a
specific filler. The same pitch with another filler will have a different sintering, because
the sintering process depends on the nature of the filler and its physical–chemical
interactions with the binder. Figure 6 shows the variant of approximation of the falling part of the curve of the strength of the pitch composite on the content of coke in it.
In order to compare the pitch with each other, you can enter the parameters
of sintering and sinter ability with respect to the filler standard, for example,
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Figure 6.
Approximation of the falling branch of the dependence of the strength of the pitch composite with the coke by a
straight line.

anthracite. By the way, anthracite, as a standard, is used to estimate coal by sintering in works [27, 28].
Testing the strength of a semicoke from pitch without filler cannot give an
estimate of the pitch sintering. The reason is that when the pitch is heated and
sintered during solidification, the solids are formed, which in fact play the role of
the filler, which is unevenly distributed in volume. Therefore, such a semicoke is
heterogeneous in terms of physical and mechanical properties [29]. In addition, the
sintered material contains an uncontrolled amount of pores, which are, in essence, a
low modulus filler.
Monitoring of the quality of the B1 (softening point 72°C) and V (softening
point 86°C) at the factory (Tables 4 and 5) showed that the sinterability (σ0) of the
pitches was significantly higher than the other indicators’ quality for these pitches.
This means that it is more sensitive than the rest (the error in determining σ0 is 5%).
As a coefficient of measure, free term of the equation (Table 4 of Eqs. (1)–(6) and
Table 5 of Eqs. (1)–(7)) is adopted. The physical meaning of the free term of these
equations is the strength of the semicoke of the pitch film in the absence of the
addition of a filler when x = 0.
3.4 Determining filler activity by work of destruction of pitch composite
The area under the dependence curve of the strength of semicoke samples from
composites is an integral characteristic—the work of destruction. The term “work
of destruction” is used in the physics of polymers [30, 31]. The work of destruction,
in fact, is the energy used to overcome the forces of grip (in our case, the sintering)
between the pitch matrix and the filler, so this figure can be taken as a measure
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Softening point.
°С

V daf,
%

Viscosity, η140 Pа*с

Wetting power by
[16], m

Equation

1

72

58.1

1.51

1.47

y = 78.2–3.4x

2

72

58

1.48

1.43

y = 132.7–5.8x

3

72

58.1

1.37

1.48

y = 146.9–6.9x

№

4

72

57

1.37

1.37

y = 192.6–10.3x

5

72

57.7

1.42

1.55

y = 83.8–3.8x

6

72

57.5

1.58

1.28

y = 115.8–6.9x

Table 4.
Results of monitoring quality for pitch B1.

Softening point.
°С

V daf,
%

Viscosity, η140 Pа*с

Wetting power by
[16], m

Equation

1

85

53

2.89

0.8

y = 206.8–11.6x

2

87

53

3.97

0.785

y = 207.8–9.8x

3

86

53

3.96

0.86

y = 263.0–21.7x

4

86

53.8

3.29

0.94

y = 263.0–21.6x

5

86.5

53.7

3.88

0.9

y = 150.3–8.6x

6

86

54.5

3.59

1.0

y = 345.8–31.3x

7

86

54.5

3.42

0.85

y = 275.2–21.3x

№

Table 5.
Results of monitoring quality for pitch V.

of the sintering ability of the pitch and filler activity. It seems that this definition
of the term “sintered ability” has a definite physical content, in contrast to that
adopted in coal chemistry: the sintered ability—the property to bake one or another
amount of inert material [32].
Since we have a parabolic plot (Figure 4), the work of destruction (W, c.u.) will
be equal to the area under the parabola:
x2

W = ∫ (ax 2 + bx + c)dx
x1

(7)

Eq. (7), after simple transformations, gives a formula for calculating the work of
the destruction of pitch composites:
W = a⁄3(x23 − x13) + b⁄2(x22 − x12) + c(x2 − x1)

(8)

The coordinates of the maximum of the parabola with respect to Eq. (8) were
constructed using the well-known equations.
The results of calculations of the destruction of pitch composites with different
fillers are given in Table 6.
As follows from data of Table 6 and diagrams of Figure 7, the greatest sintering
ability of the studied pitch is in relation to anthracite, and the smallest—in relation
to sand and glass. That is, adhesive interaction is the most potent in a pair of pitchanthracite. Anthracite is the most active filler. In this regard, anthracite is the reference
filler for assessing the sintering ability of coal, as it is customary in the Roga test [33].
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Fillers

Coordinates of maximum

The work of destruction, W, cond. Units

x0

y0

SC-T

5.4

149.4

2417.5

SC

9.0

126.2

1602.3

Glass

8.0

64.0

646.6

Sand

6.3

88.7

498.1

Anthracte

9.4

315.6

4468.6

Table 6.
The work of the pitch composite destruction for various fillers.

Figure 7.
The fillers activity by destruction work of pitch composite.

4. Conclusion
The generally accepted estimate of binders by the contact angle of wetting of
the filler surface reflects only the initial stage of the adhesive interaction of the
components of the composites. Wetting of fillers with binders is a necessary but not
sufficient condition.
The activity of the fillers with respect to the particular binder is characterized
by the adhesive strength of the material obtained after the carbonization of the
“binder-filler” system. The activity of the fillers determines the sintering ability
and sintering capacity of the pitch binders.
The external curve describes the dependence of the strength of composites on
the content of fillers in them. Both step V and anthracite in the place of the extreme
ratio of the filler-binder are 9:1, and the strength of the composite is 3,10 MPa.
At this stage, the pitch matrix is in the interfacial layer on the surface of the filler
particles. This optimal ratio is valid only for the given experimental conditions:
temperature and grain size of the filler.
We show that anthracite is the most active filler for the resins under study. Some
methods use anthracite as a reference filler to determine the sintering of coal and tar.
Therefore, it can serve as a standard of activity in evaluating the activity of other fillers.
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Dynamic Mechanical Behaviour of
Coir and Coconut Husk Particulate
Reinforced Polymer Composites:
The Effect of Exposure to Acidic
Environment
David O. Obada, Laminu S. Kuburi, David Dodoo-Arhin,
Yongdan Hou, Muyideen B. Balogun and Mahmud Muhammad

Abstract
This chapter describes an experimental investigation into the dynamic mechanical properties of coir and coconut husk particulate reinforced polymer composites
which were prepared by the hot press method. The composite was immersed in
a strongly acidic environment of pH 2.2 for a period of 14 and 28 days (14P and
28P). Values of storage modulus at different vibrational frequencies recorded for
the polymers at low temperatures where the molecules are still tightly compressed
and the region of first solid state transitions are: Control sample (CS)—913.18,
984.18 and 979.94 MPa; 14P—505.54, 492.47 and 473.60 MPa and 28P—282.25,
298.70 and 285.36 MPa at 2, 5 and 10 Hz, respectively. While values of loss modulus at different vibrational frequencies are: CS—113.32, 109.43 and 107.62 MPa,
14P—92.92, 92.92 and 101.93 MPa and 28P—46.08, 45.61 and 45.18 MPa at 2, 5
and 10 Hz, respectively. Degradation of the mechanical properties was ascribed
to the penetration and absorption that occurred between the acid solution and
the composite constituents (matrix, filler, and fiber). It was found that frequency
variation influenced the dynamic mechanical properties of the polymer composite
at the points of measurement.
Keywords: particulate fillers, mechanical integrity, corrosion

1. Introduction
Recently, polymers have become increasingly important for an array of applications by reason of several attractive properties which includes light weight, the ease
of processing and its affordability. Fiber reinforced polymers are also attractive as
well, due to their biodegradability, high stiffness and strength, good corrosion resistance and many other properties which are important from the tribological point of
view, for instance, low coefficient of friction etc. [1–6]. These natural fibers consist
of jute, hemp, sisal, coir, banana among others [7].
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Among the natural fibers, it is pertinent to note that coir is essentially utilized
in view of its low cost, durability among other advantages [8]. Coir has been
accounted for as having the highest extension at break among common natural
fibers, which allows it absorb strain more than other fibers [9–11]. Reinforcing
polymer, for example, polyethylene with natural fiber/particulates to produce
polymer composites has gained significant consideration because of their intrinsic properties [12]. Glass fiber has been an interesting option as reinforcement,
however, despite the fact that glass fiber reinforced plastics have high quality, their
fields of use are exceptionally restricted on account of its inherent higher cost of
production [13]. By reason of this, natural fiber reinforced composites have been
suggested for use industrially in the off-shore oil and gas industry, in addition to
application as composite pipelines, for storage tanks, fluid handling and chemical
processing equipment, etc. Therefore from the economic point of view, natural
fiber and lignocelluloses, for example, coir and coconut shell powder has remarkable properties as reinforcement/fillers in plastics. Coconut shell particules have
become essential as a reinforcement material because of some natural properties
like high strength and high modulus [14]. It is worth noting that increment in coconut shell content improves the mechanical strength and water absorption properties
of polymer composites, nonetheless, it lessens the stretching at break [15].
In a variety of industrial applications, composite materials are under the attack
of corrosive environments (acidic and alkaline). In this way, it is pertinent to
note that the influence of exposure or attack of polymer materials to corrosive
environments may be quite difficult to notice. It is possible that the material may
seem normal but in actual sense may have become embrittled and the mechanical
properties may have deteriorated. These mechanically stressed polymers which are
exposed to corrosive environments may have crack initiation on the surfaces which
propagates by reason of the inherent stresses or with continued exposure to chemical attack. The degradation pathway could occur when the acid, salt or alkaline
solution diffuses through the surface and reaches the laminates of the polymer or a
situation where the solution penetrates the laminate through micro cracks or other
deficiencies/imperfections which may have resulted during the processing stage of
the polymer.
Nonetheless, by reason of the continued usage of fiber reinforced polymers
(FRPs) and the ambiguities in environmental conditions, etc., the degradation of
FRPs in corrosive environments have not been examined in detail. A lot of studies
on the durability of FRP composites have laid much emphasis on glass, aramid and
carbon composites [16]. Generally, carbon based FRPs are not affected by most corrosive environments. In line with this, to the best of our knowledge, scanty reports
are available for the degradation resistance of natural FRPs. For instance, Sindhu
et al. [17] studied the reduction of the mechanical properties of coir/polyester and
glass/polyester composites under the action of different solvents and environmental
weathering. These properties increased with increased aging, but the mechanical
properties of samples aged by water, acid and environmental weathering displayed
a decrease in their properties. In another study, the resistance of basalt fibers in
alkaline solution was noticed to be better than that of glass fibers while the acid
resistance was found to be poorer [18, 19].
According to Gill [20], the versatile high performance applications of natural
fiber composites, like coir, can replace glass and carbon fibers. It has also been noticed
that a considerable level of research have focused mainly on the performance of glass
FRP composites in highly corrosive environments. Amaro et al. [21] subjected glass
FRP samples in HCl and sodium hydroxide (NaOH) solutions at room temperature
(25 °C) for 12, 14 and 36 days. This was followed by conducting experiments on the
degradation of mechanical properties. It was concluded that the flexural and impact
36

