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Abstract

Adhesives, which also comprise of terms like bonding agents, glues and gums, are
substances which possess the ability to attach to various substrates and hence can
be used to join materials. They find use for bonding of various substrates such as
wood, metals, plastics and find applications in automotive, construction sectors,
electrical or thermal conductivity applications, and dentistry among others. Adhe-
sives are mainly composed of polymers and different additives, of which, one is fill-
ers. Fillers are solid substances which are insoluble in the adhesive, and they are
incorporated in adhesives to reduce cost, modify mechanical properties, increase
viscosity, improve electrical and/or thermal conductivity, obtain better adhesion, etc.
Some types of fillers utilized are bio-based (cellulose nanoparticles, tree bark pow-
ders); carbon-based (carbon black, carbon nanotubes, diamond, graphene); ceramics
(aluminium oxide, boron nitride, iron carbide, silicon carbide); metallic (aluminium,
aluminium oxide, copper, silver, titanium dioxide); silicon-based (layered silicate,
silica); or hybrid (consisting of more than one type of filler). Both the type and the
amount of filler added will affect the properties of the adhesive. Several adhesives
having diverse uses have been considered in this study. The paper reviews in detail
the effect of a number of fillers on the properties of the different adhesives.
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Introduction

Adhesives are substances which can permanently attach to surfaces and can be used
to join surfaces of materials [1]. They are usually may be in liquid or semi-liquid
forms [1, 2]. Adhesives include commonly used terms like glue, paste, gums, adhe-
sive cement and bonding agents [2, 3]. The materials being joined using adhesives
are called as substrates and adhesion is the interaction between the adhesive surface
and substrate surface [1, 3]. Several theories exist which explain the mechanism of
adhesion [2].

Adhesives happen to be important components in several applications. Some
areas where adhesives find use include automobile and aerospace industry, bonding
of numerous materials (glass, metals, plastics, rubber, wood), conductivity applica-
tions, construction industry, footwear, furniture, healthcare sector (biomedical and
dentistry), packaging, and others [1, 2]. Figure 1 represents the various types of
adhesives based on their properties and application sectors.

The formulations of adhesives consist of mainly polymers which may be natural
or synthetic, or monomers and pre-polymers which can form polymers [1, 2]. These
basic raw materials determine the adhesion and cohesion [2]. In addition to the raw
materials, auxiliaries or additives are used in adhesive and sealants formulations.
These may have a significant effect on curing, performance and final properties of
the product. Some additives which are incorporated are fillers, plasticizers, rheology
control additives, stabilizers, adhesion promoters, anti-agers, antioxidants, hardeners
and others depending on the required properties and end use [2—4].

Fillers are solid and relatively non-adhesive substances which are insoluble in the
adhesive binder. Rheology and other properties of the adhesive can be modified by
adding fillers. They offer benefits like reducing the cost of the formulations, for-
mulating adhesives with desired consistency, enhanced strength, give body to liquid

Fig. 1 Classification of adhe-
sives based on their application

Sens itive ‘Wood

Aerospace

@ Springer



Polymer Bulletin (2022) 79:10491-10553 10493

adhesives to improve workability and other properties which include preventing over
penetration of adhesive into the substrate, increasing thermal or electrical conduc-
tivity, obtaining better heat resistance, improving solvent resistance, reducing mois-
ture absorption and others depending on the requirements for specific applications
[2, 4-6]. Since adhesives shrink as they harden, fillers can be used to lessen the
danger of failure at interface of adhesive and interface by preventing contraction of
the glue [7]. The type and amount of filler used should be chosen carefully depend-
ing on the substrate and application. Organic as well as inorganic fillers exist [6]. In
most cases, with rising filler content the general trend in the properties of adhesives
is an initial increase and subsequent decline after reaching a maximum value. In this
paper, different types of fillers used in adhesives are discussed.

Fillers in wood adhesives

Adhesives are much used compounds in the wood industry. Large number of adhe-
sive systems exist for wood and the type and amount of fillers in the adhesive mix-
ture affects the properties and performance of the adhesive and hence of the wood
[6, 8, 9]. The area of application of adhesives covers a large scale from fibres and
small particles to veneers, laminates and lumbers. They add value to residues like
chips, small logs and pieces [10]. Addition of fillers to wood adhesives can be to
increase viscosity, control rheology, achieve higher thermal and dimensional stabil-
ity, get better mechanical properties, etc. [9, 11]. Fillers fill the pores present on the
wood surface which leads to less undesired adhesive flow, better bonding between
components and less resin penetrates in the pores, thus decreasing amount of resin
required [6, 8, 11]. So the choice of filler should be appropriate as it will help in
reducing the cost and amount of adhesive used and also improve performance of the
wood [6]. Thus, fillers are one of the most important components of adhesives for
wood [8]. Figure 2 represents the various fillers used in wood adhesive application.

FILLERS IN WOOD
ADHESIVES

|
[ [ ]
Colloidal Calcium Nanofiller Polyurethane [Ry Birch bark
hydrophilic silica Carbonate powder
Alumina Ml Western red cidar tree
nanoparticles Rubber powder bark powder
mm Nanocellulose

e Palm kernel

Fig.2 Types of fillers in wood adhesives
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Inorganic fillers
Colloidal hydrophilic silica (SiO,)

Colloidal silica is used as a filler for 2-component polyurethane adhesive formula-
tions. Addition of colloidal silica leads to higher viscosities than non-filled adhesive
as shown in Table 1, hence producing thixotropic behaviour and minimizing over
penetration of the polyurethane adhesive. As a result of hydrogen-bonding between
polyol molecule of adhesive and SiO, filler, reactivity of polyurethane adhesive
decreases and curing slows down. It also affects the thermal degradation of poly-
mers. Presence of dispersed silica improves mechanical properties of the adhesive
such as the bonding shear strength for adhesive having low innate strength. The
shear strength of polyglycerol polyol-based adhesive having low innate strength
filled with SiO, filler is about 7.2-7.5 MPa as against 1.8-2.8 MPa value of bond
line strength for the same adhesive not containing any filler. Use of SiO, leads to
lower water contact angle and increased work of adhesion. So, the interaction of
polyurethane adhesive with hydrophilic wood surface containing large number of
hydrophilic groups is enhanced. This leads to better adhesion between adhesive and
wood surface [12].

Calcium carbonate (CaCO;)

Polyvinyl acetate (PVAc) is used in wood adhesives due to excellent adhesion of
polyvinyl acetate emulsions to cellulosic materials. They are commonly referred to
as white glues and are used for gluing of wood and wood-based materials, furniture
and other timber industries. The calcium carbonate filler can be added to water and
mixed till a proper dispersion of filler is achieved. The filler dispersion can be mixed
with the PVAc emulsion. Addition of CaCO; as filler affects the mechanical proper-
ties, there is increase in the tensile modulus of the polymer film below the glass tran-
sition temperature. The shear strength of dry films increases over that of the original
PVAc emulsions and the shear strength develops as setting time increases. Using
CaCOs; as filler is to decrease in depth of adhesive penetration in wood substrate and
for its gap filing properties. The hardness of the developed film is also improved but
greater hardness of adhesive could lead to more tool wear rate [2, 13—15].

Polymer isocyanate emulsions are another class of adhesives used in production
of solid wood panels of different types, plywood, furniture, window frames, par-
quet, etc. They have good adhesion to wood, high heat and moisture resistance, low

Table 1 Viscosity values for

Polyol i i .

filled and un-filled adhesives oe Viscosity (Pa.s)

(A: polyglycerol polyol, C: Non-filled SiO, filled

commercial sucrose-based

polyol) [12] 2 weight% 6 weight%
C 1.2 19.7
A 5.5 37.0
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creep and wide temperature range for curing resulting in a wide range of applica-
tions. Similar to PVAC, calcium carbonate is most commonly used filler in poly-
mer isocyanate emulsions to reduce cost of the adhesive, improve gap filing proper-
ties of the formulation and for better heat resistance of the cured adhesive. CaCO,
particle size should be in the same range as that of the emulsion particles to get a
smooth adhesive, to prevent settling of the CaCOj; particles during storage and to get
a proper glue line [16]. Two component polyurethane (2C PUR) adhesives are used
to bond hardwood. Resin component (polyester-polyether polyol) can be filled by
CaCO; powder to modify mechanical properties, the other component being isocy-
anate-containing compounds. The 2C PUR-based adhesives can be used to form lap
joints of hardwoods like beech wood. 2C PUR adhesives give sufficient spontaneous
wetting of beech wood. Elastic modulus (E-modulus) of adhesive films for differ-
ent filler contents shows that as compared to unfilled adhesive, the E-modulus is
lower for adhesive with 15 weight% CaCO; while it is higher for 30 weight% and 60
weight% filled adhesives. The tensile strength of CaCOj; containing adhesives is less
than that of 2C PUR without fillers. 60 weight% filled PUR adhesive shows higher
E-modulus and comparable tensile strength to commonly used phenol resorcinol
formaldehyde (PRF) adhesives for wood bonding [17].

Nanofiller
Alumina nanoparticles

Alumina nanoparticles (ANP) can be added as filler to polyvinyl acetate (PVAc) pol-
ymer-based wood adhesives for better bonding strength under wet conditions and at
elevated temperatures. Alumina nanoparticles (y phase) can be also be introduced in
Phenol-formaldehyde (PF) resin-based adhesives as filler. The viscosity of adhesive
increases and its curing time decreases with increase in ANP loading in the adhe-
sive. Increased viscosity due to nanoparticle filler addition results in uneven resin
distribution on the wood surface [18]. Owing to the thermal properties of the nano-
particles, the heat transfer of the adhesive increases [19]. This leads to faster curing
because ANP result in better heat transfer rate of PF resin during ultrasonic treat-
ment and there could be some interaction between the surface of nanoparticles and
the resin by formation of Al-O-Phenol bond, so curing could start even at room tem-
perature. Increased manufacturing efficiency and lower energy costs are advantages
associated with lesser curing time. With addition of more alumina nanoparticles, the
wet shear strength gets better and the strength distribution becomes uniform [18].
ANPs can also be incorporated in urea formaldehyde (UF)-based adhesives. Similar
to the case of PVAc-based adhesives, ANPs modify the viscosity of UF adhesives.
As more amount of filler is added, the viscosity of adhesive becomes higher due to
interaction between filler particles and polymer resin. When the nanoparticles are
present in UF adhesive, the curing becomes faster. Also, the presence of ANPs lead
to less formaldehyde emissions when medium density fiberboard (MDF) panels with
adhesives are heat cured [20].
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Nano-clay

Nanoclay is a nano-filler for polyvinyl acetate (PVAc). Hydrophilic nanoclay
such as montmorillonite clay can be added to PVAc adhesive formulation used
for wood like bonding of wood joints. Use of nanoclay affects the thermal stabil-
ity of the PVAc adhesive. The thermal stability of PVAc improves when nano-
clay is added for temperatures less than 200 °C, nanocomposites do not show
much increase in thermal stability than pure PVAc for temperatures between 200
and 360 °C while it is more than that of pure PVAc for temperatures higher than
360 °C. Heat resistance of PVAc improves as nanoclay loading increases (upto
2%) as shown in Fig. 3 for nanoclay named “Lit.G-105116" and Fig. 4 for nano-
clay named “Nanofil 116” [21]. Montmorillonite can be included as filler in other
adhesives like UF-based adhesive. In case of PVAc-based as well as UF-based
adhesives, when montmorillonite modified with benzalkonium chloride is added,
the viscosity increases due to addition of filler. The viscosity change depends on
the extent of exfoliation of the nanoclay in polymer matrix. In wet conditions, the
shear strength of adhesive glueline becomes higher when PVAc and UF adhesives
are filled with clay. In dry conditions, the bond shear strength for PVAc adhesive
increases when 1.5 weight% filler is added while there is no significant improve-
ment in the property for UF resin at 1 weight% or 1.5 weight% filler loading [22].
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Fig.3 Thermal stability of PVA and its blends with Lit.G-105 [Reprint from Composites Part A:
Applied Science and Manufacturing, Vol 42, Effects of adding nano-clay on performance of polyviny-
lacetate (PVA) as a wood adhesive, Alireza Kaboorani, Bernard Riedl, pp. 1035, 2011, with permission
from Elsevier] [21]
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Fig.4 Thermal stability of PVA and its blends with Nanofil 116 [Reprint from Composites Part A:
Applied Science and Manufacturing, Vol 42, Effects of adding nano-clay on performance of polyviny-
lacetate (PVA) as a wood adhesive, Alireza Kaboorani, Bernard Riedl, pp. 1035, 2011, with permission
from Elsevier] [21]

Polymeric fillers
Polyurethane powder

Polyurethane powder when used as fillers in urea—formaldehyde and phenol—formal-
dehyde adhesives, improves the physical properties and water resistance of the adhe-
sive mixture [9]. Polyurethane adhesives are another class of widely used adhesives
in wood and furniture industries [12]. Powder of recycled polyurethane- polyisocya-
nurate foam can be used as a filler for polyurethane adhesives applied on wood. For
a one component moisture curing polyurethane adhesive, particle size and amount
used affects the viscosity of the adhesive and contact angle of the adhesive and the
wood surface which is used to determine the wetting properties of the adhesive.
Both the viscosity and contact angle increase with increase in filler from 0 to 15%.
The filler content also affects the shear strength, thermal stability and resistance to
cold water of bonded joints. Addition of polyurethane powder as filler increases
strength of bonded joints boiled in water while the strength decreases if the system
is immersed in cold water. The thermal stability becomes better and resistance to
cold water decreases with increases in filler content [9].