Dynamic Mechanical Behaviour of Coir and Coconut Husk Particulate Reinforced Polymer…
DOI: http://dx.doi.org/10.5772/intechopen.82889

strength of the composites reduced with an increase in exposure time with the effect
of exposure to the alkaline solution more pronounced than that noticed for the acidic
solution. Stamenović et al. [22] investigated the influence of corrosive environments
(acidic and alkaline) on the tensile characteristics of glass FRP pipes. It was shown
that increasing the pH value of the alkaline solution further degraded the mechanical integrity of the pipe samples, while the samples subjected to the acidic solution
provoked an increase in tensile strength and modulus, and decreasing pH values led
to a more significant increase. These results from the study of Stamenović et al. [22]
corroborate findings of Sindhu et al. [17], where the effects of various corrosive conditions on the mechanical properties of GFRP were investigated. The tensile strength
and modulus increased as residence time in acidic solution increased.
On the other hand, Tripathy [23] studied the mechanical properties and interfacial properties of jute fiber filled epoxy resin. It was observed that the moisture
intake by natural fibers, insufficient adhesion between untreated fibers and the
polymer matrix, led to fiber pull-out with time [24]. Gilbert and Lee [25] investigated the influence of environmental conditions on the mechanical properties of
short fiber reinforced composites. The relationship between moisture, acid, and
alkali attacks were determined and the chemical properties were evaluated. Potts
et al. [26] investigated the tensile properties of short coir reinforced composites.
The tensile characteristics were found not to be dependent of fiber length, although
the ultimate tensile strength showed some improvement at 10 mm fiber length.
Despite the volume of fiber reinforced polymer composites under investigation,
most of the research efforts have been focused on either the characteristics of these
polymers or the basic properties of the different phases that make up the composite [12, 27–29]. In our previous work [12, 30], we identified a coir length which
enhanced the mechanical and dynamic mechanical (viscoelastic) properties of our
developed coconut husk filled composites. Hence, the present work focused mainly
on the evaluation of the dynamic mechanical characteristics of the fabricated
composite on exposure to an acidic environment. We have considered dynamic
mechanical properties of the samples at low temperatures where polymer molecules
are tightly compressed and where the first solid-state transitions occur.

2. Materials and methods
Coir (fiber) which was extracted from coconut husk was cleaned with water to
remove contaminants and dried at room temperature for 48 h. The dried fibers were
soaked in 5 wt.% NaOH solution at room temperature (27 °C) for 30 min as a fiber
treatment procedure. The treated coir was subsequently washed with distilled water
to remove retained alkali. Furthermore, washed fibers of 30 mm length were open
air dried for a day and afterwards dried at 60 °C in a hot air oven for 8 h. Further
composite processing is reported elsewhere [30].
2.1 Exposure conditions
Three test conditions were selected in this study to investigate the short term
effect of the exposure of the fabricated coir reinforced polymer composite to an
acidic medium. According to Mahmoud and Tantawi [31], who investigated the
effects of various aggressive acids including HCl, H2SO4, HNO3, and H3PO4 on glass
FRP composites, H2SO4 had a more pronounced effect than the other acids used in
their experiments. Additionally, H2SO4 is one of agents which FRP components are
generally exposed to. Therefore it was used as the acid solution for this study. The
condition is an H2SO4 solution with pH 2.2 at room temperature. Exposure periods
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of 14 and 28 days (14P and 28P) were considered. The sample not exposed to the
acid solution was used as control.
2.2 Dynamic mechanical properties of corroded polymer specimens
Dynamic mechanical analysis (DMA) was used to investigate the viscoelastic
properties of the exposed polymer samples as reported in our previous study [30].
The frequencies under which DMA measurements were made in this study are: 2, 5
and 10 Hz. The loss and storage moduli at low temperatures where polymer molecules
are tightly compressed and where the first solid-state transitions occur were analyzed.

3. Results and discussion
3.1 Storage modulus (E′)
The results in Figures 1– 3 for control, 14P and 28P samples, respectively,
demonstrated the trademark drop in modulus around the first transition stage from
elastic to viscous of the composite which can be ascribed to energy release with
gradual increase in temperature [32]. Values of storage modulus recorded for the
polymers at the point of interest were: Control Sample (CS)—913.18, 984.18 and
979.94 MPa; 14P—505.54, 492.47 and 473.60 MPa and, 28P—282.25, 298.70 and
285.36 MPa at 2, 5 and 10 Hz, respectively.
The values of E′ for the CS (Figure 1) increased with the frequency until
5 Hz and a slight decrease is observed at 10 Hz, while values of E′ for 14P sample
(Figure 2) decreased with frequency until the highest frequency of 10 Hz. In
addition, values of E′ for 28P samples (Figure 3) increased with the frequency
and a slight decrease is observed at 10 Hz. A possible explanation for these are:
for the control sample, the tendency of an increase in E′ under a higher frequency
and comparatively lower value of E′ for composite subjected to 10 Hz, can be
ascribed to increase in molecular mobility of the polymer chains in the first solid

Figure 1.
Storage modulus curves of control sample under varying frequencies.
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Figure 2.
Storage modulus curves of 14P sample under varying frequencies.

Figure 3.
Storage modulus curves of 28P sample under varying frequencies.

state transition phase [33]. The continued decrease of storage modulus for the 14P
sample can be ascribed to a gradual degradation of the storage modulus due to the
influence of exposure to the acidic environment which causes a reduced grip of
the tightly bound polymer molecules, allowing them to flow more as compared to
polymer molecules in the control sample. It also means at every point of frequency
variation, there was an increase in molecular dynamics of the polymer chains
because the molecules can move with the force which results in a decline in storage
modulus. A similar trend of storage modulus variation at each point of frequency
change as observed for the control sample was noticed for the 28P sample. However
a decrease in the storage modulus was observed at every corresponding frequency
variation, which further explains the effect of exposure to acidic environment
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to which the degradation in the fiber/filler/matrix interface can be ascribed, and
subsequently allows tightly bound molecules to move with the applied force and
cause a decline in the ability of the composite to store energy.
3.2 Loss modulus (E″)
The results in Figures 4–6 for control, 14P and 28P samples, respectively, show
that upon frequency variation, the values of loss modulus (E″) decreased, but an
exception was noticed in this trend for the 14P sample. Values of loss modulus
recorded for the polymers at low temperatures where the molecules are still

Figure 4.
Loss modulus curves of control sample under varying frequencies.

Figure 5.
Loss modulus curves of 14P sample under varying frequencies.
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Figure 6.
Storage modulus curves of 28P sample under varying frequencies.

tightly compressed and the region of first solid state transitions were: CS—113.32,
109.43 and 107.62 MPa; 14P—92.92, 92.92 and 101.93 MPa and 28P—46.08, 45.61
and 45.18 MPa at 2, 5 and 10 Hz, respectively. These results indicate that the acid
solution provoked degradation in the fiber/filler/matrix interface which may be
associated with the occurrence of fractures under stress conditions. These results
corroborates findings of Stamenović et al. [22], which suggested that the most
significant influence of corrosive solutions was on the fiber-matrix connection and
this influence directly reduces the load carrying capacity of composites.
The possible pathways for the reduction in storage and loss moduli after exposure to the acidic environment can be explained or associated with the penetration and absorption that occurred between the acid solution and the composite
constituents (matrix, filler and fiber). The solution most likely penetrates through
the polymer matrix and has the possibility of separating out in micro-cracks. These
assertions have also been buttressed by [31, 34]. Also similar pathways can be
attributed to the degradation of the fiber/filler/matrix interface which is caused by
the penetration of the acid solution through cracks which may have gained entry
through voids in the matrix [17, 22, 35]. According to Hammami and Al-Ghilani
[36], the degradation of the mechanical properties of polymers can occur in two
stages. Firstly, the polymer is degraded under actions which are as a result of the
diffusion of water and the presence of hydrogen ions. Secondly, the fiber itself can
be degraded which results to cracks appearing on the surface of the fiber. This to
some extent affects the resistance of the composite to stresses. Moreso, according to
Stamenović et al. [22], a degradation of the mechanical properties can be associated
with the fiber-matrix interface where the acid immersion of the composites promotes the deficiencies of the stress carrying capacity of the polymer composites.

4. Conclusions
The dynamic mechanical properties of coir and coconut husk particulate
reinforced composites immersed in an acid solution over periods of 14 and 28 days

41

Fillers - Synthesis, Characterization and Industrial Application

were investigated. The dynamic mechanical analysis of the composite not subjected
to the corrosive medium was also tested for comparison. The degradation pathway
was clarified on the basis of the experimental results. The major conclusions are as
follows:
1. The composites exhibited relatively little resistance to corrosion in acid solution by reason of the reduced storage and loss moduli after immersion in the
acid solution.
2. In terms of mobility of polymer chains, an increase in frequency or stress loading caused a sharp decline in storage and loss moduli of the immersed samples
due to the reduced grip of the tightly bound polymer molecules, allowing them
to flow more as compared to polymer molecules in the control sample.
3. Degradation of the mechanical properties can be associated with the penetration and absorption that occurred between the acid solution and the composite
constituents (matrix, filler and fiber).
4. It is recommended that the developed composites can be applied in areas where
the composites are not exposed to load carrying corrosive environments.
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Chapter 4

Active Solders and Active
Soldering
Shih-Ying Chang, Yan-Hua Huang and Lung-Chuan Tsao

Abstract
Due to the relatively high stability of ceramic surfaces, ceramics, graphite, and
alloys that easily form an oxide passivation layer by natural oxidation, such as aluminum alloys, titanium alloys, and magnesium alloys, are not wetted by common
solders and brazing fillers. Moreover, in most applications, the brazing temperature
is so high that it causes hot cracking or functional degradation of the difficult-towet materials. Active filler metals containing active elements have been developed,
which can successfully join the nonwetting materials at low temperatures (<250°C)
in air. The active elements, such as titanium, magnesium, and rare earth elements,
in active solders play an important role in wettability and reactivity between filler
metals and difficult-to-wet materials. Solders with active element content have
been shown to provide excellent wettability. Hence, direct active soldering has been
developed to simplify the manufacturing of difficult-to-wet material joints. A practical understanding of the design and characterization of low melting point active
solders and active soldering processes is elaborated in this chapter. The effects of
active elements, active solder characteristics, mechanism of active soldering, active
soldering techniques, and specific applications are introduced. The influence of the
thermal and mechanical activation on the interfacial reactions between filler metals
and difficult-to-wet materials during the active soldering process is also discussed.
Keywords: active soldering, difficult-to-wet materials, rare earth elements, titanium,
magnesium, wetting, mechanical agitation, ultrasonic-assisted soldering