Rubber powder

Waste tire rubber is produced in large numbers in automobile industry. Accumula-
tion of waste tire rubber has environmental issues, so it is minimized by reusing or
recycling it. Waste rubber powder can be used as filler in Melamine-Urea—Formal-
dehyde (MUF) adhesive formulation for plywood panels. Addition of filler reduce
formaldehyde emission. It may be due to presence of carbon phases in the waste
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rubber powder which enable the wood panel to absorb formaldehyde. The effect of
addition of rubber powder on the properties of adhesives is shown in Table 2 [11].

Bio-based fillers
Birch bark

Most plywood adhesives are formaldehyde-based adhesives, like urea—formalde-
hyde, phenol-formaldehyde, and melamine-urea—formaldehyde. There is a break-
down of these formaldehyde-based resins in wood panels resulting in emission of
formaldehyde which poses a hazard [11]. Urea—formaldehyde (UF)-based adhesives
are used in plywood as well as other wood-based composites. Fillers are added to
UF adhesives to decrease undesired fluidity, excessive penetration of adhesive into
the substrate and release of free formaldehyde from the adhesive [6, 8].

Birch bark is a type of bark powder utilized as filler in UF adhesives. Bark is
obtained from tree trunks and branches and also as a by-product of plywood mills.
So, use of birch bark solves problem of waste management for wood process indus-
try. The birch bark filler also acts as scavenger to reduce free formaldehyde emission
from plywood panels due to presence of lignin and tannin content which also lead
to adhesive properties. Viscosity of the adhesive rises due to the addition of birch
bark filler. For adhesive with 10 weight parts of bark powder per 100 weight parts of
liquid UF resin (Adhesive- BB10), the average dynamic viscosity is 1058.4 mPa-s;
while for adhesive with 15 weight parts of filler per 100 weight parts of resin (Adhe-
sive- BB15), the value is 2878.4 mPa-s and the viscosity further rise to 6427.8 mPa-s
for adhesive sample with 20 weight parts of birch bark is added per 100 weight parts
UF resin (Adhesive- BB20) [8]. The effect of birch bark on mechanical properties is
shown in Fig. 5.

Western red cidar tree bark powder

Another polyurethane adhesive system used as wood adhesive is polymeric diphe-
nylmethane diisocyanate. Use of bark as a bio-based filler is possible in this system
is studied. Bark is rich in hydroxyl groups which can react with polymeric diphe-
nylmethane diisocyanate. Western red cidar tree bark powder is added as a reactive

Table 2 Variation in shear
strength and free formaldehyde
emission with filler

Filler concentration (%) Shear strength (MPa)  Free Formalde-
hyde Emission

concentration [11] (mg/L)
0.5-0.6 1.5-1.6

0.6-0.7 0.7-0.8

8 1.1-1.2 0.3-0.4

13 1.3-1.4 0.3-0.4

18 1.1-12 0.3-04

23 0.9-1.0 0.3-0.4
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Fig.5 Variation of properties in different adhesives [Blue: Bending strength (MPa); Orange: Shear
strength (MPa) (X 107%); Grey: Modulus of Elasticity (MPa) (X 109 [8]

functional filler to the adhesive. The resulting adhesive mixture is thicker, has more
consistent bond line, and the bark powder helps in retention of adhesive at the bond-
ing interface. So polyurethane adhesive consisting of cidar bark powder as reactive
functional filler can be used in wood products like plywood which require consistent
bond line. The effect of this filler on shear bonding strength of adhesive is shown in
Table 3 [23].

Nanocellulose
Inclusion of fibrous fillers in liquid adhesives is known as fibre-reinforced polymer

and can lead to increased strength and other mechanical properties which are impor-
tant in wood bonding for especially structural applications [10, 24]. The cellulose

Table 3 Changes in wet and dry

Fill tent weight% Shear bonding strength (MP:
wet bonding strength with filler HHer content weightie car bonding strength (MPa)

content [23] Dry strength ~ Wet strength
Cold water  Boil water
treatment treatment
pMDI Control 3.5-4 3.54 2-2.5
5% Bark 3-35 3-35 2-2.5
10% Bark 3.5-4 3.5-4 2.5-3
15% Bark 3-3.5 3.5-4 2-2.5
20% Bark 3-35 3-35 2.5-3
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nanofibrils can be prepared from wood pulp like beech tree pulp, and also from bac-
terial cellulose. Urea formaldehyde adhesive powder is mixed with fibrillated cellu-
lose dispersion in water to get cellulose-filled adhesive. Toughening effect and bond
strength increases due to presence of cellulose nanofibrils. Due to high viscosity of
the filled adhesive, bond line thickness also increases. But increase in viscosity of
the adhesive as a result of cellulose addition acts as a limiting factor to the amount
of nanofibrils that can be added [10, 25].

Silanised nanocellulose can also be used as filler in Urea—formaldehyde adhe-
sives to reduce formaldehyde emissions and improve mechanical properties [25].

Nanofibrillated cellulose suspension, where cellulose is produced from birch
kraft pulp can be added to polyvinyl acetate adhesive and starch glue as filler.
Similar to urea—formaldehyde adhesive filled with cellulose nanofibrils, polyvinyl
acetate adhesives and starch glues with higher nanofibrillated cellulose filler con-
tent are more viscous. Both PVAc as well as starch adhesive show increase in shear
strength by addition of nanocellulose but only upto a certain nanocellulose content
after which the viscosity increases exhibits penetration of adhesive into the wood
surface and hence strength decreases. One potential reinforcement mechanism is the
cross linking between methylene groups of PVAc molecules and methylol groups of
starch with the hydroxyl groups of nanocellulose [10, 24].

Palm kernel

Palm kernel meal (PKM) is a by-product of the palm oil industry and can be used
as a filler for MUF-based wood adhesives. PKM contains about 21-23% of crude
fibre, 14-21% of protein and 8-17% of lipid. The crude fibres which are rich in
cellulose, hemicellulose and lignin facilitate the bonding interactions between the
MUF adhesive and the wood surface. Also, there can be hydrogen bonding between
amino groups in the crude protein and melamine and urea in MUF resin, and also
with crude fibres for bonding strength of MUF resin. The lipid present in PKM can
reduce water intrusion to disrupt the hydrogen bonding between MUF resin and also
the wood surface. Hence PKM can be considered as a filler material alternative to
industrial flours for MUF-based adhesives [26, 27].

Fillers in electrically conductive adhesives

There exists a large area of application for adhesives in electronics industry [2, 3].
Adhesives are used in electronics assembly, conducting or insulating electricity, etc.
TV, radio and electronics assembly is a major area of adhesive use [1, 2]. In the
electronics industry, lead-based solders are being used as interconnection materials
to obtain electrical pathways between circuit elements. To minimize pollution by
electrical and electronic wastes, lead-based solder can be replaced by lead-free sol-
ders and electrically conductive adhesives (ECAs) [28, 29].

ECAs are being viewed as next generation interconnect material for electronic
packaging. They are composite materials consisting of insulating adhesive binder
resin and a conductive filler [28, 29]. Epoxy, silicone, phenolic, polyurethane,
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polyimides are few resins used in these adhesives [1, 3, 28]. Some conductive fillers
include aluminium, copper, nickel, gold, silver, tin, zinc, SnBi coated Cu, etc. [2, 30,
31]. The resin matrix provides physical and mechanical properties to the adhesive
while the conductive fillers lead to electrical conductivity of the ECA by forming
shortest conductive path for electric currents. The conductive fillers are physically in
contact creating a short conductive path for electric current [28, 31].

ECAs can be divided on the basis of volume percentage of conductive fillers as
shown Fig. 6. ICAs can provide electric current in all directions and find applica-
tions in electronic industry when high temperature soldering processes cannot be
used. ACAs provide current in one direction only, these adhesives are used in LCDs
as they can resolve small gaps between conductor tracks and solder is not viable for
joining glass substrates [2, 32].

The different fillers explored in electrically conductive adhesive is enlisted in
Fig. 7.

Inorganic fillers
Silver

Silver (Ag), either in powder or flake form is used as a filler for electrically conduc-
tive adhesives. Ag can also be processed easily. Copper, aluminium, nickel are other
fillers which can provide electrical conductivity to the adhesive and have lower costs
than silver filler but these fillers show electrical instability especially after exposure
to high temperatures. Also, there is a possibility of oxide formation on the filler sur-
face which decreases the conductivity as particle-to-particle contact is reduced. Sil-
ver has advantage over these fillers since the oxide layer formed on the silver flakes
is also conductive. It is one of the most common conductive filler used in ICAs. Sil-
ver filled ICAs can be seen as an alternative to solder in surface mount technology
(SMT), chip scale package (CSP) and ball grid array (BGA) applications [2, 29-31,
33]. Resistance to conduction in ECAs containing silver flakes as filler is due to tun-
nelling effect between neighbouring Ag flakes [34, 35].

Anisotropically Conductive Adhesives
(ACAs)
[5-10 volume% filler content]

Electrically Conductive Adhesives
(ECAs)

Isotropically Conductive Adhesive
(ICAs)
[>30 volume% filler content]

Fig. 6 Classification of ECAs on the basis of filler concentration in the adhesive [2, 32]
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FILLERS IN ELECTRICALLY
CONDUCTIVE ADHESIVES
|

nanofillers
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Reduced graphene
oxide
Ml Nano-silver coated copper
particles

Low-melting-point alloys &

Polypyrrole (PPy)

nanoparticles and nanotubes

Low-temperature transient
liquid phase fillers

Fig. 7 Different fillers for ECAs included in this study

Ag microfillers, both in particle and flake form, can be added to resin matrix for
instance in epoxy resin-based adhesives. The Ag microfillers can be sintered in the
polymer matrix leading to formation of microstructure giving improvement in con-
ductivity. Ag flakes (3—10 um) and microparticles (2-3 um) when used as filler in
ECAs having polyurethane-based binder, leads to low electrical resistivity of below
10 pQcm after curing at 150 °C [36].

Use of nano-scale conducting materials in ECAs as dopants can fill the gaps
between the conductive filler and develop more conductive paths. Modified carbon
nanotubes (CNTs); carbon blacks (CBs); hybrid of silver flakes, silver nanoparticles,
and silver nanowires; are some fillers added to function as bridges connecting adja-
cent Ag flakes [34, 35].

Nano-sized silver powder can lead to increased electrical conductivity of epoxy
composite-based ECAs [37]. Hence, nanofillers like silver nanoparticles (NP) and
silver nanowires (NW) can also be added to ECAs. These conductive fillers possi-
bly decrease the constriction and tunnelling resistances of the ECAs thus increasing
their electrical conductivity [28, 37]. Another theory of conductive mechanism is
the percolation process which suggests that at the percolation threshold value, the
nanoparticles form electrically conductive paths which result in rise of conductivity
value of the adhesive [37].

When the metal filler particles in the resin of adhesive are fused together to
form metallic joints, the joint resistance of the ACA decreases. But the melt-
ing temperature (7,,) of Ag is around 960 °C and printed circuit boards (PCBs)
on which adhesive is used cannot withstand such high temperatures. Bridging
between surface atoms of Ag NPs can be obtained by sintering. Decreasing
size of the filler particles can reduce the Tm and sintering temperature required
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significantly. Thus, the depressed melting point effect results in metallurgical
contact between the nanoparticles by bonding of the NPs being possible at low
temperatures. Hence, the use of nano-size Ag particles is beneficial. When ECAs
contain 92 weight% of spherical Ag nanoparticles (< 10 nm), they have low bulk
resistivity of 8 X 107°Q cm and with 80 weight% of Ag NPs in the adhesive the
resistivity is 5x 10 ~>Q-cm. But with higher loading of nanoparticle filler in the
ECA, mechanical properties of the adhesive decline [28, 29].

High aspect-ratio silver nanowires can be used over silver nanoparticles. Even
at very low loading of Ag nanowires in the ECA, the NWs can establish large
number of electrical paths. When the Ag nanowire content of the ECAs is 56
weight% the bulk resistivity of the adhesive has a low value of 1.2x 10 *Q cm.
ECAs containing Ag NWs have better mechanical properties than ECAs filled
with Ag NPs, shear strength of nanowire filled adhesive is 0.3 MPa higher than
nanoparticle filled adhesive with a value of 17.5 MPa when NWs are used [28].

Nano-silver coated copper particles

Fabrication of copper nanoparticles (Cu NPs) can be done at a lower price than
silver nanoparticles, so Cu NPs can be used over Ag NPs. Copper also has low
resistivity and good electro-migration performance. However, copper gets oxi-
dised easily in a corroding environment like presence of oxygen and moisture
causing deterioration in electrical properties of the adhesive. Also, unlike silver
which can be sintered and bonded to other materials at lower temperatures (<
300 °C), copper cannot be sintered at such low temperature. By the use of chem-
ical plating method, the surface of micro-copper can be coated with nano-silver
particles to perform sintering joint between adjunct particles for lower electri-
cal resistance. The modified nano-silver coated copper particles can be added to
epoxy resins, phenolic resins used in ECAs as fillers. The electrical resistance
of the adhesive with silver-coated copper filler is much lower than that of adhe-
sive with pure copper as filler irrespective of the shape of the silver-coated cop-
per particles (whether spinous or spherical). On high temperature exposure for
100 h, for the pure copper particle filler the copper oxide formed remains near
the surface of the copper particles affecting the electrical resistance. However,
for the silver-coated copper particle filler, the oxygen concentration near the sur-
face does not rise much, thus for the adhesive filled with silver coated copper
particles the conductivity remains almost stable [28, 38, 39].

When the ECA contains 23.5 volume % of nano-silver coated copper particles
filler, higher curing temperature is preferred. For lower bulk resistivity of the
ECA since the electrical resistivity of the ECA varies with curing temperature,
the electrical resistivity at 110 °C is five times greater than that at 200 °C. The
electrical resistivity also depends on the curing time [28]. The effect of the filler
on shear strength (MPa) is shown in Fig. 8. The electrical resistivity of ECA on
glass and Copper (Cu) pad substrates is depicted in Table 4.
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Fig. 8 Change in shear strength of adhesive with filler concentration [28]

Table 4 Electrical resistivity of ECAs cured at 200 °C for 60 min at different filler concentrations [28]

Amount of nano-Ag coated Cu  Electrical resistivity of ECA on glass Electrical resistivity of ECA

filler in ECA (vol%) substrate (Q.cm) (X 107%) on Cu pad substrate (Q.cm)
(x107%)

13.8 (Insulator) (Insulator)

16.5 5.23 9.55

19.4 0.756 5.08

23.5 0.00639 0.499

Low-melting-point alloys and low-temperature transient liquid phase fillers

Addition of transient liquid phase sintering metallic fillers can increase electrical
conductivity. The filler consists of a low melting point alloy powder (LMPA) and
a high melting point metal powder. When the adhesive is cured, the low-melting-
alloy powder component of the filler (like Sn—Pb or Sn—In) melts at its melting
point and the liquid phase dissolves the high-melting-point metal powder compo-
nent of the filler (like Cu). The liquid forms an alloy and solidifies quickly. Thus,
a metallurgical connection is formed from the two components of the filler giving
electrical conductivity. Also, an interpenetrating polymer network develops giv-
ing adhesion. Another class of conductive adhesives consist of two filler types,
silver flakes filler and low-melting-point alloy filler (LMPA). The LMPA filler
melts on curing of the adhesive (can be epoxy resin based) and there is formation
of metallurgical interconnections between the silver flakes filler and the metalli-
zation of the substrate [29, 40].
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Carbon fillers

Graphitic fillers like carbon nanotubes (CNT) and graphene can be used in
ECAs due to their excellent electrical and mechanical properties. Single wall
(SWCNT), double wall (DWCNT), and multi wall (MWCNT) CNTs are the
types of CNTs [31]. MWCNTs when added to adhesive as filler improve the
mechanical and electrical properties of the adhesive. MWCNTSs exhibit excellent
electrical conductivity, good tensile strength and Young’s Modulus. Graphene
nanosheet consists of a flat monolayer of sp>bonded carbon atoms arranged
in the form of a two-dimensional honeycomb network [31, 41, 42]. Apart from
being the thinnest and strongest material, graphene has several desirable proper-
ties including high electrical conductivity of around 6000 S/m, high Young’s
modulus (~1.0 TPa), high strength of about 130 GPa (its mechanical strength is
comparable to that of carbon nanotubes), so graphene contributes to the mechan-
ical and electrical characteristics of polymers [41, 43]. Also, producing large
number of graphene sheets can be done at a lower cost than carbon nanotubes
[42]. Both CNTs and graphene fillers have a large surface area and aspect ratio,
so they can form electrical networks even when their loading in the ECA is less.
These fillers need to be dispersed effectively in the polymer matrix to obtain sig-
nificant improvement in the adhesive properties [31, 44]. The graphite nanofill-
ers can also be used as auxiliary fillers along with other fillers like silver flakes.
They can create electrical pathways in the network to increase conductivity [31].

Reduced graphene oxide

Reduced graphene oxide (rGO) is a graphene derivative having high electrical
conductivity and good mechanical and thermal properties. Thus, electrically
conductive adhesives (ECAs) can be loaded with rGO as a functional nano-
filler. Epoxy-based adhesives are ECAs which can be filled with rGO filler. As
the filler content of the adhesive increases from 10 to 50 weight%, the volume
conductivity (conductivity through the adhesive thickness) as well as the sur-
face conductivity (in-plane conductivity) gradually rises. The insulating epoxy
gets converted into an electrically conductive material due to the development
of electrical pathways by the filler layers throughout the polymer matrix. The
initial increase in the shear strength can be attributed to interfacial interaction
between rGO and the epoxy resin leading to effective load transfer between
the filler and the polymer. With further filler loading, viscosity of the adhesive
increases decreasing its flow rate which leads to formation of micro-voids reduc-
ing the shear strength. Similar to the trend of shear strength, the impact strength
of the adhesive (both notched and unnotched values) improves with increase in
the filler content of formulation and after reaching a maximum value the impact
strength declines. However, with addition of rGO, the tensile strength of the
adhesive is less than that of the base resin [41, 43].
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Table 5 Effect of silver and Wit% of silverin ~ Wt% of PPyNPsin  Bulk Resistivity (Q-cm)
polypyrrole nanoparticles ECAs ECAs
content on bulk resistivity [35]

60 0 799.8x 107

60 1 61.4x107

70 2.5 9.3x107°

75 1 47.1x107
Table 6 Bﬁlk 'resistivfilty Val.lilCS Sample Silver (Wt%) PPy nanotubes  Bulk resistivity
of TPU adhesives at ?<ed silver (Wt%) (Q.cm) (x 107)
filler amount and varying PPy
nanotubes content [34] PU2 55 0 4500

PP4 55 0.5 346

PP2 55 3 5.8

Polymeric fillers
Polypyrrole (PPy) nanoparticles and nanotubes

Conjugated polymers have good electrical properties so they can be used in the form
of nanoparticles as fillers for ECAs. For instance, polyaniline can be used as con-
ductive filler. Polypyrrole nanoparticles (PPy NPs) can be added into ECAs con-
taining silver flakes as filler to get better electrical conductivity. The bulk resistivity
values with PPy NPs nanoparticles based ECA is shown in Table 5. The PPy NPs
fall under semiconducting materials and have lower conductivity than silver flakes
and hence after a certain amount of nanoparticle addition the conductivity begins to
decrease [32, 35].

Polypyrrole nanotubes (PPy NT) can also be added as filler to silver flake-filled
ECAs due to their high aspect ratios and proper dispersion can be obtained in many
organic solvents. By the use of PPys in ECAs filled with silver, continuous 3D
conductive networks can be formed leading to increase in conductivity. Ag-filled
ECAs such as thermoplastic polyurethane (TPU)-based adhesives show reduction
in electrical resistivity as visible from Table 6. It decreases from 4500 x 107> Q-cm
to 346x 107> Q-cm when 0.5 weight% of properly dispersed PPy nanotubes are
added. The resistivity decreases as the PPy NT content in the ECA increases to 3
weight% where the resistivity is minimum at 5.8 10 Q-cm. If the nanotube filler
is further added beyond 3 weight% content, the resistivity begins to increase because
the excessive PPy nanotubes begin to aggregate in the TPU matrix. The high aspect
ratio nanotubes act as bridges to connect adjacent Ag flakes decreasing the tunnel-
ling resistance and thus increasing conductivity of the adhesive. Similar to PPy nan-
oparticles, the nanotubes also lead to high-performance flexible ECAs, hence the
PPy NTs can be incorporated in ECAs for flexible electronics [34]. Dopamine (DA)
modified polypyrrole nanostructures represented as DA-PPy finds use as a co-filler
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in epoxy-based ECAs consisting of siler micro-sized flakes as filler. When consider-
ing ECAs with 60 weight% silver flakes, addition of pure PPy show that PPy begins
to form aggregates and decreases contact between the silver flakes thus decreasing
conductivity. But DA-PPy shows increased conductivity because DA could result
in good dispersibility. So, for ECA with 60 weight% silver flakes, DA-PPy obtained
using 0.064 DA/PPy mole ratio leads to better dispersibility and thus higher con-
ductivity than DA-PPy prepared with 0.032 DA/PPy mole ratio. Proper and uniform
dispersion of the DA-PPy throughout the adhesive can act as bridges to develop con-
tact between separated silver flakes forming pathways for conductivity. There is syn-
ergistic effect of silver flakes and DA-PPy fillers leading to increased conductivity
of epoxy-based ECAs. But as the amount of DA-PPy filler added rises, the electrical
conductivity of the adhesive decreases. This is because with more DA-PPy filler,
the silver flakes get separated and contact points in forming bridges between them
resulting in increased contact resistance which negatively affects the conductivity
[45].

Fillers in thermally conductive adhesives

On the basis of their applications, adhesives can be required to have either high
or low thermal conductivity for use at above ambient temperature [46]. Heat dis-
sipation is important in some electronic devices where with every 2 °C rise in tem-
perature the device stability can decrease by 10%. Thermally conductive adhesives
(TCAs) are used for electronic capsulation and heat dissipation is essential [47].

In TCAs, usually the polymeric materials used in adhesives have low thermal
conductivity, hence they are not be able to remove the heat generated in electronic
devices sufficiently though they contribute to the physical and mechanical proper-
ties. So, some materials may be added when dissipation of heat is required, that is,
for better heat transport [46, 48, 49]. Fillers can be added leading to development of
connected thermal transport pathways in the adhesive as shown in Fig. 9 [47].