1. Introduction
Due to functional, structure, or property needs, joining of dissimilar materials
is increasingly used to achieve components with improved or tailor-engineered
properties. For example, ceramic-metal joints have found wide application in
electrical engineering and electronics for their combination of ceramic insulating properties and metallic conductivity. Moreover, ceramic-metal seals are used
extensively in applications such as engine ignitors, vacuum tubes, high-voltage
feedthroughs, magnetic recorder heads, synthetic colorless sapphire-metal
windows, and ceramic sputtering targets [1]. Most ceramics have very high melting temperatures, so the applicability of conventional fusion welding methods
to the bonding of ceramic-metal is not feasible in cases of extremely high power
requirements. During the fusion welding process, the high temperature can cause
severe property degradation or fracture in surrounding heat-affected areas.
Furthermore, the great thermal expansion coefficient mismatch between ceramics
and metals can cause serious residual stresses at the interface of the ceramic and
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metal [2]. In lightweight construction, the bonding of difficult-to-wet materials such as aluminum alloys, magnesium alloys, or titanium alloys, which easily
forms an oxide passivation layer by natural oxidation, entails numerous difficulties. Brazing and soldering with fillers as interlayers are considered to be more
feasible ways to bond dissimilar materials such as ceramics and difficult-to-wet
metals. However, because ceramics provide mostly covalent or ionic bonding,
have a very stable electron configuration, and are chemically inert, most brazing
or soldering fillers cannot be wetted on their surfaces [3]. Thus, the filler metal
is the most important key factor in determining wettability. Direct bonding has
been developed to simplify wetting of difficult-to-wet materials by using active
fillers containing active elements that improve the wettability of the filler on the
difficult-to-wet material surface and eliminate the need for pre-metallization
during the joining process [4].

2. Active solders
Both brazing and soldering are joining processes that use the principle of capillary action to distribute a molten filler metal between the surfaces of base materials
[5]. In all cases, filler metal melting temperatures are below the melting temperatures of the base materials. Brazing filler metals melt completely at temperatures
above 450°C, while soldering filler metals melt below that temperature [5]. A
variety of alloys are used as filler metals for brazing, depending on the workpieces
and the intended use or application method. In general, braze alloys are made up
of Cu, Ag, Ni, or precious metals [6]. Low melting point metals such as Pb, Sn, Zn,
Sb, and In are usually used for soldering filler [7]. Filler metals can be divided into
three types according to their melting points, namely, high melting point, medium
melting point, and low melting point fillers, as shown in Figure 1 [8].
Chemical bonding at the interfaces of the filler metal and base materials is
evaluated by wettability, defined as the ability of the molten filler metal to spread
uniformly onto the surface of a base material. The molten filler metals must be able
to be wetted on the surface of the base materials during the joining process, whether
it is brazing or soldering. Ceramics and some materials, which easily form an oxide
passivation layer by natural oxidation, such as aluminum alloys, magnesium alloys,
titanium alloys and stainless steels, have surfaces of extreme physical and chemical
stability that prevent filler metals from wetting the surface.
One critical parameter of wettability is the contact angle between the drop of
molten filler and the wetting surface, as shown in Figure 2a and 2b [2]. The contact
angle can be calculated by Young’s equation [9]:
γ

−γ

SV
SL
cosθ = ____________
γ LV

(1)

where θ is the contact angle, γSV is the solid-vapor interfacial energy, γLV is the
liquid-vapor interfacial energy, and γSL is the solid-liquid interfacial energy.
If the solid-vapor interfacial energy (γSV) is higher than the solid-liquid interfacial energy (γSL), the right side of Young’s equation will be positive, so cosθ must be
positive and the contact angle will be less than 90° [9]. Small contact angles correspond to high wettability, as shown in Figure 2a. A contact angle of less than 90°
indicates that wetting of the surface is favorable, and most strong chemical bonds
can be formed at the interface. To improve the wettability of the filler, it is necessary
to reduce the surface tension between the bonding material and the filler, usually by
forming a chemical reaction between the filler and the bonded material surface, as
shown in Figure 3 [9].
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Figure 1.
The melting ranges of some typical solder and braze materials [8].

To obtain better bonding integrity, difficult-to-wet materials, especially ceramics,
are usually metallized prior to brazing or soldering. To overcome the non-wetting of
common filler metals on the surfaces of difficult-to-wet materials, pre-metallization
by molybdenum-manganese method, electroless plating, physical vapor deposition
(PVD), chemical vapor deposition (CVD), thermal spraying, or ion implantation
can be used to increase the wettability [10]. The indirect joining process includes two
steps and is costly; thus, it is difficult to implement. Recently, direct active brazing
has been developed to join difficult-to-wet materials such as ceramic and graphite.
The direct brazing process, without the need for pre-metallizing, is simpler than the
indirect brazing. Active brazing fillers that include an active element, such as Ti, Zr,
Ta, Nb, or Hf, are used to promote wetting [11–14]. It is believed that the addition of
an active element to filler metals can effectively improve the wettability of difficultto-wet materials by reducing the solid-liquid interfacial free energy and allowing
chemical reactions in the interfaces between filler metals and substrates [15]. Due
to its high chemical activity, titanium is often chosen as the active element in filler
metals to improve the wetting on ceramic surfaces. For example, Ag–Cu–Ti active
filler has been used widely to join ceramics because of its wettability and good bond
strength [16–20]. However, the active filler metals for ceramic brazing have a high
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Figure 2.
Contact angle of sessile drop configurations (a) wetting and (b) nonwetting [2], where θ is the contact angle,
γSV is the solid-vapor interfacial energy, γLV is the liquid-vapor interfacial energy, and γSL is the solid-liquid
interfacial energy.

melting point of about 750–850°C. Brazing is conducted at temperatures generally
higher than 800°C. For some applications, the brazing temperature is so high that it
causes hot cracking or functional degradation of the ceramics. Moreover, due to the
difference in the thermal expansion coefficients of the metal and ceramic materials,
high residual stress will develop upon cooling from the elevated temperature. Hence,
the bonding temperature should be as low as possible to minimize the residual
stresses. To solve this problem, low melting point filler metals containing titanium,
such as Sn10Ag4Ti and Pb4In4Ti, have been developed, and they exhibit excellent
wettability on ceramic substrates at 850°C. Unlike the widely used Ag–Cu-based
active filler metals, the low melting point filler metals possess a melting range below
300°C. However, brazing ceramics with low melting point active filler metals is
always conducted above 850°C, such as the Ag–Cu–Ti brazing temperature, owing
to the decent thermodynamic activation [21–23]. Although the act of brazing with
low melting point filler metals must be conducted at elevated temperatures far above

Figure 3.
Schematic of the spreading process of solder with the formation of reaction layer [9].
50

51

Bal.

Bal.

Bal.

—

—

—

Sn4Ag4Ti

Sn3Ag3Cu4Ti

Sn5In4Ti

Zn6Al6Ag

Zn4Ag4TiCr0.7

Zn4Ag4TiNi0.3

Table 1.
Active solders developed by Hillen et al. [4].
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their melting points, their lower solidification temperature can alleviate the thermal
stresses in the ceramic-metal joint. Active soldering techniques, which provide for
bonding of various ceramics and difficult-to-wet materials at low temperature,
have also been developed [4]. The solders used for active soldering consist of a low
melting point metal such as tin or zinc with active elements such as titanium and
rare earth elements. There have been reports of active solders developed by adding
rare earth elements (Ce, La) and a wetting promoter (Ga) into Sn–Ag–Ti, Zn–Ag–Ti,
Sn–Bi–Ti, and In–Sn–Ti alloys [4, 24]. Hillen et al. initially developed active solders
for soldering difficult-to-wet materials, as listed in Table 1. With these active solders,
the joining process of ceramics can be performed at temperatures lower than 450°C
without flux and without the need for premetallization or a protective atmosphere.

3. Effects of active elements
A number of active soldering filler metals for direct soldering of difficultto-wet materials have been reported. S-Bond technologies LLC has developed
a series of active solder metals and an active soldering process [25]. In a prior
study, the active filler metallic alloy Sn–Ag–Ti(Ce, Ga) was successfully used to
join indium tin oxide (ITO) targets with Cu backing plates at 250°C in air [26].
Moreover, a lower-melting-point-active-filler metal Sn56Bi4Ti(Ce, Ga) with a low
bonding temperature of 180°C was used to join ZnS–SiO2 targets with Cu backing
plates [27]. Due to the high chemical activity of Ti, it can easily form the required
subsequent chemical reaction between filler metal and substrate. Fu et al. [28]
studied the effect of Ti content on the wetting behavior of the Sn0.3Ag0.7Cu/AlN
system. They demonstrated that the addition of Ti to Sn–Ag–Cu filler resulted in
a significant enhancement of wettability for Ti content of 4–10%. Chang et al.
[24, 26, 29, 30] have shown that the affinity of rare earth elements to oxygen gives
rise to the reaction of Ti with some difficult-to-wet materials at a low temperature. Moreover, rare earth elements have a very strong affinity for oxygen,
nitrogen, carbon, or almost all metals and hence create chemical reactions at the
interface [31]. Qu et al. [32] investigated the effect of Ti content and Y additions
on the oxidation behavior of Sn–Ag–Ti solder. Their results indicated that the
addition of Y significantly improved the oxidation resistance of Sn–Ag–Ti solder.
Due to the higher affinity of Y for oxygen than Ti, the Y added to the solder efficiently inhibited the oxidation of Ti during the soldering process. Many researchers have demonstrated that rare earth element dopants can significantly enhance
solder bonding with difficult-to-wet materials [33–36]. The addition of Ti and
rare earth elements to Sn or In alloys improves the solderability by increasing the
wettability on difficult-to-wet materials. Furthermore, the oxidation resistances
of these soldering filler metals are somewhat limited. For example, the addition
of the rare earth element Ce to Sn3.5Ag4Ti solder protects Ti from oxidation and
enhances the activity of Ti [26, 28, 32]. Magnesium is also very chemically active
and has good electric and thermal conductivity. It is also a suitable additive active
element for Sn or In alloys used to increase the wetting in some applications of
electronic packaging [37, 38]. Chang et al. [39, 40] have also developed a series
of magnesium-containing active solders, as listed in Tables 2–4. Sn3.5Ag0.5Cu1Mg
filler metal was used for joining alumina with alumina at 250°C in air. The
microstructure of the bonding interface of Al2O3/Al2O3 joint is shown in Figure 4,
which demonstrates a good wettability of the filler metal on the alumina. Hence,
a satisfactory joint can be obtained using the magnesium-containing active filler.
A good bonding strength of 6.54 MPa can be achieved using the Sn3.5Ag0.5Cu1Mg
filler metal.
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Table 2.
Magnesium-containing Sn-based active solders and melting ranges.
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Table 3.
Magnesium-containing In-based active solders and melting ranges.
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Table 4.
Magnesium-containing SnZn-based active solders.

Figure 4.
Microstructure of the bonding interface of Al2O3/Al2O3 joint with Sn3.5Ag0.5Cu1Mg filler metal.

4. Active soldering
Active soldering is a flux-free soldering process. The active solders can be
activated by exposure to high temperature or mechanical agitation [41, 42]. Joining
with low melting point active solders such as Sn10Ag4Ti and Pb4In4Ti is always conducted at elevated temperatures above 700°C, owing to the decent thermodynamic
activation. Chai et al. [22] investigated the wettability of Sn10Ag4Ti on SiC and
Al2O3 substrates. They indicated that the contact angles decreased with increases in
temperature and heating time. The contact angle of the Sn10Ag4Ti filler metal on SiC
decreased almost to 0° when the temperature was raised above 680°C. Ti aggregated strongly in the Sn10Ag4Ti/SiC and Sn10Ag4Ti/Al2O3 interfaces after brazing at
700°C. Koleňák et al. [43] indicated that the wettability of Sn3.5Ag4Ti(Ce, Ga) solder
depended on temperature and wetting time. Wettability of the Sn3.5Ag4Ti(Ce, Ga)
solder on Al2O3 was achieved with heating at 850°C for 43 min [42]. The schematic
in Figure 5 illustrates the wetting process of low melting point filler metal with
high-temperature activation [43].
This soldering process, normally implemented under low temperature, requires
mechanical activation to destruct the oxide layer forming on the liquid molten filler,
after which the active elements Ti and rare earth elements can allow metallurgical
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Figure 5.
Schematic of the wetting process of low melting point filler metal with high-temperature activation [44].

reaction with the substrate. Smith [41] has reported that mechanical agitation such
as edge abrasion, brushing, vibration, and ultrasonic pressure can disrupt the molten
active solder’s surface oxide, thus permitting metallurgical interaction between
the active elements, Ti and rare earth elements, and substrate. Figure 6 illustrates
mechanical agitation to disrupt the oxide layer to activate the molten active solder [41].

Figure 6.
Schematic of mechanical activation and soldering process [41].
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Chang et al. [26, 29, 30] have investigated ITO/Cu, ZnS–SiO2/Cu, and Al2O3/
Cu joints using Sn3.5Ag4Ti(Ce, Ga) and mechanical agitation at 250°C. They have
indicated that the affinity of rare earth elements to oxygen gives rise to the reaction
of Ti with ITO, ZnS-SiO2, and Al2O3 at a low temperature of 250°C. Their results
have also shown a strong tendency of Ti to segregate at the ITO/solder, ZnS-SiO2/
solder, and Al2O3/solder interfaces. Cheng et al. [45, 46] investigated the influences
of the active element Ti on interfacial reaction and soldering strength between
Sn3.5Ag4Ti(Ce, Ga) alloy filler and Si substrate as well as SiO2/SiO2 joints. They also
found that Ti played a critical role in obtaining reliable bonds for active soldering.
The chemical adsorption of Ti on the substrate and the interfacial reaction between
Ti and substrate were the active mechanisms. Similar to the cases in previous studies
[24, 27], the joining process of ceramics can be performed using Sn56Bi4Ti(Ce, Ga)
filler at temperatures lower than 180°C. The schematic in Figure 7 illustrates the
wetting process of low melting point filler metal with mechanical activation [47].

Figure 7.
Schematic of the wetting process of low melting point filler metal with mechanical activation [47].

Another promising option for solving the problems of oxidation and wetting of
the filler metal on substrate is ultrasonic-assisted soldering technology. An ultrasonic vibration soldering system is illustrated in Figure 8 [32]. The wettability study

Figure 8.
Schematic of the ultrasonic vibration soldering system [32].
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reported by Hillen et al. [4] presented an ultrasonic vibration method using an
ultrasonic soldering iron, as shown in Figure 9. Ultrasonic vibration can effectively
improve the wettability of active solder. Yu et al. [48] have reported that applying
ultrasonic vibration during the soldering process causes the active solders Sn–Ag–Ti
and Sn–Ag–Ti–Al to spread on the graphite surface at 450°C in air. Koleňák et al.
[49] successfully used ultrasonic-assisted soldering to join SiC and copper with
In10Ag4Ti solder at 230°C.

Figure 9.
Schematic of ultrasonic vibration soldering with an ultrasonic soldering iron [4].

5. Conclusion
With the rapid development of new materials and advanced technology in
various industries, joining technologies play increasingly important roles. The
poor wettability of ceramics for conventional filler metals and the large thermal
residual stress make it extremely difficult to obtain sound ceramic/metal joints.
Adding active elements such as titanium, rare earth elements, and magnesium to
conventional solders provides improved wettability and bonding strength of most
metals, glasses, and ceramics. The newly developed low melting point active solders
and flux-free active soldering technology can effectively reduce the thermal stress
between the ceramic and metal. Moreover, the active soldering process can be
performed without the need for premetallization of difficult-to-wet materials and
without flux or a protective atmosphere. In a number of cases, fluxless soldering is a
necessary condition of optoelectrical devices, glass-to-metal, and ceramic-to-metal
sealing. Additionally, active soldering can offer an economic metallization process
for high-power ceramic substrates such as direct bonded copper (DBC), direct
bonded aluminum (DBA), and active metal bonded (AMB). It has been shown
that the active soldering has a great potential to improve the joining properties of
difficult-to-wet materials. A gas-tight joint of ceramic/metal can be realized at
low temperature (<250°C) in air without the need of premetallization for ceramic.
Moreover, the active soldering process can also be applied to metallize the ceramics
for electric and heat conduction and electroplating. Thus, this process provides lowcost, high-quality, environmental benefits and convenient joining technology.

58

Active Solders and Active Soldering
DOI: http://dx.doi.org/10.5772/intechopen.82382

Author details
Shih-Ying Chang1*, Yan-Hua Huang1 and Lung-Chuan Tsao2
1 Department of Mechanical Engineering, National Yunlin University of Science
and Technology, Touliu, Yunlin, Taiwan
2 Graduate Institute of Materials Engineering, National Pingtung University of
Science and Technology, Neipu, Pingtung, Taiwan
*Address all correspondence to: changsy@yuntech.edu.tw

© 2019 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.
59

Fillers - Synthesis, Characterization and Industrial Application

References
[1] Nicholase MG, editor. Joining of
Ceramics. London: Chapman and Hall;
1990. ISBN: 0-412-36750-5
[2] do Nascimento RM, Martinelli AE,

Buschinelli AJA. Review article: Recent
advances in metal–ceramic brazing.
Ceramics. 2003;49:178-198

[3] Mizuhara H, Mally K. Ceramic-to-

metal joining with active brazing filler
metals. Welding Journal. 1985;10:27-32
[4] Hillen F, Pickart–Castillo D, Rass
IJ, Lugscheider E. Solder alloy and
soldering processes for flux–free
soldering of difficult–to. Wet Materials,
Welding & Cutting. 2000;52:162-165
[5] Olson DL, Siewert TA, Liu S,
Edwards GR. ASM Handbook.
Volume 6: Welding, Brazing, and
Soldering. American Society for
Metals, ASM International; 1993. ISBN:
978-0-87170-382-8
[6] Nicholase MG, editor. Joining Process–
Introduction to Brazing and Diffusion
Bonding. Dordrecht: Kluwer Academic
Publishers; 1998. ISBN: 0-412-7936-0
[7] Bath J, editor. Lead–Free Soldering.
New York: Springer; 2007. ISBN:
978-0-687-32466-1
[8] Lugscheider E, Zhuang HS, editors.

High Temperature Brazing. Beijing:
National Defence Industry Press; 1989.
ISBN: 7-118-00437-5
[9] Eustahopoulos N. Dynamics

of wetting in reactive metal/
ceramic systems. Acta Materialia.
1998;46(7):2319-2327

[10] Lugscheider E, Tillmann W.

Methods for brazing ceramic and
metal–ceramic joints. Materials
and Manufacturing Processes.
1993;8(2):219-238

60

[11] Oyama T, Mizuhara H. Direct

brazing of graphite using a copper-base
active-brazing filler metal. Welding in
the World. 1998;41:412-419

[12] Huh D, Kim DH. Joining of AlN
to Cu using In-base active brazing
fillers. Journal of Materials Research.
1997;12(4):1048-1055
[13] Akselsen OM. Review—Advances
in brazing of ceramics. Journal of
Materials Science. 1992;27:1989-2000
[14] Elssner G, Petzow G. Metal/

ceramic joining. ISIJ International.
1990;30(12):1011-1032

[15] Suganuma K. Recent advances
in joining technology of ceramics
to metals. ISIJ International.
1990;30(12):1046-1058
[16] Paulasto M, Kivilahti J.
Metallurgical reactions controlling the
brazing of Al2O3 with Ag–Cu–Ti filler
alloys. Journal of Materials Research.
1998;13(2):343-352
[17] Weng WP, Chai YH, Chuang TH.
Interfacial characteristics for active
brazing of alumina to superalloys.
Journal of Advanced Materials.
1997;28(2):35-40
[18] Moret F, Eustathopoulos N. Ceramic
to metal direct brazing. Journal de
Physique. 1993;3:1043-1052
[19] Ali M, Knowles KM, Mallinson PM,

Fernie JA. Interfacial reactions
between sapphire and Ag–Cu–Ti-based
active braze alloys. Acta Materialia.
2016;103:859-869

[20] Ning H, Lan L, Wang L, Peng J,
Peng Z, Ma JS. Interface reaction
thermodynamics of AgCuTi brazing
filler metal and alumina ceramic.
Advanced Materials Research.
2014;936:1239-1246

Active Solders and Active Soldering
DOI: http://dx.doi.org/10.5772/intechopen.82382
[21] Chang SY, Hung YT, Chuang TH.