The concentration of fillers used is desired to be above the percolation threshold
at which all filler particles are in contact with each other to develop a three-dimen-
sional conductive network [48, 50]. There is shrinkage reaction of the resin matrix

A~ Substrate /V
Filler paniclesq - ' b
’ ‘ Polymer matrix
-—y y B
' \ ' ' of adhesive
. ‘ ' ' "}‘\Foi}mti‘ou of ﬂlxerglally
conductive paths by
y filler particles
/ Substrate

Fig.9 Formation of thermally conductive paths (shown in blue) by filler particles in the adhesive [48]
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during curing as a result of which the contact between the filler particles increases.
Hence, the actual thermal conductivity value is known after the curing is complete
[50].

Fillers that are added to increase the thermal conductivity of TCAs can be metal-
lic (like aluminium, copper, gold, silver, zinc); carbon-based (such as carbon black,
carbon fibre, carbon nanotubes (CNTs), diamond powder, graphite powder, gra-
phene); and ceramics (including aluminium oxide (Al,O5), aluminium nitride (AIN),
boron nitride (BN), silicon dioxide (SiO,), silicon carbide (SiC)) [47, 49]. The fill-
ers are dispersed in the polymer matrix and can be micro- or nano- sized and in
shapes of balls, flakes, wires, fibres, etc. [48]. The shape of filler particles affect the
thermal conductivity of the adhesive. This is because as filler is added, there can be
formation of filler aggregates which connect with each other leading to formation of
a continuous conductive scaffold in the adhesive. For spherical filler particles, the
contacts are points while for flake shaped fillers there may be surface contact which
decreases the thermal contact resistance (TCR) [51]. The thermal contact resistance
between the filler particles limits the heat conductivity of the adhesive, hence with
reduction in the TCR there is a rise in thermal conductivity [50, 51]. Figure 10 rep-
resents the various fillers to induce the thermal conductivity in adhesives.

Inorganic fillers

Particulate fillers like metal powders and their oxides have high conductivity and
hence can be used to improve the thermal conductivity of adhesives for instance
epoxy adhesives [46]. Aluminium (Al) powder, Copper (Cu) powder, Nickel

(Ni) powder and Silver (Ag) powder are examples of metals added as fillers [47,
51]. Metal fillers can be used for applications where dielectric isolation is not

FILLERS IN THERMALLY
CONDUCTIVE ADHESIVES
l—lﬁ

8 Copper (Cu) [l Aluminium oxide
(ALO;) gy Craphene sheet M Aluminium nitride and

boron nitride
@ Aluminium
(Al) Aluminium nitride [l Carbon nanotubes
B (AIN) (CNTs)

i Silver (Ag)
[ Boron nitride (BN) [l gD
M Silicon carbide gg Diamond filler
(SiC)

Fig. 10 Different fillers for thermally conductive adhesives
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alumina particles
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necessary. Thus, the thermally conductive adhesives are also electrically conduc-
tive adhesives [33].

Copper

Copper powder can increase the thermal conductivity of an adhesive. The particle
size of copper also affects the thermal conductivity of the adhesive. When copper
powders with particle sizes of 50 pm, 75 pm and 100 pm are added to different
adhesive samples, generally the more finely sized filler leads to most increase in the
thermal conductivity. For all these sizes of the filler particles, the thermal conductiv-
ity increases as the copper powder volume fraction in the adhesive increases. But its
rate of increase is higher for lower filler concentrations and it decreases as the load-
ing of copper powder in the adhesive increases [46]. Another factor affecting ther-
mal conductivity is the morphology of the copper particles. For micro-sized copper,
flakes are better in forming thermally conductive networks than sphere-shaped par-
ticles. This is due to more contact area of the Cu flakes where contact of particles is
face-to-face as against Cu spheres which exhibit point-to-point contact. When added
to epoxy adhesives, microflakes result in higher viscosities of TCAs as compared to
microspheres since the flakes have more specific surface area which means there is
greater friction between the copper flakes and epoxy resin [52].

Aluminium

Aluminium powder is another filler for heat transport in adhesive. Changes in the
thermal conductivity of aluminium powder filled epoxy adhesive with tempera-
ture, filler volume concentration, particle size of filler are all similar to the trends
for these parameters in copper filled adhesive, although the change in particle
size of aluminium filler does not affect the thermal conductivity as much as in
case of copper filler [46].

Silver

Silver, other than having use in electrically conductive adhesives due good electrical
conductivity also has high thermal conductivity and hence can be used as a thermal
filler. So micro-sized silver filled ECAs can as well be applied as thermally con-
ductive adhesives in applications where the electrical conductivity of silver will not
be an issue [48]. For instance when used in adhesives for electronic packaging, sil-
ver nanoparticles contribute to the thermal conductivity as well as shear strength of
the joint [53]. The silver particles though mostly in the form of thin flakes, can be
of various shapes and the particle shape affects the thermal contact resistance [48].
Filler nanoparticles and epoxy resin form a heat conductive network in the adhesive
giving twice the thermal conductivity of unfilled epoxy adhesive [53].
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Ceramic fillers

Ceramic fillers are electrically non-conductive and thermally conductive. So ceramic
materials can be filled in TCAs for electronic devices which will prevent short-cir-
cuits while also providing heat dissipation [49]. Fillers like boron nitride, aluminium
nitride, silicon carbide etc. can be added to the polymer matrix [54].

Aluminium oxide (Al,0;)

Al,O; is a cost-effective filler with good bulk thermal conductivity of 12 W/mK
along with good electrical insulation, which can be useful in electronic devices for
heat management. Hence this filler finds application in light emitting diodes to avoid
voltage drops or short circuits [33, 49, 53]. Higher the loading of alumina in the
TCA, more will be the thermal conductivity obtained and more viscous the adhesive
becomes [33]. Mechanical properties of epoxy-based adhesives also get better due to
addition of alumina nanoparticles as filler [53].

Aluminium nitride (AIN)

Aluminium nitride is an important filler since it is non-toxic and has high thermal
conductivity, low dielectric constant, low coefficient of thermal expansion and low
cost [48, 49, 54]. Properties of AIN loaded epoxy adhesives depends on the size of
the filler particles [53]. At temperature of 30 °C, as the AIN content in epoxy-based
adhesive increases from 0 to 62% volume fraction the thermal conductivity of the
adhesive rises from 0.2 W/mK to 4 W/mK [55]. When AIN particles of 5 pm size
are filled in epoxy adhesives, 70 weight% filler in the adhesive gives thermal con-
ductivity which is about 10.8 times the conductivity of pure unfilled epoxy adhesive
[53].

Boron nitride

The thermal conductivity of boron nitride is higher than that of Al,O; and also has
a higher cost than alumina. This thermal filler can form aggregates in the polymer
matrix of the adhesive leading to rise in heat conductivity. Good thermal properties
can be obtained at low content and hence there is not much change in viscosity [33].

Silicon carbide (SiC)

Owing to properties such as good heat transfer ability, excellent stability, no degra-
dation at high temperatures of up to 1000 °C, good strength and hardness, resistance
to corrosion and oxidation, etc.; SiC is a thermal filler for epoxy-based adhesives
[49, 53, 56]. 3 weight% of SiC nanowires in epoxy adhesives increases thermal con-
ductivity of pure epoxy adhesive by 1.06 times to 0.449 W/mK [53]. Silicon carbide
can be added along with graphite as filler in epoxies for synergistic effect to get
higher thermal conductivity than the conductivity of adhesive consisting of these
fillers individually [49, 56].
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Carbon-based fillers

Carbon-based materials can be used in TCAs due to their low density and high con-
ductivity. Examples of thermal fillers include CNTs, carbon fibres, graphite nano-
flakes, natural graphite powder, diamond, etc. [49, 57].

Graphite powder

Graphite has high inherent thermal conductivity and low cost; hence lamellar graph-
ite is an important filler in thermally conductive adhesive [47, 49]. It has layer struc-
ture which is advantageous as the filler gets connected to form heat pathways in the
polymer matrix by a smaller number of contact points meaning that there is low
thermal contact resistance and hence better conductivity. Another benefit in the for-
mation of heat pathways is that the layered graphite filler does not aggregate much
and gets distributed properly in the resin matrix. For pure unfilled epoxy resin, the
thermal conductivity is about 0.17 Wm~' K~! and the value rises as graphite powder
filler is added to a maximum of about 1.68 Wm™' K~! at 44.3 weight% filler content
[47].

Graphene sheet

Graphene has high thermal conductivity values in the range of 6005000 Wm'K~!
and very less resistance [49, 57]. So it can be used as a thermal filler. The heat con-
ductivity of graphene sheet filled adhesive is higher than that of adhesives con-
taining some other carbon-based fillers like natural graphite powder and graphite
nanoflakes as represented in Table 7. This is due to the very thin layered graphene
structure which can efficiently form three dimensional pathways for heat transport
[57]. Heat conductivity of epoxy-based glues can be improved by addition of gra-
phene as thermally conductive filler [53].

Carbon nanotubes (CNTs)

Carbon nanotubes improve heat transport of composites since they exhibit high
thermal conductivity of about 2000-3000 W/mK for multi-wall carbon nanotubes
(MWCNTs). Hence, they can be added as thermal filler to adhesives to improve
thermal conductivity [48, 58]. Due to the high aspect ratio of CNTs, they can con-
duct over long distances without requiring particle to particle transition [49, 53]. But

Table 7 Thermal conductivity

. Filler type Maximum Filling Thermal
of graphene sheet, graphite load (Wt%) conductivity
nanoflakes and graphite powder (Wm™ K1)
at their maximum filling load
[57] Graphene sheet 10.10 401
Graphite nanoflakes 16.81 1.84
Graphite powder 44.30 1.68
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owing to their low dispersibility in the resin, CNTs start forming aggregates when
added in higher concentrations. Adhesives filled with CNTs are utilized in joining
high performance components such as wings and fuselage parts [53].

Carbon fibres

Carbon fibres are less considered as fillers as compared to CNTs due to bigger
diameter, higher density and inferior mechanical properties of carbon fibres. But
the fibres cost less and are more easily available than CNTs [49, 53]. Carbon fibres
possess a high aspect ratio and good thermal conductivity, so can be used as filler
in adhesives to improve thermal conductivity (especially for heat dissipative TCAs)
even when the filler content in adhesive is less. Another advantage is that while the
polymers used usually have a high positive value of coefficient of thermal expan-
sion (CTE), carbon fibre has a negative CTE (~ 1.5 ppm/K in the longitudinal direc-
tion) thus leading to dimensional stability [49]. The aspect ratio and thickness of the
fibres affect the overall thermal conductivity of the adhesive [53].

Diamond filler

Synthetic diamond powder, owing to its very high thermal conductivity can be used
as a filler in TCAs. The conductivity could be highest for specially purified syn-
thetic diamonds with a value of about 2000 W/m-K or higher. But the conductiv-
ity of diamond decreases with increase in temperature or increase in impurities like
nitrogen. The microstructure and grain size of the filler also affect the conductivity.
For extremely pure filler, significant increase in thermal conductivity of TCAs can
be obtained. In spite of its high cost, diamond filler can be used in adhesives for high
power devices, metal heat sinks, etc. [48, 59].

Hybrid fillers

A thermally conductive adhesive can contain a combination filler of various sizes
and shapes for improvement in thermal conductivity, referred to as a hybrid filler
system or multi-component fillers [33, 48, 49]. Use of hybrid fillers can be to mini-
mize the cost, to combine the advantages of different fillers or for better packing of
conductive filler particles due to their varying particle sizes [33, 60].

Copper nanowires and graphene oxide

Copper nanowires and graphene oxide nanosheets can be used as a hybrid filler sys-
tem for epoxy-based adhesive. Copper nanowires have good thermal conductivity
and low cost as compared to silver nanowires. Graphene oxide has excellent thermal
properties along with many oxygen-containing groups such as —O—, -OH, -COOH
on its surface and hence can be easily modified to be compatible with organic resin
of the TCA. The copper nanowires form heat transport networks while the gra-
phene filler with its large surface area acts as a bridge between the non-continuous
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networks to develop a proper continuous conductive network. Table 8 represents the
thermal conductivity values at various concentrations of these fillers [60].