Joining alumina to Inconel 600 and
UMCo–50 Superalloys using an
Sn10Ag4Ti active filler metal. Journal of
Materials Engineering and Performance.
2003;12(2):123-127
[22] Chai YH, Weng WP, Chuang TH.

Relationship between wettability and
interfacial reaction for Sn10Ag4Ti on
Al2O3 and SiC substrates. Ceramics
International. 1998;24:273-279
[23] Kapoor RR, Eagar TW. Tin–based

reactive solders for ceramic/metal
joints. Metallurgical Transactions B.
1989;20B:919-924

[24] Chang SY, Lu MH, Tsao LC, Chuang
TH. Active soldering of ITO to copper.
Welding Journal. 2006;4:81-83
[25] http://www.s–bond.com/
[26] Chang SY, Tsao LC, Chiang MJ,

Tung CN, Pan GH, Chuang TH.
Active soldering of indium tin
oxide (ITO) with Cu in air using an
Sn3.5Ag4Ti(Ce,Ga) filler. Journal of
Materials Engineering and Performance.
2003;2(4):383-389
[27] Chang SY. Active soldering of
ZnS–SiO2 sputtering targets to copper
backing plates using an Sn56Bi4Ti(Ce,
Ga) filler. Materials and Manufacturing
Processes. 2006;21:761-765
[28] Fu W, Song XG, Zhao YX, Cao J,

Feng JC, Jin C, et al. Effect of Ti content
on the wetting behavior of Sn0.3Ag0.7Cu/
AlN system. Materials and Design.
2017;115:1-7

[29] Chang SY, Chuang TH, Yang CL.

Low temperature bonding of alumina/
alumina and alumina/copper in
air using 3.5Ag4Ti(Ce,Ga) filler.
Journal of Electronic Materials.
2007;36(9):1193-1198
[30] Chang SY, Chuang TH, Tsao LC,

Yang CL, Yang ZS. Active soldering

61

of ZnS–SiO2 sputtering targets
to copper backing plates using an
Sn3.5Ag4Ti(Ce,Ga) filler metal. Journal
of Materials Processing Technology.
2008;202:22-26
[31] Liu CH, Kim YJ, Chun DW,

Kim GW, Chen RK. Universal solder
for direct bonding and packaging of
optical devices. Materials Letters.
2015;152:232-236

[32] Qu WQ , Zhou SS, Zhuang HS.

Effect of Ti content and Y additions
on oxidation behavior of SnAgTi
solder and its application on dissimilar
metals soldering. Materials and Design.
2015;88:737-742

[33] Wu CML, Yu DQ , Law CMT,

Wang L. Properties of lead-free solder
alloys with rare earth element additions.
Materials Science and Engineering.
2004;44:1-44

[34] Yu DQ , Zhao J, Wang L.

Improvement on the microstructure
stability, mechanical and wetting
properties of Sn–Ag–Cu Lead-free
solder with the addition of rare earth
elements. Journal of Alloys and
Compounds. 2004;376:170-175

[35] Tsao LC. Direct active soldering
of micro-arc oxidized Ti/Ti joints in
air using Sn3.5Ag0.5Cu4Ti(RE) filler.
Materials Science and Engineering A.
2013;565:63-71
[36] Ramirez AG, Mavoori H, Jin S.

Bonding nature of rare-earthcontaining lead-free solders. Applied
Physics Letters. 2002;80(3):398-400

[37] Lu S, Wang BH, Chen J. Evolutions
in microstructure and property of
Sn–Ag–Cu lead-free solders with
trace addition of magnesium. In: 9th
Electronics Packaging Technology
Conference; December 10-12, 2007;
Singapore
[38] Lu S, Wei CG. Effect of Mg on
the microstructure and properties of

Fillers - Synthesis, Characterization and Industrial Application

Sn–Ag–Cu lead-free solders. In: 6th
International Conference on Electronic
Packaging Technology; 30 August–2
September 2005; Shenzhen, China
[39] Chang SY, Liu LC. TW Patent No.

I322737

[40] Chang SY, Liu LC. TW Patent No.

I511827

[41] Smith RW. Active solder joining

of metals, ceramics and composites.
Welding Journal. 2001;10:30-35

[42] Koleňák R, Prach M. Research of

joining brittle nonmetallic materials
with an active solder. Advances in
Materials Science and Engineering.
2014. pp. 1-9

[43] Koleňák R, Šebo P, Provazník M,
Koleňáková M, Ulrich K. Shear
strength and wettability of active
Sn3.5Ag4Ti(Ce,Ga) solder on Al2O3
ceramics. Materials and Design.
2011;32:3997-4003
[44] Koleňák R. Soldering of Ceramic
Materials. Available from: https://www.
mtf.stuba.sk/buxus/docs/internetovy_
casopis/2009/kolenak.pdf
[45] Cheng LX, Li GY, Wang XQ , Li ZL,
Wu ZZ. Influence of active element Ti
on interfacial reaction and soldering
strength between Sn3.5Ag4Ti(Ce, Ga) alloy
filler and Si substrate. Materials Science
and Engineering A. 2016;658:42-49
[46] Cheng LX, Liu MR, Wang XQ ,

Yan BH, Li GY. Effect of active element
Ti on interfacial microstructure and
bonding strength of SiO2/SiO2 joins
soldered using Sn3.5Ag4Ti(Ce, Ga) alloy
filler. Materials Science and Engineering
A. 2017;680:317-323

[47] Smith RW, Salem A. Lead-Free
Active Solder Joining in Electronic
Packaging. Available from: www.
materialsresources.com

62

[48] Yu WY, Liu Y, Liu XY. Spreading
Sn–Ag–Ti and Sn–Ag–Ti–(Al) solder
droplets on the surface of porous
graphite through ultrasonic vibration.
Materials and Design. 2018;150:9-16
[49] Koleňák R, Kostolný I, Drápala J,
Sahul M, Urminský J. Characterizing
the soldering alloy type In-Ag-Ti and the
study of direct soldering of SiC ceramics
and copper. Metals. 2018;274:1-17

Chapter 5

Carbothermal Synthesis of
Spherical AlN Fillers
Qi Wang, Kexin Chen and Wenbin Cao

Abstract
Micro-sized spherical AlN particles have presented great commercial potential
as thermally conductive fillers for high-performance thermal interface materials,
benefiting from their high thermal conductivity and good fluidity in the polymers.
In this chapter, recent research progress in the carbothermal synthesis of spherical
AlN fillers is highlighted. The influences of various synthetic parameters, including N2 gas pressure, additive content, additive particle size, reaction temperature,
reaction time, carbon content, and additive types, on the nitridation rate and the
particle size and morphology of final AlN powders are summarized. More importantly, the growth mechanism of micro-sized spherical AlN granules is deeply
discussed as well.
Keywords: carbothermal synthesis, spherical AlN particles, thermally conductive
fillers, thermal interface materials, growth mechanism