Aluminium nitride and boron nitride (BN)

Hybrid polymer composites consisting of aluminium nitride and boron nitride as
fillers show improvement in the heat conductivity. Micro-sized aluminium nitride
and hexagonal boron nitride (hBN) can be dispersed in epoxy-based adhesives,
where the smaller 1 um sized BN flakes occupy interstitial gaps in between the AIN
particles which are large granular particles with 10 um size. Due to the different
sizes of the filler particles, there is a greater possibility of the conductive particles
to be in contact with each other thus developing complex heat conduction network.
Another factor affecting the thermal conductivity of the adhesive is the amount of
AIN and BN particle fillers added to the epoxy resin [61].

Alumina nanoparticles, multi-walled carbon nanotubes (MWCNTs) and micro-sized
alumina particles

TCAs containing micro-sized as well as nano-sized fillers can be formulated. Micro
filler-spherical alumina particles and nano fillers-alumina nanoparticles (with ther-
mal conductivity value of 36 W/mK) and multi-walled carbon nanotubes (having
high thermal conductivity of about 3000 W/mK) can be added to epoxy-based adhe-
sive. The MWCNTs form a continuous heat transport network in the epoxy matrix,
thus improving the thermal conductivity of the adhesive [62].

Fillers in pressure sensitive adhesives

Pressure sensitive adhesives (PSAs) remain tacky and have flowability even after
curing, pressure is applied for some time so that the adhesive can wet the surface
properly and adhere to it without covalent bonding or activation [3, 4, 63]. Tack and
hold are the parameters considered while formulating the PSAs [7]. Tack allows the
adhesive to get adhered to the surface in less contact time when some pressure is
applied for proper surface wetting. [4] Hold is the property of an adhesive to resist
creep when subjected to any dead loads [7].

Table 8 Thermal conductivity Graphene oxide (Wt%)
values at different
concentrations of graphene

Copper nanowires (Wt%) Thermal con-
ductivity (W/

. R mK)
oxide and copper nanowires [60]
2 0 0.32-0.33
1.4 0.6 0.32-0.33
1 1 0.34-0.35
0.6 14 0.364
0 2 0.34-0.35
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These adhesives are available in the form of films, labels, rolls, tapes as well as
liquids. PSAs may require both adhesive strength and cohesive strength depend-
ing on their use. For permanent label application, adhesive strength of the adhe-
sive will be more important. The PSA will need high cohesive strength in protec-
tive films, and weak adhesive strength to remove the film after use such that there
are no adhesive residues on the surface. Adhesive as well as cohesive strength
will be required for the adhesive in packaging tapes which could be used in high
temperatures and under stress [4].

Acrylic ester copolymers, ethylene—vinyl acetate copolymers, natural rubber,
polyisobutylene, polyvinyl ethers, silicones, styrene-butadiene rubber, etc. are
some polymers used in PSAs [3, 4].

Fillers can be utilized in PSAs to decrease costs, increasing viscosity to a
proper value for coating the adhesive on a substrate etc. [64]. For instance,
Acrylic PSA tapes find extensive use in automotive, electrical and electronic
industries [65]. Fillers commonly incorporated in acrylic PSAs include calcium
carbonate, glass microbubbles, graphene, hydrophobic fumed silica, polymeric
microspheres, etc. [64, 66].

Protective tapes find use in electronics where electrostatic discharge is neces-
sary so that the device does not get damaged during the tape removal by electric
discharge. Thus, the PSAs used in these tapes are composed to have electrical
conductivity property. Metal powders and carbon-based fillers like carbon black,
carbon nanotubes can impart electrical conductivity [66]. When the conductive
filler concentration in the PSA is above the percolation threshold, the composite
shows transition from insulator to conductor. The filler content affects the peel
adhesion, shear strength, and tack in addition to electrical conductivity [67]. If
the filler loading is low and the filler is properly dispersed, it can get insulated by
the non-conductive polymer matrix. The fillers require higher loading at which
important properties of PSAs such as tack deteriorate and there is risk of the
polymer drying out by the conductive filler. So, the appropriate concentration of
carbonaceous filler needs to be determined to get a good balance of all properties
[68]. Figure 11 shows the different fillers explored in PSAs applications.

FILLERS IN PRESSURE
SENSITIVE ADHESIVES
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Fig. 11 Classification of fillers for PSAs
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Inorganic fillers
Layered silicate

Fillers have been extensively used in various acrylic PSAs [64]. Another example is
layered silicate or clay-based nanocomposite filler which gives better barrier prop-
erties, rise in heat distortion temperature, increase in strength, etc. [69]. Naturally
occurring sodium montmorillonite (Na-MMT) as well as organo-modified MMTs
(which can be obtained by replacing Na™ counter ions in MMTs by quaternary
ammonium cations having hydrophobic tails) can be potential filler for PSAs such as
polyisobutylene (PIB)-based adhesives [70].

A significant property of acrylic PSAs is transparency. At low loadings of the
MMT filler, the optical clarity is not affected much, but at higher loadings of about
5 weight% of MMT there is scattering by the filler aggregates thus decreasing the
clarity. There is strong interfacial interaction between the filler and polymer matrix,
hence the storage modulus in the rubber plateau increases and glass transition tem-
perature (T,) rises by addition of MMT filler in the poly (butyl acrylate) based PSA
[69]. Sodium montmorillonite when dispersed in acrylic PSA to obtain acrylic poly-
mer/ MMT clay nanocomposite adhesive, shows decrease in gel phase with increas-
ing amount of MMT clay filler in the adhesive. This is because entanglement of
polymer chains in the reaction mixture is hindered by the filler particles during
adhesive formulation. The shear strength of the PSA increases [71]. 5 weight% is
too high filler loading in the PSA which though gives increase in holding strength,
but also results in decrease in peel strength and tack [69]. The fall in peel strength
results from the increase in cohesive strength. Due to this, the degree of deforma-
tion is affected which means less force is required for debonding [71]. 3 weight%
MMT filler content gives proper balance of holding strength, peel strength and tack
properties [69]. Figure 12 shows the effect of addition of MMT filler on mechanical
properties of adhesives.

MMT-type nanofiller can also be added to PSAs based on polyisobutylene (PIB).
Viscosity of the PSA increases by addition of MMT filler. There is decrease in tack
of the PSA similar to other compositions due to the incorporation of clay filler,
though the shear adhesion properties show significant increment. But at very high
filler loadings, the MMT clay fillers could form aggregates which can occupy space
in PSA-substrate boundary acting like defects and leading to failure [70].

Silica

Modified silica nanoparticles- Modified silica nanoparticles can be used as filler to
acrylic copolymer-based PSAs. The silica can be modified by reacting the filler with
y-methacryloxypropyl trimethoxysilane (MPS) to get vinyl groups (carbon dou-
ble bonds) in the surface of nanoparticles which can possibly be UV cured with
acrylic copolymers of the PSA [72]. Figure 13 shows the reaction scheme for this
modification.

The modified nanoparticles can then be added to the acrylic PSA and it can be
coated on poly (ethylene terephthalate) (PET) film [72].
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Adhesion properties
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Fig. 12 Changes in adhesion properties for different coated PSA sample tapes [Blue: Holding strength
(Hour); Orange: Peel strength (N/25 mm); Grey: Tack (Ball number)] [69]

MPS modified silica nanoparticles gives better dispersion in the polymer matrix
and form lesser aggregates as compared to silica particles dispersed in the matrix.
Similarly, on UV curing, the gel content rises with increasing modified filler con-
tent in the PSA indicating more cross linking by reaction of the modified silica
and acrylic copolymer. Again, the gel content is more when modified silica is used
instead of unmodified silica filler. Thermal stability of the PSAs also improves with
increasing addition of modified silica nanoparticles due to strong and extensive
bonding between the filler and polymer. The tack and peel strength decrease due to
the filler since cross linking restricts polymer chain mobility [72].

Polymer-silica nanocomposites- Hard inorganic particles such as silica (SiO,)
can modify the viscoelastic properties of organic polymer containing PSAs [65, 73].
So an organic—inorganic nanocomposite will give properties of both organic poly-
mers (such as toughness, optical properties, reduction in brittleness) and inorganic
compounds (like strength) to the PSA [74]. A nanocomposite consisting of a soft
polymer such as poly (n-butyl acrylate) (PBA) as core in a hard silica SiO, shell is
a filler for improving adhesion properties of water-based PSAs. The nanocomposite
particles in PBA homopolymer latex particles can be used to prepare adhesive films.
The stability of PBA-SiO, nanocomposite colloid can be increased by Poly (N-vinyl
pyrrolidone) (PNVP). But PNVP becomes hard in the dry state so these particles
on the surface can lead to decrease in tack. Blend PSA adhesive films can also be
prepared by using Ammonium persulfate (APS)-PBA particles along with SiO, par-
ticles or with PNVP-PBA-SiO, particles in different ratios [73].

The interaction between PBA and SiO, particles means there is restriction in the
mobility of PBA giving increase in cohesive strength. Adhesion energy also rises.
When 10 weight% of the PNVP-PBA-SiO, nanocomposite is added, the cohesive
strength increases and hence maximum stress increases from 0.39 to 0.48 MPa. At

@ Springer



Polymer Bulletin (2022) 79:10491-10553 10517

OAE+/ , /T /\/Lm

2-Ethylhexyl Acrylate Ethyl Acrylate Acrylic Acid

+ AIBN

R = Ethyl and 2-Ethylhexyl

T

Acrylic Copolymer Glycidyl Methacrylate
¢ 2-MZ

COOR COOR
COO—CH,CHCH,00CC~CH,
OH CHy
OH

HO@—OH =+ mw—a)\/\o/?\f
on
|

v COO-CH;?!CH;OOCZ;CH;
3

Fig. 13 Schematic diagram of UV crosslinking of acrylic copolymer/MPS modified silica composite
PSA [Reprint from Materials Science and Engineering: B, Vol 178, Improvement of thermal stability of
UV curable pressure sensitive adhesive by surface modified silica nanoparticles, Beili Pang, Chong-Min
Ryu, Hyung-Il Kim, pp. 1214, 2013, with permission from Elsevier] [72]
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20 weight%, the maximum stress reaches the highest value 0.52 MPa, the value is
0.50 MPa for 30 weight% and then it decreases rapidly. At higher loading, the filler
nanocomposite particles aggregate giving decrease in efficiency of cohesive strength
[73].

It also affects the optical performance as shown in Fig. 14. This could be because
the SiO, filler particles may agglomerate in the PBA or there could be light scatter-
ing by the SiO, particles’ surface. Hence among these PSA adhesive films, adhe-
sives composed of PNVP-PBA-SiO, composite filler can lead to highly transparent
films [73].

Halloysite nanofiller & Wollastonite microfiller

Halloysite is an aluminosilicate clay mineral with chemical formula
Al,Si,05(0OH),-nH,0. It has high pore volume, surface area and thermal resistance;
low cytotoxicity and low cost. Halloysite nanoparticles can be filled in PSAs to give
nanocomposites. The filler leads to better mechanical and thermal properties of the
adhesive. When excessive wollastonite microfiller is added to the SAT and coated on
polyester foil, cohesion deteriorates because the filler microparticles occupy space
and decrease the active contact area between the PSA and the substrate. The effect
of addition of filler is shown in Table 9. The higher 7, value when the nanofiller is
used can be attributed to the smaller sized particles of halloysite than wollastonite
which affects the mobility of the polymer chains. The shear strength also decreases
by 6% compared to unfilled SATs though the deterioration in this property is less
than wollastonite filled SAT. [75]

Wollastonite fibres coated with silver using electroplating are included in PSAs
which are electrically conductive. Silver-coated wollastonite fibres with an average
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Fig. 14 Effect of filler particle amount on transmittance of the adhesive films. The films were prepared
from mixture of APS-PBA latex particles and PNVP-PBA-SiO, nanocomposite particles (solid line (Big
black circle)), mixture of APS-PBA latex particles and SiO, particles (D: 180 nm) (broken line (Small
black circle)), and mixture of APS-PBA latex particles and PNVP-PS-SiO, nanocomposite particles
(broken line (Black diamond)) [Reprint from Polymer, Vol 70, Soft polymer-silica nanocomposite par-
ticles as filler for pressure-sensitive adhesives, Yusuke Yamamoto, Syuji Fujii, Kohei Shitajima, Kazuko
Fujiwara, Shigeki Hikasa, Yoshinobu Nakamura, pp. 30, 2015, with permission from Elsevier] [73]
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Table9 Properties of PSA adhesive tapes with or without fillers [75]

Structural Adhesive Glass transition tempera-  Adhesion Tack (N) Shear
Tapes (SATs) ture, 7, (°C) (N/25 mm) Strength
(MPa)
SAT-0 -19 22 30 15.6
SAT-W -16 31 33 12.1
SAT-H —14 36 23 14.9

diameter of 12 um can be mixed with acrylic based PSAs. The fibrillar nature of
wollastonite leads to development of electrical contact in the PSA even at low levels
of loading, resulting in decrease of volume electrical resistance of the adhesive. The
strength of aluminium joint bonded with the adhesive shows slight reduction with
rising filler content. The joint strength is 0.18 MPa when unfilled adhesive is used
to 0.15 MPa when the adhesive contains 23 volume% of coated wollastonite fibres
[76].

Ceramic fillers
Iron carbide

Iron carbide in a carbon matrix (Fe;C, C) is a filler that can be added to solvent
based acrylic PSAs. Methane is subjected to catalytic decomposition and then at
temperatures of about 650 °C, the methane is used to carbonize nano-crystalline iron
giving iron carbide filler in carbon matrix. Dry grinding of the iron carbide results in
carbon matrix having iron carbide nano-particles [77].

Iron carbide filler in carbon matrix does not consist of any functional groups and
there cannot be any reaction between the inactive filler surface and the acrylic PSA.
Hence with the increase in filler content of the PSA, the tack value decreases. The
peel adhesion property of the PSA shows a similar trend as tack in variation with
filler content that is, the peel adhesion reduces as more and more iron carbide filler
is added. Peel adhesion of thicker 90 g/m? layer of the adhesive is less than the value
for 60 g/m? layer by about 2 N. Shear strength also decreases with increase in filler
concentration. But the use of iron carbide filler leads to very good removability of
the PSA from substrates like glass and steel. Also, the adhesion does not build up
with ageing time. Filler concentration of about 1.3% give good balance of the prop-
erties like adhesion, removability, shear strength and tack. Hence, iron carbide filler
in carbon matrix can be used in acrylic PSAs in removable and repositionable appli-
cations in double sided tapes, labels, memo notes, protective foils, etc. [77].

Aluminium nitride
Acrylic PSAs find use for thermal applications owing to low cost, durability and

resistance to chemicals, sunlight and temperature [78]. Thermal conductivity of
the PSAs can be improved by addition of heat conductive fillers like aluminium

@ Springer



10520 Polymer Bulletin (2022) 79:10491-10553

nitride (AIN) (micro-sized as well as nano-sized particles) which are also electri-
cally insulating which acts as an added advantage [78, 79].

The untreated particles lead to PSAs having rough surface resulting from
formation of agglomerates. There is no compatible functional group in the
untreated AIN particles that can interact with the polymer, hence proper disper-
sion of the filler in polymer matrix is not obtained. 3-aminopropyl triethoxysilane
(3-APTES) is a silane that can be used for modification of aluminium nitride. In
silanization, there is a reaction of the -OH groups on the surface of AIN particles
with the ethoxy functional groups of the APTES resulting in formation of AIN-
O-Si bonds. Silanized micro-sized as well as nano-sized AIN particles give effec-
tive dispersion in acrylic polymer. The APTES gets attached to surface of AIN
particles and its functional groups react with active groups on acrylic polymer
forming continuous networks which restrict mobility of the chains during thermal
treatment. This improves the thermal stability of the filled adhesive. When filler
contains both micro-sized and nano-sized filler particles, the nanoparticles fill the
gaps in between microparticles thus ensuring continuous conductive network. So,
addition of treated filler reduces heat resistance of the PSA. The thermal conduc-
tivity also rises significantly. It is highest for PSA filled with treated micro-sized
AIN particles with 316% increase in conductivity value as compared to PSA with
no filler [78].

Molybdenum disulphide

Molybdenum disulphide (MoS,) is an inorganic filler that can be reinforced in
organic polymer-based PSAs. MoS, nanoplatelets (two-dimensional) is a possible
filler in polyurethane (PU) / methacrylate waterborne PSAs. MoS, filler exists as a
layered structure with van der Waals forces holding the layers together, and S-Mo-
S covalent bonds in the layers in the form of hexagonal structure. The weak forces
connecting the layers means monolayers can be exfoliated [80].

The MoS, particles can be dispersed in poly(vinylpyrrolidone) (PVP) aqueous
solution and the dispersions can be added to PU/(meth)acrylic latexes while stir-
ring. The PVP prevents the MoS, monolayers from restacking and acts as a bridge
to improve interaction between the inorganic filler and organic polymer matrix. The
interaction between MoS, nanoplatelets and the polymer restricts mobility of poly-
mer chains resulting in rise of 7, with increase in filler loading upto 0.25 weight%.
For nanocomposite containing filler more than 0.25 weight%, there is decrease in T,
due to aggregation and restacking of MoS, nanoplatelets in the PSA composite [80].

PSA nanocomposites show better tack adhesion on 0.1-0.25 weight% filler load-
ing as compared to unfilled PSA but with further addition of filler, the adhesive stiff-
ness increases (due to increase in Young’s modulus with increasing filler concentra-
tion) too much such that it loses dissipative properties and so the tack decreases. At
0.25 weight% filler content of the PSA, tack adhesion energy is 3 times higher than
for unfilled PSA. Decrease in tack energy at higher loading of filler is a result of
large elastic modulus and strain hardening. Storage modulus of the nanocomposites
is also more than the value for PSA without the MoS, nanoplatelets [80].
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Carbon-based fillers
Graphene

Graphene filled acrylic PSA coats can be applied on different films and fabrics for
use as protective films, films to shield electro-magnetic interference (EMI), etc.
When a layer of the filled adhesive is coated on the conductive fabric, there is con-
duction of electric current through PSA to the fabric due to reduction in the surface
resistivity. A single graphene layer absorbs very less light (about 2.3% light inten-
sity) and hence is transparent. This means that the optical clarity of the PSA won’t
be influenced much by the addition of graphene though the peel strength decreases
slightly [66].

When an electrically insulative PET film is coated with PSA containing graphene
prepared by in situ polymerization, the dispersed graphene in polymer matrix can
form electrically conductive channels at filler loadings higher than 1.0 part of gra-
phene per 100 parts of PSA solid (phr). Hence the surface resistivity will signifi-
cantly decrease though there is much deterioration in peel strength. For PET film
coated with PSA, where the graphene is mixed in the PSA by physical mixing, there
is decrease in surface resistivity with increase in filler content, but the peel strength
doesn’t fall as much as in the above case [66].

With addition of layers of graphene filler, there is a decrease in the transparency
of the adhesive due to agglomeration or stacking of the graphene layers. Rather than
homogeneously dispersing the graphene filler in PSA, embedding the filler in the
PSA as separate layers yields less decrease in the peel strength along with fall in
surface resistivity [66].

Van der Waals forces exist between graphene layers making them difficult to dis-
perse. Hence the graphene can be acidified to modify its surface. Then it can be
filled in polyolefin hot melt PSAs (HMPSA). HMPSA have thermal conductivity of
0.3 W/mK. Graphene addition brings about formation of network for heat conduc-
tion which is not properly developed at low filler content but 10 weight% graphene
in the PSA increases the conductivity of the adhesive by nearly 10 times the value of
unfilled HMPSA. Thermal conductivity keeps on rising as more filler is added but
subsequently due to high viscosity of the adhesive, graphene forms agglomerates
contributing to internal thermal resistance and so there is not much rise in conduc-
tivity. Presence of graphene also improves the hardness of HMPSA. Graphene filled
HMPSA can be used as a thermal interface material (TIM) [81].

Carbon nanotubes

Carbon nanotubes (CNTs) can be used as filler in PSAs to increase its stiffness and
at the same time increase its ability to dissipate energy during deformation. Also,
the use of CNTs doesn’t affect the optical transparency while also contributing to the
electrical conductivity of the adhesive [63].

The nanotubes can be functionalized by grafting polymers onto them. The filler
can then be added in the form of polymer-CNT nanocomposites where the polymer-
CNT interface provides energy dissipation and affects the viscoelasticity as well.
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For instance, hydrophilic poly(vinyl alcohol) (PVA) can be grafted on single-walled
CNTs (SWNTs) to get nanocomposites referred to as PVA-SWNT which can be
added as filler to poly(butyl acrylate) latex dispersions. There is improvement in
tack properties as loading of the PVA-SWNT composite in the adhesive increases
from 0 to 0.3 weight% where it is maximum and then begins decreasing with fur-
ther increment in adhesive filler content. At higher loading of the filler, the PSA can
become very stiff due to which its adhesion, ability to dissipate energy and tack can
get affected [63].

When metallic fillers are used for electrical conductivity of PSAs, the storage
modulus and transparency decreases. But PVA-SWNTSs gives electrical conductiv-
ity along with optical clarity. Hence the use of CNT based nanocomposite fillers in
PSAs is advantageous over metallic fillers [63].

MWCNTs which are modified using polydopamine (PDA-CNTs) for better adhe-
sion to the substrates can be added to PSAs based on polyurethane/polysiloxanes as
filler and the filled adhesive can be used to coat a PET film. Owing to the hydropho-
bicity of the fillers, the PSA becomes more hydrophobic seen as increase in contact
angle of the PSA. When grafted with PDA, the dispersion of CNTs in the matrix
improves and the CNTs form network of conductivity pathways also. As a result of
these along with the high electrical conductivity of CNTs, the PSAs become more
conductive. Storage modulus and loss modulus values of the PSAs show increment
due to hydrogen bonding between PDA-CNTs and polyurethane. Friction between
the nanotubes and polymer chains during tensile process contributes to rise in adhe-
sive’s shear strength when attached to stainless steel. PDA-CNTs as filler result in
higher shear strength than CNTs in the PSA [82].

Carbon black

Considering its lower cost, low density, good electrical conductivity etc.; carbon
black is a common filler used to impart conductivity to PSAs for example acrylic
PSAs to get electrically conductive PSAs. Nano carbon black can be used along with
carbon nanotubes as conductive fillers in these adhesives. When these fillers are
added to acrylic PSA, the polymer begins to crosslink making the structure compact
[67, 83]. Due to this, the tack and peel strength of the adhesive decreases as the filler
concentrations increase. But there is less decrease in tack and peel adhesion with
increase in filler content of PSA when carbon black is the filler as compared to the
reduction in these properties for PSA consisting of carbon nanotubes. The surface
resistivity decreases due to the addition of carbon black filler leading to increase in
the electrical conductivity of the acrylic PSA. The percolation threshold for nano-
carbon black filled acrylic adhesive is about 25weight% of filler concentration at
which the electrical conductivity value is high (about 38—45 S/cm) [67].

For solvent-borne acrylic PSAs based on 2-ethylhexyl acrylate and acrylic acid,
modified with resins, and crosslinked with aluminium acetylacetonate; carbon black
filler with particles of size 30 nm were added in different amounts from 3 to 40
weight%. Similar to the above example, crosslinking makes the adhesive compact
leading to deterioration in tack and peel adhesion with increasing content of carbon
black in the adhesive. Presence of filler leads to better cohesion, hence the shear
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strength at 20 °C and 70 °C is improved. The electrical conductivity of PSA rises
substantially with 15 weight% or more filler loading due to reduced surface resistiv-
ity as seen before [83].