1. Introduction
With the rapid progress of microelectronics technology, electronic products and
devices are developing toward the direction of miniaturization and high integration. Although powerful functions are introduced, the heat dissipation has become
an important bottleneck restricting the development of electronic technology. In
the field of heat dissipation, thermal interface materials (TIMs) play an important
role. TIMs are mainly used to fill the microvoids or uneven holes generated by the
contact between heating devices and radiators, establishing an effective channel
and improving the efficiency of heat dissipation [1]. Therefore, the TIMs are receiving more and more attention.
In order to achieve optimum heat dissipation, the TIMs should have good ductility to fill the air gap completely. Polymeric materials have attracted increasing interest owing to their excellent processability, high ductility, and low cost. However,
most of the polymers have thermal conductivity lower than 0.5 W/m K [2], which is
difficult to meet the demand for heat dissipation. To solve this problem, one effective approach is to introduce high–thermal-conductivity fillers into the polymers.
Inorganic ceramic powders have been considered as ideal fillers benefiting from
their high thermal conductivity, low dielectric constant, and good insulating properties. At present, oxides and nitrides are the most commonly considered fillers.
Silica (SiO2) is widely used in the field of electronic heat dissipation because of
its safety, reliability, and low cost [3, 4]. However, its intrinsic thermal conductivity
is only 1.5–1.6 W/m K [5], so it is difficult to obtain composite materials with higher
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thermal conductivity. Zinc oxide (ZnO) has a high thermal conductivity up to
60 W/m K, but the high dielectric constant greatly restricts its practical application
as fillers [6]. Beryllia (BeO) has the highest thermal conductivity (~240 W/m K)
in all the inorganic oxides. However, the high cost and high toxicity make it unattractive for commercial use [5]. Comparatively, alumina (Al2O3) has a much
higher thermal conductivity than SiO2 and also presents remarkable electrical and
mechanical properties, as well as the cheap producing cost [7–9], so it is the most
widely used commercial filler at present. Kozato et al. [7] successfully prepared
epoxy composites filling with 60 vol% Al2O3, achieving a high thermal conductivity
of 4.3 W/m K. However, due to the relatively low intrinsic thermal conductivity of
38~42 W/m K [5], it is still difficult for Al2O3 to prepare high-performance TIMs to
satisfy the increasing heat-dissipation requirements in future.
Compared with oxides, nitride powders are more attractive owing to the relatively high thermal conductivity. For example, boron nitride (BN) has a thermal
conductivity as high as 280 W/m K and also shows the stable chemical property
[10]. Xu et al. [11] used modified BN particles as fillers and finally prepared the
composites with a high thermal conductivity of 10.3 W/m K. Nevertheless, the high
price still limits its wide application. Silicon nitride (Si3N4) has a low coefficient of
thermal expansion and a low dielectric constant, but it has been seldom used as fillers for high-thermal conductivity TIMs owing to its moderate thermal conductivity
of 86~120 W/m K [12].
In comparison, aluminum nitride (AlN) has attracted tremendous attention in
the electronic industry thanks to its outstanding properties such as high intrinsic
thermal conductivity (~320 W/m K), good electrical resistivity, low dielectric constant, and low thermal expansion coefficient close to that of silicon [13, 14]. Ohashi
et al. [15] filled epoxy resin with 74 vol% approximately spherical AlN particles,
obtaining a composite thermal conductivity as high as 8.2 W/m K. Zhou et al. [16]
prepared TIMs using angular AlN powders to replace Al2O3, and the composite
thermal conductivity was increased to 2.6 times with a filling fraction of 68.5 vol%.
Therefore, AlN fillers have shown prosperous application prospects for preparing
high-performance TIMs.
Besides the intrinsic thermal conductivity of fillers, the thermal properties of
TIMs are also affected by the filling fraction, the shape and particle size of fillers.
In order to prepare the composites with higher thermal conductivity, it is important
to raise the filler loading as high as possible and meanwhile retain the good fluidity of the composites for facile processability [17]. Compared with angular and
plate-like particles, spherical fillers offer greater advantages in this regard owing
to their better fluidity in the polymers [2]. In addition, it is generally believed that
the thermal conductivity of composites increases with increasing the particle size
of fillers [18]. This can be explained by the following two reasons: on the one hand,
larger particles tend to result in the smaller fillers/matrix interfaces, leading to less
photon scattering and lower thermal resistance; on the other hand, the fillers with
a larger particle size are more easy to achieve higher filling fraction owing to the
better fluidity and lower viscosity of the fillers/matrices. In general, the micro-sized
fillers can give higher composite thermal conductivity than nano-sized fillers.
Therefore, with the above considerations in mind, it is great significant and imperative to synthesize micro-sized spherical AlN particles as thermally conductive fillers
for the next generation TIMs.
Despite the potentially high commercial importance, the large-scale synthesis
of micro-sized spherical AlN fillers remains a huge challenge to date since nitrides
tend to decompose at high temperature and cannot be converted to a spherical
morphology just by the traditional surface tension method [19]. Up to now, limited
related literatures can be retrieved. Among the existing studies, Ohashi et al. [15]
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successfully synthesized spherical AlN particles via solution-reprecipitation
treatment of angular AlN powders in a low-melting Ca-Al-O flux. Nevertheless, the
particle size of the products was limited by the raw AlN powders, and the necessary
hydrochloric acid treatment for removing residual Ca-Al-O was harmful to the
product purity and the environment as well. Chowdhury et al. [20] first prepared
core-shell structured C@Al2O3 composited particles, following the nitridation
process in the flowing nitrogen at high temperature to ultimately obtain spherical
AlN particles. However, the sphericity of the final product is very low due to the
limitation of the heterogeneous mixing process. Suehiro et al. [21] synthesized
spherical AlN particles by gas nitridation of spherical Al2O3, using a NH3-C3H8 gas
mixture as the reduction-nitridation agent, but the undesired impurities were still
presented owing to the incomplete conversion. In addition, an effective two-step
method, involving the freezing granulation and subsequent sintering process,
was also developed to prepare spherical AlN granules with the high sphericity and
particle size more than tens of microns [22, 23]. Nevertheless, the AlN was used as
raw materials, resulting in the relatively high production cost. Therefore, it is still
highly desirable to explore suitable methods to directly synthesize spherical AlN
fillers with high sphericity and enhanced properties.
In general, commercial AlN powders are mainly synthesized by two methods. One
is the direct nitridation of aluminum powders with N2 or NH3 (2Al + N2 → 2AlN); the
other one is carbothermal reduction nitridation (CRN) of alumina powders in the
presence of N2 (Al2O3 + 3C + N2 → 2AlN + 3CO) [24]. Comparatively, the CRN method
is a better choice for industry production since the resultant AlN powders exhibit
more attractive properties such as high purity, facile sinterability, and resistance
against humidity.
To date, many efforts have been devoted to ameliorating the quality of AlN
powders synthesized by the CRN method [25–28]. Unfortunately, most of them just
aimed at fabricating fine or ultrafine AlN powders via low-temperature synthesis to
improve the sintering ability and reduce the fabricating cost. The obtained nano or
submicron particles are too small to meet the basic requirements as promising fillers. Until recently, increasing attention has been paid on the carbothermal synthesis
of coarser AlN granules, especially micro-sized spherical AlN fillers. Based on a
series of studies [29–33], the authors have successfully synthesized micro-sized
spherical AlN fillers by using appropriate additives and high-pressure N2 in the
CRN process. The as-synthesized AlN granules presented high sphericity, uniform
size distribution, and good dispersing behavior, which exhibited great potential
as high-performance thermally conductive fillers. Based on this, this chapter will
focus on the research progress in the carbothermal synthesis of spherical AlN fillers.
The influence of various synthetic parameters on the morphology and particle size
of final products will be summarized, and the growth mechanism of micro-sized
spherical AlN particles will be discussed as well.

2. Influence of carbothermal synthetic parameters
The typical carbothermal process for synthesizing spherical AlN fillers consists
of three steps: first, the raw materials (Al2O3, carbon black, and additives) were
homogenized by ball milling; second, the CRN process was conducted in a graphite
furnace with a high temperature and an elevated N2 gas pressure; finally, the obtained
powders were transferred to a muffle oven and heated in air to remove the residual
carbon. It was found that various synthetic parameters, such as N2 pressure, additives,
reaction temperature, reaction time, and carbon content had an important impact on
the nitridation rate, the morphology, and the particle size of the final products.
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2.1 Effects of N2 gas pressure
In order to evaluate the effects of N2 gas pressure on the nitridation rate and the
morphology of AlN particles, the raw mixtures containing 5 wt.% CaF2 additive
were heated at a temperature ranging from 1400 to 1800°C and under various N2
pressure (0.1, 0.1, and 1 MPa), respectively. The AlN conversion fraction was determined based on XRD peak intensities of the plane (100) of AlN and (104) of Al2O3.
Figure 1 shows the relationship between AlN conversion fraction and N2 pressure at
various reaction temperatures.
As observed, AlN conversion fraction was significantly decreased with increasing the N2 pressure, indicating an elevated N2 pressure hampered the reductionnitridation process. Based on the studies of Forslund et al. [34, 35], under a high N2
pressure, the removal of produced CO vapor became more difficult. Thus, a barrier
was set up on the surface of solid raw materials by the increased CO level, which
limited the contact between Al2O3 and N2, and eventually decreased the reductionnitridation rate. In addition, it can also be observed in Figure 1 that the nitridation
rate increased with the reaction temperature. When the reaction temperature was
higher than 1600°C, the nitridation rate was significantly improved due to the high
reaction activity. As a result, Al2O3 was completely converted into AlN irrespective
of the tested N2 pressure values.
Figure 2 further presents the SEM images of the AlN powders synthesized at
1800°C but under various N2 pressures. Under the N2 pressure of 0.1 Mpa, as shown
in Figure 2a, irregular AlN particles were obtained. When the N2 pressure was
increased to 0.5 Mpa, approximately spherical AlN particles could be observed in
Figure 2b. With the N2 pressure further increasing to 1 Mpa, micro-sized spherical
AlN fillers were successfully prepared, as shown in Figure 2c. It should be noted
that the both particle size and the sphericity of the as-synthesized AlN particles
were improved with increasing the N2 pressure. As established, the elevated N2
pressure tended to improve the CO level in the system. The AlN nucleation rate
was slowed down, resulting in the large particle size. Additionally, CaF2 additive
was expected to react with Al2O3 to form low-melting Ca-aluminates, providing the
liquid catalyst for AlN nucleation [36]. The slow reaction rate under the elevated
N2 pressure was also beneficial for the migration and uniform distribution of
Ca-aluminate liquid phases in the system. Therefore, the uniform liquid-assisted

Figure 1.
Relationship between AlN conversion fraction and N2 gas pressure at various reaction temperatures [31].
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nucleation further promoted the formation of AlN particles with the larger particle
size, uniform distribution, and spherical morphology.
2.2 Effects of additive content
As mentioned above, the aluminates formed from the reaction between additives and Al2O3 played an important role to determine the CRN reaction rate and the
morphology of AlN particles. Therefore, the investigation of the additive was helpful to verify the previous inference and better understand the formation mechanism
of spherical AlN particles. In this section, the raw materials with various CaF2
contents (0, 3, 5, and 10 wt.%) were used to proceed the CRN reaction under the
high N2 pressure of 1 MPa and at different temperatures of 1500 and 1800°C. The
XRD patterns of the as-synthesized products were shown in Figure 3.
As observed from Figure 3a, Al2O3 was identified in all samples, indicating the
incomplete nitridation at 1500°C. In the absence of CaF2, the peaks of Al2O3 were
detected strongly. When 3 wt.% CaF2 was introduced, the relative intensity of the
Al2O3 diffraction peaks decreased obviously, which indicated that a small amount
of CaF2 could effectively accelerate the nitridation rate. However, with the CaF2
content further increased to 5 and 10 wt.%, the peaks of Al2O3 increased instead,
suggesting the conversion fraction of AlN was decreased. This is mainly because
the reaction between CaF2 and Al2O3 was relatively slow at the low temperature of
1500°C; excessive and unreacted CaF2 existed in the system, hindering the contact
between reactants and further retarding the nitridation process [37]. In addition, the secondary phase of CaAl12O19 was detected in all samples with CaF2. The
Ca-aluminates were mainly formed from the reaction between Al2O3 and CaF2. The
process can be described by the following equations [38]:
Al 2 O 3(s) + 3CaF 2(s)→ 2AlF 3(g) + 3CaO(s)

(1)

CaO(s) + Al 2 O 3(s) → Ca−aluminates (l)

(2)

As the reaction proceeds, the low-melting Ca-aluminates tended to be reduced
and further transformed into AlN, providing some Ca-compounds [39]:
Ca−aluminates (l) + C(s) + N2(g) → AlN(s) + CO(g) + Ca−compounds (3)
The reduction and nitridation of intermediate Ca-aluminate liquid undergo an
easier nitridation process, promoting the conversion rate from Al2O3 to AlN.

Figure 2.
SEM images of the AlN powders synthesized at 1800°C but under various N2 pressures: (a) 0.1 Mpa,
(b) 0.5 Mpa, and (c) 1 Mpa [31].
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Figure 3.
XRD patterns of the products synthesized with various CaF2 contents at (a) 1500°C and (b) 1800°C.