Polyethylene wax

Various solid fillers are used to improve properties of PSAs. But their incorporation
results in large increase in viscosity of the adhesive which affects the formation of a
good adhesive joint. So, polyethylene wax (an oligomeric hydrocarbon) can be used
as an alternative to these fillers [84, 85].

Polyethylene wax filler can be added to blend of different polyisobutylene poly-
mers by melt mixing. The solubility of wax in polymer of PSA does not exist at
25 °C, and solubility increases as temperature rises and the solubility is reversible;
as the temperature decreases, the wax recrystallizes [84].

The wax performs dual function in the PSA; since wax crystallizes upon cooling
resulting in formation of structures like dispersed solid filler, while the amorphous
part has low viscosity and is soluble in the polymer hence acts as plasticizer by
affecting the rheological properties of the PSA. So, PSA filled with 10% of the filler
has lower viscosity as compared to unfilled adhesive as the wax dissolves in the pol-
ymer giving equal decrease in the storage as well as loss modulus which are almost
equal for PSA without any wax. This leads to worsening of adhesion and cohesion
strengths. PSA composite with 20% and more filler loading gives increase in viscos-
ity due to structures formed by insoluble polyethylene wax. The storage modulus
becomes higher than loss modulus. At 40% polyethylene wax addition, there is a
threefold increase in the storage and loss modulus values. When the filler added is
60%, along with increase in the viscosity and both moduli, there is loss of tack. But
when pressure is applied to a PSA composite with 60% polyethylene wax, the spatial
structure of wax gets destroyed and the adhesive acts as a liquid, so it can still form
adhesive bond [84].

Bio-based fillers
Cellulose nanocrystals

Cellulose nanocrystals (CNCs) can be extracted from wood pulp, cotton and other
plant-based products by controlled acid hydrolysis using hydrochloric acid, sulfu-
ric acid, etc. Several desirable properties such as high aspect ratio, biodegradability,
low density, ease of chemical modification, non-toxicity, high strength, etc. lead to
the use of CNCs as nanofillers in PSAs [86, 87].

As the CNC content in the adhesive increases, the cross linking of the polymer
chains increases, there can also be graft polymerization of the filler (via hydroxyl
groups on its surface) with the polymer chain. The cross linking of polymer chains
also restricts the mobility of the adhesive, hence the Tg and the elasticity of the PSA
increases slightly and the cohesive strength (shear strength) also rises with addition
of CNC filler. Peel strength, shear strength and tack- all these properties improve
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as the filler content increases. The nanocrystals lead to rise in hydrophilicity of the
PSA meaning decrease in water contact angle. This results in better tack [86].

CNC can also be added after it is modified by reaction with alkoxy silanes like
3-methacryloxypropyl trimethoxysilane (y-MPS) as depicted in Fig. 15. This modi-
fication can improve the compatibility between CNCs and hydrophobic polymers.
This functionalized CNC (fCNC) can be introduced in PSAs such as acrylic PSAs
by similar procedure as CNC that is, by in situ emulsion polymerization. The f{CNC-
acrylic PSA shows more gel content and wetting capability, and hence has better
peel strength and other adhesive properties as compared to CNC-acrylic PSA [87].
Table 10 shows various fillers explored for PSAs adhesives and their effect on vari-
ous properties.

Fillers in dental adhesives

Acid etching of tooth gives superficial decalcification of enamel and dentin. This
leads to loss of tooth inorganic minerals causing formation of porosities. Dental
adhesives are applied that infiltrate the porosities and the resin monomers of the
adhesive take the place of the lost minerals. Then, the adhesive gets micromechani-
cally retained (interlocked) in the porosities when cured in-situ. This process is
referred to as hybridisation [88—90].

Apart from the adhesion of the dental adhesive on the tooth surface, the adhesive
also requires to form bond with the overlying resin composite [88, 89]. So one func-
tion of dental adhesive is to act as intermediate and bond the resin composite fillings
or composite cements to the tooth substrate [89, 91]. This means that how the com-
posite resin performs is affected by its adhesion to the enamel and dentin achieved
by the dental adhesive [92]. Further, dental adhesives withstand contraction stress
exerted by the resin composite and also ensure there is no leakage from the resto-
ration’s margins [89]. Decayed/fractured teeth reconstruction is another area where
dental adhesives are utilized [90]. Dental adhesives also find application in other
artistic and restorative dentistry for example in aesthetic role [92]. Adhesive restora-
tive dentistry forms a part of many dental procedures such as bonding of orthodontic
brackets, dental sealant replacement, direct composite restorations, root canal obtu-
ration, etc. [93].

Other than resin monomers, dental adhesives are composed of resin monomers,
solvent, initiator, inhibitor and additionally fillers [88, 89, 94]. The resin monomers
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Fig. 15 Schematic of grafting y-MPS onto the surface of CNC [87]
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in the adhesive and resin composite are similar to obtain good bonding. Monomers in
dental adhesives can either be cross-linking (resulting in adhesive with good strength
and hydrophobic properties so that there is no water sorption by the cured adhesive)
such as bisphenol A-glycidyl methacrylate and triethylene glycol dimethacrylate (TEG-
DMA); or functional (giving demineralization of the tooth and adhesion to calcium in
hydroxyapatite (HAP)) like 4-methacryloxy-ethyl trimellitate anhydride, dipentaeryth-
ritol pentaacrylate monophosphate and 10-methacryloyloxydecyl dihydrogen phos-
phate [88].

Fillers are used in dental adhesives as a reinforcement to fortify its strength (elastic
modulus, bond strength and bond durability) since they form a vital link between the
tooth substrate and the composite [88, 89]. Fillers in dental adhesives lead to hybrid
layer which has better hardness, less chances of degradation, less water sorption,
dimensional changes become low and crack propagation also decreases [95, 96]. Fillers
are added to the adhesives to modify their viscosities. The adhesive layer gets thickened
when loaded with filler, which prevents over-thinning and gives more elasticity. The
higher elasticity means that the shrinkage stress due to the overlying composite can be
relieved in a better way [89, 94]. Incorporation of fillers can also be for specific proper-
ties such as therapeutic use, for instance better radiopacity, release of fluoride from the
adhesive, antimicrobial properties, etc. [88, 89]. Silanization of fillers can give better
bonding of filler with the adhesive resin, so the stress can be transmitted between the
filler and resin efficiently. Silane coupling also prevents premature degradation of the
dental adhesives [89].

The filler size and content are the parameters governing their addition to dental
adhesives [94]. The filler particle size should be small enough so that they are able
to infiltrate into the dentinal tubules and interfibrillar spaces of demineralised collagen
along with the resin monomers [88, 94]. The filler content in dental adhesives should
be low considering that high filler content leads to increase in viscosity and negatively
affects surface wettability of the adhesive [89, 94]. High viscosity of the adhesive can
prevent penetration of the resin and filler particles into the demineralised substrate. It
can also influence the polymerization kinetics of the adhesive resin and thus the extent
of curing of the adhesive [97]. Type and colloidal stability of the fillers in the adhesive
are important parameters to be considered [92].

Various types of dental adhesives are: etch-and-rinse adhesives (where acid etching
of enamel and dentin is followed by application of primer and the adhesive, either sepa-
rately in two steps or in a single step as a mixture), self-etching adhesives (where there
is no acid etching step, and self-etching primer and adhesive can be added separately or
in a single step as self-etching adhesives- in the form of mixed/two bottle adhesives or
unmixed/single bottle adhesives) and glass ionomer adhesives (where the adhesive con-
sists of glass ionomer which is self-adhering, it is modifies by resin and added as two
step etch-and-rinse adhesive) [88, 90, 93]. Figure 16 shows the diverse fillers explored
in dental adhesives.
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Fig. 16 Fillers for dental
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Wollastonite is a commonly used compound in dental applications on account of
its biocompatibility, sufficient strength and less shrinkage properties [98]. Being
a CaSiO; based inorganic filler, wollastonite can release Ca** ions which leads to
mineral precipitation and collagen remineralization, inducing apatite formation. This
bio-interactivity favours adhesion of the dental adhesive containing wollastonite to
dentin which improves bond durability and prevents biodegradation of dentin. Con-
sequently, wollastonite is used as filler for protecting the tooth tissues substrate and
develop therapeutic ability of the adhesive [99].

The wollastonite filler can be added to photocuring dental adhesives, and the dis-
persion consists of needle-like filler particles. Filled adhesives exhibit good micro-
tensile bond strength even after one year of ageing. Mechanical properties for exam-
ple ultimate tensile strength (UTS) improves from 34.9 MPa for unfilled adhesive to
46.0 MPa for adhesive with 2 weight% filler. [99]

Montmorillonite

Montmorillonite (MMT) which is a nanoclay having plate-shaped particles called
platelets with high aspect ratios is used to improve mechanical properties of den-
tal adhesives [91, 100, 101]. Sodium montmorillonite (Na-MMT) can be treated
by graft polymerization of methyl methacrylate monomer [100], methacrylic acid
monomers, [91] acrylic acid, [101]. etc. to modify the surface of the nanofiller, and
then used in dental adhesives. Grafting introduces functional groups on the filler
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particles’ surface [91]. Interlayer spacing in the nanoclay filler increases after inter-
calation of PMMA chains in the clay. This is because the grafted PMMA chains pre-
vent the clay layers from stacking together. Na-MMT and PMMA-grafted-nanoclay
can be dispersed in the dental adhesive solution [100].

The elastic modulus of adhesive increases and so does its viscosity [100]. The
effect of filler on Microshear bond strength is shown in Fig. 17.

Incorporation of poly (methacrylic acid)-grafted-nanoclay as reinforcing filler in
dental adhesives also results in properties alike to grafting of PMMA on the nano-
clay. There is improved bond strength and mechanical properties, and the colloidal
stability of grafted nanoclay in the adhesive is higher as compared to unmodified
filler particles. Better properties are obtained, namely diametral tensile strength,
flexural modulus, flexural strength and microshear bond strength [91].

Similarly, poly (acrylic acid) (PAA) monomers can be grafted on Na-MMT par-
ticles. These modified particles can also be used as reinforcing filler in dental adhe-
sives. As is the case in PMMA-grafted nanoclay, stacking of the filler layers is pre-
vented by the grafted polymer chains. The dispersion of filler in the adhesive system
is stable and sedimentation time rises due to the modification [101].

Niobium pentoxide

Niobium pentoxide with chemical formula Nb,Os can be considered as a prom-
ising filler for dental adhesives. It is a material with bioactive properties such as
hydroxyapatite crystal growth when it comes in contact with human saliva [95]. Its
use can lead to deposition of phosphate layer over the adhesive resin surface that can
stimulate mineralization of the tooth surface [102].

The filler in the adhesive exists as a single crystalline monoclinic phase result-
ing in it being chemically stable in oral environment. When used as a filler in the
applied dental adhesive, Nb,Ojs particles can diffuse into the hybrid layer and Knoop
microhardness and radiopacity of the adhesive improve. Kinetics of polymerization
of the resin monomers in the adhesive are also affected. With the addition of filler,
the increased viscosity affects radical mobility thereby decreasing the chances of
bi-radical termination. Also, the filler being a transition metal oxide acts as catalyst

Fig. 17 Microshear bond 40+
strength of adhesives contain-
ing different percentages of
PMMA-g-nanoclay [Reprint
from Dental Materials, Vol 25,
PMMA-grafted nanoclay as
novel filler for dental adhe-
sives, Mohammad Atai, Laleh
Solhi, Azizollah Nodehi, Seyed
Mojtaba Mirabedini, Shahin
Kasraei, Khatereh Akbari,
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Microshear bond strength (MPa)

Samal Babanzadeh, pp. 344, 04
2009, with permission from 0% 02% 05% 1% 2% 5%  Single
Elsevier] [100] Bond®
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accelerating polymerization. Thus, the filler addition results in faster polymerization
reactions of the monomers in the dental adhesives [102].