When the reaction temperature was increased to 1800°C, only the peaks
of AlN were observed in Figure 3b, suggesting the full conversion of Al2O3 to
AlN. Moreover, it is necessary to note that no diffraction peaks ascribed to the CaF2
or Ca-compounds were detected, inferring that Ca-compounds were just formed at
relatively low temperature; afterwards, they were reduced and further vaporized
in the atmosphere with the increase of synthesis temperature. The process was
established as follows [39, 40]:
Ca−aluminates (l) + C(s) + N 2(g) → AlN(s) + CO(g) + Ca(g)

(4)

Figure 4 further shows the SEM images of the AlN products synthesized at
1800°C. As observed in Figure 4a, small particles accompanied with some irregular
grains were obtained in the absence of the CaF2 additive. When a different amount
of CaF2 ranging from 1 to 10 wt.% was added, both the sphericity and particle size of
AlN granules significantly increased with the CaF2 content, as shown in Figure 4b–d.
Clearly, the higher CaF2 content meant more Ca-aluminate liquids were generated,
providing the liquid environment for AlN nucleation and material transport. A large
amount of Ca-aluminate liquid explicitly favored for the complete wrap of AlN
particles, promoting the formation of a smooth spherical morphology. In addition,
the small AlN particles were more easy to dissolve in the excessive liquid phase and
reprecipitate on the surface of large particles, which finally promoted the growth of
AlN particles via the dissolution-precipitation mechanism.
2.3 Effects of the additive particle size
In this section, CaF2 granulations with different particle sizes (<75 μm,
75~150 μm, and >150 μm) were used to evaluate the effects of the additive particle
size on the nitridation rate and morphology of the final products. The nitridation
pressure in the CRN process was maintained at 1 MPa. According to the particle
size of CaF2 granulations changing from small to large, the obtained powders were
briefly named as ACF-S, ACF-M, and ACF-L. Table 1 summarized the AlN conversion fraction of the products synthesized at 1500 and 1800°C.
It could be clearly inferred that the AlN conversion fraction decreased with the
increase of the CaF2 particle size at the low temperature of 1500°C. This is mainly
because the large CaF2 particle size tended to reduce the reaction rate between
CaF2 and Al2O3, leading to the slow formation rate of Ca-aluminates. This observation further demonstrated that the Ca-aluminates played a central role in the
nitridation process. When the temperature increased to 1800°C, full nitridation
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Figure 4.
SEM images of the AlN products synthesized at 1800°C with various CaF2 contents: (a) 0, (b) 3, (c) 5, and
(d) 10 wt.% [31].
Samples

CaF2 particle size (μm)

AlN conversion fraction (%)
1500°C

1800°C

ACF-S

<75

88.03

100

ACF-M

75~150

73.01

100

ACF-L

>150

57.36

100

Table 1.
The AlN conversion fraction of the products synthesized with different CaF2 particle sizes at 1500 and 1800°C [29].

was achieved for all samples, and the corresponding SEM images are shown in
Figure 5.
As observed, the particle size of AlN products significantly decreased with
increasing the particle size of the CaF2 additive. As mentioned, the large CaF2
particle size could lead to a low formation rate of liquid aluminates. Therefore,
insufficient liquid aluminates existed in the system. As a result, small AlN particles
were difficult to precipitate on the surface of large particles through the dissolutionprecipitation mechanism. The rearrangement and growth of AlN particles were
limited, leading to the AlN products with a small particle size.
2.4 Effects of reaction temperature
Figure 6 shows the typical SEM images of the AlN granules synthesized from
a typical mixture of Al2O3/C with 5 wt.% CaF2 at various reaction temperatures
(1600–1900°C) under the N2 pressure of 1 MPa for 2 h. As can be seen, the temperature has a great influence on the morphology and particle size of the as-synthesized
AlN granules. At 1600°C, angular AlN granules along with several tadpole-like
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Figure 5.
SEM images of the products synthesized with different CaF2 particle sizes at 1800°C: (a) ACF-S, (b) ACF-M,
and (c) ACF-L [29].

Figure 6.
SEM images of the AlN products synthesized at various temperatures: (a) 1600 [31], (b) 1700 [31], (c) 1800,
and (d) 1900°C.

particles were obtained. As the temperature increased to 1700 and 1800°C, the
tadpole-like morphology gradually disappeared, while the shape of AlN particles
was changed from angular to spherical. However, when the temperature was further
raised to 1900°C, the morphology was abnormal again, changing from spherical to
angular.
This interesting observation can be understood from the formation and distribution of liquid aluminates. In general, two main reaction processes existed in the
system: one is the formation process of Ca-aluminates through the reaction between
Al2O3 and CaF2, and the other one is the nitridation process of Ca-aluminates,
promoting the formation of AlN. The low formation rate and the high nitridation
rate of Ca-aluminates could both result in the reduced content of liquid phases in
the system, which would obviously affect the morphology of AlN particles. At a low
temperature of 1600°C, the Ca-aluminates appeared in a small amount and tended
to distribute unevenly in the system due to the slow reaction rate between CaF2 and
Al2O3. As a consequence, AlN had a higher growth rate in the liquid concentration
area, leading to the appearance of “tadpole tail.” In addition, the small amount of
liquid phases also resulted in a relatively slow material migration rate, thus the
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AlN granules preferred growing into the angular morphology according to the
crystal structure [41]. When the temperature was increased to 1700 and 1800°C,
the amount of liquid Ca-aluminates remarkably increased. The rapid material
migration aiding with the liquid phases eventually promoted the formation of
the spherical morphology with the lowest surface free energy. However, when
the temperature was further increased to 1900°C, the nitridation rate of liquid
Ca-aluminates increased significantly, even larger than that of the formation rate.
In other words, the Ca-aluminates were nitrided immediately as soon as they were
formed. There were not enough liquid phases in the system to modify the morphology of AlN. As a result, AlN presented the angular morphology again in accordance
with its own structure.
2.5 Effects of reaction time
To investigate the effects of reaction time on the morphology of AlN products,
the raw materials with 5 wt.% CaF2 were heated at 1800°C and under the N2 pressure of 1 MPa for various reaction times (0.5, 1, 2, and 4 h). Figure 7 shows the SEM
images of the as-synthesized powders.
As the reaction time prolonging from 0.5 to 1 h and further to 2 h, the size and
uniformity of AlN particles significantly increased. It was expected that the dissolution and reprecipitation of AlN aiding with liquid phases contributed greatly to the
particle growth. In addition, as the prolongation of reaction time, the residual liquid
phases in the system could also adjust themselves under the action of the interfacial
energy to uniformly wrap the AlN particles, further improving the uniformity of
the particle size. However, when the reaction time further increased to 4 h, the
growth of AlN particles was no longer obvious. Instead, most of the AlN particles
were sintered each other to form large aggregates, and the individual particles
tended to change from the spherical to angular morphology, as demonstrated by the

Figure 7.
SEM images of the AlN products synthesized for various reaction times: (a) 0.5, (b) 1, (c) 2, and (d) 4 h [29].
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inserted images in Figure 7c and d. As the reaction proceeding, Ca-aluminates were
continuously consumed until they were completely reduced to Ca vapor following Eq. (4). The residual liquid phase was too less to completely encapsulate the
AlN particles. The driving force of small AlN particles migrating to large particles
decreased, and the energy required for the growth of individual particles increased.
Therefore, the AlN particle growth gradually stopped and was replaced by the neck
sintering between particles.
2.6 Effects of the carbon content
It is generally believed that the ratio of carbon and Al2O3 has a great effect on
the CRN process. Traditionally, excessive carbon was used to guarantee the full
conversion of Al2O3 to AlN [42]. In order to evaluate the effects of carbon content
on the synthesis of spherical AlN particles, the raw powder mixtures with 5 wt.%
CaF2 and various C/Al2O3 mole ratios (2.5, 3.0, 4.0, and 5.0) were used, and the
CRN process was conducted under the N2 pressure of 1 MPa and at different
temperatures for 2 h.
Figure 8 shows the relationship between the AlN conversion fraction and
the C/Al2O3 mole ratio at 1500 and 1800°C, respectively. At 1500°C, no samples
achieved full nitridation. When the mole ratio of C to Al2O3 was 3.0, namely, the
theoretical value of the CRN reaction, a highest AlN conversion fraction of ~79%
was obtained, while a lower or higher C/Al2O3 mole ratio tended to reduce the
AlN conversion fraction. As discussed, the formation and nitridation process of
liquid Ca-aluminates played a crucial role in the CRN process. When the carbon
content was insufficient, the contact interface between carbon and Ca-aluminates
decreased. As a consequence, the nitridation rate of Ca-aluminates was reduced,
leading to the decrease of the AlN conversion fraction. On the other hand, when
the ratio of C to Al2O3 exceeded the theoretical value, the excessive carbon tended
to hinder the contact between CaF2 and Al2O3. The formation rate of Ca-aluminates
was decreased correspondingly, resulting in the low AlN conversion fraction as well.
In addition, it can also be observed from Figure 8 that the full AlN conversion occurred for the samples with the C/Al2O3 mole ratios of 3.0, 4.0, and 5.0 at
1800°C. As for the sample with the C/Al2O3 mole ratio of 2.5, a small amount of

Figure 8.
Relationship between the AlN conversion fraction and the mole ratio of the C/Al2O3 mole ratio at 1500 and
1800°C [29].
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Al2O3 still existed in the system due to the lack of carbon black. The SEM images of
all samples synthesized at 1800°C were shown in Figure 9.
When the carbon content was less than the theoretical value, many large sintering aggregates could be observed (Figure 9a). As increasing the carbon content,
the large aggregates gradually disappeared, while the particle size significantly
decreased. As known, the growth of particles was not only affected by their growth
rate but also restricted by external growth space. When insufficient carbon black
was used, the residual carbon black in the late stage was scare. Thus, the AlN particles were likely to contact each other, promoting the formation of large particles
and hard aggregates. When the carbon content was excessive, a large amount of
unreacted carbon dispersed between AlN particles, which enlarged the migration
distance of small particles to AlN nucleus, and limited the growth space of AlN. As
a result, AlN powders with smaller particle size were obtained.
2.7 Effects of additive types
In Sections 2.1–2.6, CaF2 was selected as the typical additive to synthesize
spherical AlN fillers by the CRN method. Actually, many single or composite compounds can be used as additives to promote the enhancement of the nitridation rate
and the formation of the spherical morphology of AlN particles [37, 43–46]. These
compounds have the same characteristic that they can react with Al2O3 to produce
low-melting liquid aluminates at a relatively low temperature. However, different
kinds of additives showed a slight different effect on the nitridation process and the
product morphology. Table 2 shows the powder mixtures with different additive
types that the authors previously investigated. The CRN process was carried out at
1400–1800°C and under the N2 pressure of 1 MPa for 2 h. The influence of additive
types on the AlN conversion fraction was summarized in Table 3.

Figure 9.
SEM images of the AlN particles synthesized at 1800°C from samples with various C/Al2O3 mole ratios: (a) 2.5,
(b) 3.0, (c) 4.0, and (d) 5.0 [29].
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Samples

Formulation (in wt.%)
Al2O3

C

CaF2

Y2O3

YF3

AP

66.7

33.3

—

—

—

ACF

63.3

31.7

5.0

—

—

AYO

63.3

31.7

—

5.0

—

ACFYO

63.3

31.7

3.0

2.0

—

ACFYF

63.3

31.7

3.0

—

2.0

Table 2.
Compositions of the investigated powder mixtures [32].

Samples

AlN conversion fraction (%)
1400°C

1500°C

1600°C

1700°C

1800°C

AP

1.78

42.94

96.02

100.00

100.00

ACF

13.96

32.85

100.00

100.00

100.00

AYO

11.21

67.48

100.00

100.00

100.00

ACFYO

10.70

50.45

100.00

100.00

100.00

ACFYF

35.60

75.62

100.00

100.00

100.00

Table 3.
The AlN conversion fraction at different temperatures for the investigated samples [32].

At 1400°C, all samples with additives showed a higher AlN conversion fraction
than that of without additives, further indicating additives favored for the nitridation process. However, it should be noted that the sample ACF showed a lower AlN
fraction than AP at 1500°C. This was mainly because most of CaF2 melts to the
liquid phase due to the general melting point of 1418°C. As a result, excessive CaF2
liquid wrapped on the surface of raw materials, hindering the nitridation process.
The rest of samples all present higher AlN conversion fraction than that of AP and
ACF, in accordance with the order of ACFYF > AYO > ACFYO. The sample ACFYF
presented the highest AlN conversion fraction among all samples. According to the
studies of Qiao et al. [38], the formation of (Ca,Y)F2 intermediate and the further
appearance of liquid Ca-Y-aluminates at a relatively low temperature of 1350°C were
the main reasons for achieving the highest nitridation rate for the Al2O3-CaF2-YF3
system.
Figure 10 further shows the SEM images of the AlN particles synthesized at
1800°C from various samples. As observed, micro-sized spherical AlN fillers were
successfully synthesized from all samples, but their morphology and particle size
were slightly different, which might be related to the different formation rate and viscosity of liquid aluminates in the process. From the whole, the sample ACF presented
the highest individual sphericity and the best uniformity. Although the near-spherical
morphology can also be observed in the remaining samples of AYO, ACFYO, and
ACFYF, several hard agglomerates cannot be overlooked. Figure 11 shows the typical
morphology of these hard agglomerates. It can be seen that many compounds precipitated on the particle surface and the neck of sinter particles, which were identified as
Y-aluminates by EDS analysis. This indicated that Y-containing compounds could not
volatilize as Ca-containing compounds after the CRN reaction, but deposited in the
system in the form of precipitates.
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Figure 10.
SEM images of the AlN particles synthesized at 1800°C from samples with various kinds of additives: (a) ACF,
(b) AYO, (c) ACFYO, and (d) ACFYF [32].

Figure 11.
SEM images of typical microstructures showing Y-aluminate compounds in the sample ACY5 after treatment at
1800°C for 2 h [32].

The appearance of these agglomerates was mainly related to the addition of Y2O3.
According to other studies [47], in the CRN process, the additive Y2O3 firstly reacted
with Al2O3 to form Y-aluminates, which were further reacted with carbon and N2 to
form AlN based on the following equations:
Al 2 O 3(s) + Y 2 O 3(s) →Y−aluminates(l)

(5)

Y−aluminates(l) + C(s) + N 2(g) →AlN(s) + CO(g) + Y−compounds (6)
When the reaction temperature was high enough or the time was long enough,
the Y-aluminates could be reduced completely to Y2O3:
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Y−aluminates (l) + C(s) + N 2(g) →AlN(s) + CO(g) + Y 2 O 3(s)

(7)

According to the studies of sintering AlN ceramics, the existence of these
Y-aluminates tended to hinder the connection between AlN grains, leading to the
decrease of thermal conductivity of AlN products [48]. However, direct experimental evidence was still necessary for the spherical AlN fillers.

3. Formation mechanism of micro-size spherical AlN fillers
In the above section, we summarized the influence of synthetic parameters on
the morphology of final AlN products. It can be concluded that high N2 pressure,
suitable additives, and appropriate reaction temperature were essential to synthesize the micro-sized spherical AlN fillers. Compared with the traditional CRN
method, the as-synthesized AlN fillers exhibited two main obvious morphological
changes: the growth of the particle size and the sphericity of the particle shape. In
this section, we will discuss the formation mechanism of the two morphological
changes based on the experimental results.
3.1 Growth mechanism of the AlN particle size
In the process of carbothermal synthesis of spherical AlN fillers, two typical
processes occurred: the reaction between Al2O3 and additives to form the liquid
aluminates and the further reduction and nitridation of aluminates to produce
AlN. After formation, the process of AlN particles enlargement could be divided
into three stages: nucleation, growth, and coarsening [49]. First, AlN was nucleated
in the liquid aluminates, and the number of AlN grains was continuously increased.
After that, the newly generated AlN grew on the basis of crystal nucleus, and the
AlN particle size was continuously improved. Finally, as the reaction entered the
later stage, the small AlN particles were constantly swallowed by the large particles,
leading to the rearrangement and coarsening of AlN particles. Therefore, the AlN
particle size was determined jointly by the three stages. The low nucleation rate,
high growth rate, and high coarsening rate were all advantageous to obtain the AlN
fillers with a large particle size.
As demonstrated, the elevated N2 pressure favored the formation of AlN granules with a large particle size. Under a high N2 pressure, the release of CO vapor was
inhibited, becoming a barrier to limit the contact between Al2O3 and N2. As a result,
the AlN nucleation rate was significantly decreased, resulting in a large particle size.
The AlN growth rate was mainly influenced by the formation and nitridation
rate of liquid aluminates. In general, when the nucleation rate and holding time
were constant, the fast growth rate meant that AlN particles stayed longer in the
coarsening stage, which was conducive to the particle size growth. For example,
both the small CaF2 particle size and high reaction temperature could accelerate the
formation rate of aluminates, enhancing the AlN growth rate and further promoting the appearance of large AlN particles.
In the later stage of the reaction, the coarsening rate played a decisive role in the
final particle size. Since small particles had higher interface energy, they were more
easy to be swallowed by the large particles in order to reduce the overall energy of the
system, leading to the growth of the AlN particle size. Therefore, the coarsening stage
could be considered as the process of interface migration, and the coarsening rate was
affected by the reaction time, temperature, and the difficulty of interface migration.
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It could be easily understood that longer reaction time meant longer coarsening
stage, hence larger particles were more easy to be obtained. However, it should be
noticed that too long reaction time could lead to the complete disappearance of
small particles, and the interface migration required much more energy than the
system could provide. Thus, the growth of the particle size was not that obvious, as
demonstrated in Section 2.5.
High reaction time tended to accelerate the rate of interface migration, promoting the growth of the particle size as well. In addition, when more liquid aluminates
existed in the system, it got much easier for small particles to migrate to large
particles, so the coarsening rate was significantly increased. This can well explain
why more CaF2 content resulted in a larger particle size in Section 2.2.
Moreover, the final particle size was also influenced by the dispersion of secondphase particles. As demonstrated in Section 2.6, excessive carbon black could
become the barriers for small particles to large particles. The external growth space
of AlN particles were limited, leading to the small AlN particle size.
In summary, the particle size of the as-synthesized AlN fillers was influenced by
a variety of synthetic parameters. In the preparation process of the raw materials,
decreasing the additive particle size, increasing the additive content, and decreasing the amount of the carbon black all could lead to the increase of the AlN particle
size. Additionally, using a high N2 gas pressure, increasing the reaction temperature
and prolonging the holding time in the CRN reaction process could result in larger
AlN particles as well.
3.2 Sphericity mechanism of the AlN particle shape
According to the comprehensive investigations in Section 2, it can be concluded
that the amount and distribution of liquid aluminates were important for the formation of the spherical AlN morphology. Based on the crystal growth theory [41],
crystals preferred to grow into the lowest energy state. When there were no liquids
in the system, the AlN morphology was mainly determined by the internal intrinsic
structure. Thus, AlN particles tended to grow in the angular morphology to achieve
the most stable state of energy. However, when additives were used in the CRN
process, AlN was nucleated in the liquid aluminates, and thus its morphology was
consequentially influenced by the external liquid phase environment. The solid AlN
and liquid phase constituted a common system, and hence the lowest solid-liquid
interface energy became the main driving force for the growth of AlN. Compared
with the angular morphology, spherical particles showed the least specific surface
area and the corresponding lowest solid-liquid interface energy. Therefore, AlN
tended to grow into the spherical morphology with the aid of liquid Ca-aluminates.
Based on the above inference, only when the AlN particles were completely
wrapped in the liquids during the growth stage, the spherical morphology could
be obtained. Thus, both the low liquid content and the fast AlN growth rate could
lead to the disappearance of the solid-liquid interface and the difficulty to form the
spherical shape. For example, when a low N2 pressure was used, the AlN growth
rate was significantly increased so that the AlN particles could not be completely
wrapped by the liquids, resulting in the poor sphericity. In addition, the low reaction temperature and the little additive content both led to the small liquid content,
thus the spherical AlN particles could not be obtained as well. It can be concluded
that the elevated N2 pressure, suitable additives, and relatively high reaction
temperature greatly favored for carbothermally synthesizing AlN particles with a
smooth spherical morphology.
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4. Conclusion and perspective
In conclusion, this chapter presents the recent advances on the carbothermal
synthesis of spherical AlN fillers. The influence of various synthetic parameters on
the morphology and particle size of final products is summarized. During the CRN
process, the elevated N2 gas pressure favored the growth of the particle size and the
formation of the uniform spherical morphology, but hampered the nitridation rate.
The relatively high reaction temperature could result in the increasing nitridation
rate, the growth of the particle size, and the sphericity of AlN particles, but a too
high temperature above 1900°C was not beneficial for the spherical morphology
due to the decreasing liquid content. Prolonging the reaction time properly was also
conducive to the formation of large spherical AlN particles. As for the raw materials, increasing the additive content tended to enhance the sphericity and particle
size of AlN particles; excessive carbon black reduced the nitridation rate and
particle size, but increased the sphericity of AlN particles; the use of the additive
with a large particle size could slow down the nitridation rate and reduce the AlN
particle size.
In summary, the liquid aluminates forming from the reaction between Al2O3 and
additives played an important role in the carbothermal synthesis of spherical AlN
fillers by improving the nitridation rate, increasing the particle size, and promoting
the formation of smooth spherical appearance. The condition that AlN particles
were completely wrapped with liquid aluminates during the growth stage was
necessary for the spherical morphology.
Although the micron-sized spherical AlN particles, which showed great
potentiality to be used as fillers, were successfully synthesized by the CRN
method, further research is still necessary aiming at evaluating the actual thermal
conductivity of the AlN fillers and the performance of the as-prepared thermal
interface materials.
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