Tantalum oxide

Tantalum is biocompatible, radiopaque and has affinity to phosphate which brings
about deposition of apatite on its surface. Tantalum oxide (Ta,Os) as a filler has
inert and high oxidation state meaning it has very less toxicity and good chemical
inertness, and apart from this, it results in bioactivity by inducing hydroxyapatite
growth and osteoblasts attachments, has good fracture toughness and workability
[103, 104]. It can be silanized by y-methacryloxypropyl trimethoxysilane. The radi-
opacity of the dental adhesive increases with Ta,O5 content in the adhesive from
0 to 10 weight%. Since the filler can avoid crack propagation in the adhesive, it
improves the ultimate tensile strength. 10 weight% loading of nanoparticles in the
dental adhesive could give better resistance to hydrolytic degradation and good
microtensile bond strength [103].

Silica

Silica as a filler can give better bonding and bond strength, less polymerization
shrinkage and improved mechanical properties of dental adhesives. Silica particles
may facilitate formation of calcium-phosphate precursors which are important for
mineralization of the substrate [105]. It is an emulsifier resulting in stable disper-
sions. Since silica is hydrophilic, it can be subjected to surface treatment by a silane
coupling agent for better interaction of the filler with the resin and other organic
components of the adhesive [106]. This interaction also decreases the surface energy
of the adhesive [107].

Viscosity of the dental adhesive increases with addition of silica filler [106].
Mechanical properties such as flexural strength and microtesile bond strength
(uTBS) show improvement due to presence of silica nanoparticles [108]. For both
these properties, as filler content in the adhesive rises, the property increases and
then reduces [105, 108, 109].

Thermal sintering at about 1300 °C gives silica nanoparticles which are porous
and so have lower surface area, consequently more filler loading in adhesives is pos-
sible and the surface porosity enables micromechanical interlocking between the
filler particles and cured adhesive matrix. The sintered silica filler can be silanised
using 3-(methacryloyloxy) propyl trimethoxy silane (y-MPS). Diametral tensile
strength of sintered nanosilica filled dental adhesive is similar to that of micro-sized
silica filled adhesive. The elastic modulus, flexural modulus, flexural strength and
fracture toughness of dental adhesives containing sintered silica is significantly
higher than adhesive loaded with silica microparticles [110].

Inspite of resulting in stable dispersions and improvement in properties of dental
adhesives, silica does not contribute to radiopacity or required refractive index of
the adhesive. Mixed fillers like BaO/Si0,, Ta,05s/Si0,, Yb,05/Si0,, YbF,/SiO,, etc.
can be incorporated to achieve radiopacity along with desired properties and interac-
tion with resin [111].
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Nanoparticles-based fillers
Hydroxyapatite nanoparticles

Hydroxyapatite (HAp) is an inorganic compound with chemical formula
Ca,((PO,)¢(OH),. HAp is a form of chemical phosphate found in teeth (it is an
important constituent in enamel and dentin) and is very useful as a biocompatible
material [92, 112, 113]. Hence HAp can be added in the form of nanoparticles to
dental adhesives as reinforcing filler [92]. Incorporation of the filler as nanoparticles
is advantageous over micro-sized filler because smaller particles can penetrate into
the dentin tubules along with adhesive resin more easily to form composite adhe-
sive [92, 114]. Growth of the HAp nanofiller in one direction yields nanorods which
improves their mechanical properties [92].

The HAp nanorods have high colloidal stability in the dental adhesive even after
significant amount of time [92]. But agglomeration of the nanoparticles can have
undesired impact on the mechanical properties. [113] After photocuring of the adhe-
sive, it is observed that 0.2 to 0.5 weight% loading of the filler in dental adhesive
gives enhances the diametral tensile strength which is maximum (34 MPa) at 0.2
weight% and then decreases as more filler is added. The steep decline in strength
after initial increase can be due to presence of filler agglomerates and incomplete
curing of the adhesive owing to the opacity of filler to irradiations of photocuring
system. Other mechanical properties of the adhesive such as flexural strength and
microtensile bond strength show similar trend [92, 113].

Thus, dental adhesives with low amounts of HAp nanorods (0.2-0.5 weight%)
can lead to improved mechanical properties and microshear bond strength [88, 92].
A filler is said to be bioactive if it results in a biological response at the adhesive-
tooth interface giving formation of bond between the adhesive and dental tissues
[115]. The HAp filler exhibits high bioactivity, that is, the filler particles interact
with the tooth’s collagen and the decayed dentin at the adhesive-dentin interface gets
remineralized [88, 92, 112]. This means that HAp can be an important filler in min-
eral releasing dental adhesives [113]. HAp nanoparticles can be silanised by react-
ing with y- methacryloxypropyl trimethoxysilane to obtain good adhesion interface
with the adhesive resin matrix [114]. Quaternary polyethyleneimine-hydroxyapatite
(QPEI/HAp) nanofiller can also be included as filler in dental adhesives [115].

Zirconia nanoparticles

Zirconia-based materials are commonly used ceramics in dental adhesives apart
from alumina, leucite, and silica-based fillers. Zirconia/ zirconium dioxide (ZrO,) is
biocompatible; has good fatigue resistance, toughness, strength and excellent wear
properties. Hence it can be used in dental applications [116]. Spherical zirconia nan-
oparticles can be incorporated as filler in dental adhesives such as 3 step etch-and-
rinse adhesive and a dispersion of the filler in the resin can be obtained. The filler
acts as a reinforcement to the dental adhesive improving its tensile strength [117].
The dentin-adhesive bond gets stronger due to the presence of zirconia [97]. But
ZrO, particles have high values of hardness and this can result in antagonist wear
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and fatigue wear. Zirconia-silica hybrid nanofibers can also be used as filler in den-
tal adhesives to get improved properties [112].

Gold nanoparticles

Gold nanoparticles can be incorporated as fillers in dental adhesives in the form of
colloid because of high chemical stability and inertness as well as biocompatibil-
ity and antibacterial and antifungal properties [118, 119]. They can also heal bone
defects since they can enhance bone regeneration [119]. As the amount of nanopar-
ticles in the adhesive increases, its flexural strength increases since at higher con-
centration the nanoparticles prevent crack growth, diametral tensile strength also
improves upto some concentration but then reduces as a result of agglomeration of
filler particles where cracks can initiate [118].

Boron nitride nanotubes

Considering highly stable boron-nitrogen bond; their bioactivity (they can induce
mineral deposition), good physicochemical and mechanical properties, boron nitride
nanotubes (BNNTSs) are nanofillers for dental adhesives. Also, they have fibrillar
nature and are hydrophobic, hence avoid water on demineralized collagen which
prevents hydrolytic softening of the adhesive. This can lead to more durable bonding
of adhesive on tooth substrate [120, 121]. Solvent resistance of adhesives increase
due to presence of BNNTS in them [121]. Increment in degree of conversion, polym-
erization rate and microtensile bond strength is also observed [120].

Glass fillers
Pre-reacted glass-ionomer

Pre-reacted glass-ionomer (PRG) is a filler that can be used in dental adhesives.
The filler can be obtained by carrying out acid-base reaction of polyalkenoic acids
(such as polyacrylic acid) and glasses comprising of fluoride (such as fluoroalumi-
nosilicate glasses (FASG)) in presence of water. When the glass-ionomer particle
fully reacts with the acid, full pre-reacted glass-ionomers (F-PRG) are obtained
while reaction of only the surface of particles give rise to surface pre-reacted glass-
ionomers (S-PRG) [122-124]. Wet siliceous gel is produced which is desiccated to
form xero-gel which can be milled. After silanization process, PRG filler is obtained
[122]. When the dental adhesive has 17 weight% of PRG, the adhesive adheres well
to the enamel or dentin substrate. Fluoride is liberated from the adhesive which
reaches the dentin through the interface between adhesive and substrate [124].
Calcium type glass filler (PRG-Ca) can be incorporated in light-cured dental adhe-
sives. Fluoride released from the adhesives increase with increasing filler content in
them. The polymerization of resin monomers in the adhesives is not affected signifi-
cantly due to the presence of PRG-Ca particles, and good copolymerization of the
monomers can be expected. But more PRG-Ca addition does result in a decrease of
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energy of polymerization. Considering accelerated ageing, the shear bond strength
(SBS) values of adhesives containing filler loading between 7 and 27 weight% are
similar [122].

Bioactive glass

Bioactive glass (BAG) filler can be synthesized by utilizing alkoxides, calcium
methoxy ethoxide and triethyl phosphate. After air drying, the solvent is completely
evaporated by heating to high temperatures and stable glass filler is obtained. The
composition of BAG is about 65 mol% SiO,, 31 mol% CaO and 4 mol% P,0s. The
filler can remineralize dental tissues present adjacent to it. It releases calcium and
phosphate ions that have harmful effect on bacteria and cause neutralization of the
acidic environment by increasing the pH at which oral bacteria are not able to sur-
vive. For these reasons, bioactive glass is a potential filler for dental adhesives [125].

Phosphate-based glass is another example of filler for dental adhesive. They are
bioactive hence their inclusion leads to remineralisation of the tooth by releasing
calcium and phosphate ions. Also, this type of glass filler containing adhesives can
be subjected to controlled degradation based on their composition. They can also
be doped by metal oxides like copper oxide for antibacterial action. Copper-doped
phosphate glass filler can be added to acrylic-based dental adhesives as microparti-
cles. High weight% of the filler increases the degree of conversion in the adhesive,
but the particle size should not be closer to the wavelength of curing light, else it
would yield low degree of conversion. Another property surface roughness of the
adhesive is not affected much [126].

Fillers in construction adhesives & adhesive joints

Construction adhesives find a variety of uses in construction industry which include
improving strength of concrete and metal structures; and bonding composites to
existing structures [127]. Adhesives can bond to several types of substrates such as
ceramics, polymers, metals and composites [128]. Mechanical and shear properties
of the adhesives need to be considered for these applications [127]. Anchors are used
in construction structures and can be installed using post-installed method. Here
adhesives are used to act as a bond between the anchor and concrete. Steel bars in
the holes of concrete are held to the concrete using adhesives. Epoxy adhesives are
economical and exhibit good adhesion strength to concrete as well as steel, hence
are commonly used [129]. But low mechanical properties such as shear properties
means fillers are required to be incorporated in the adhesives to yield composites
having improved mechanical properties [127]. Another application of epoxy adhe-
sives is bonding of carbon fibre reinforced polymer composites to steel structures
for improving strength [130]. Glasses are used in different structural applications
including overhead, safety and walkable glazing. These glasses can be included in
buildings using adhesives by point fixed glazing. Fillers are required in these adhe-
sives to reduce costs, obtain better rigidity, decrease shrinkage of the adhesive dur-
ing its curing, increase operating temperature range of the adhesive [131]. Alumina,
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carbon black, carbon nanotubes, graphene, lime, metal particles, nanoclay, talc are
some fillers that can be included in adhesives for construction applications [127,
128, 131]. Type, size and properties of the filler are important parameters to be con-
sidered as they affect various properties including bond strength and bond durability
of resulting adhesive [132].

Adhesive joints can be considered as an alternative to methods of forming struc-
tural joints like mechanical fastening, soldering and welding [128, 133]. Adhe-
sive joints constitute ease of joining materials, lighter structures, neat and simple
designs, less points where stress is concentrated, superior resistance to fatigue, cor-
rosion and environment [133, 134].

Carbon fibre/epoxy (CFE) composites used in several applications has less joint
ability to other composites and metals, hence the use of adhesives for bonding is
preferable [135]. Fillers can be utilized in adhesive joints as well. Photo-Activated
Adhesive Work-holding (PAAW) with fillers are used to support work-pieces. UV
curable adhesives can be filled with glass fibres, glass spheres, etc. (which could be
micro-sized to nano-sized) to reduce volumetric shrinkage [136]. Other fillers like
alumina and silica also find use in adhesive joints considering their high mechanical
and thermal stability [135].

Inorganic fillers
Silica

Epoxy adhesives containing silica (SiO,) filler can be prepared using silica micro-
particles or nanoparticles. The filled epoxy adhesive can be employed in anchoring
systems. This can be done by filling the spaces between concrete and steel rods by
adhesives and letting it cure on its own [129]. Microsilica (MS) filled epoxy adhe-
sives can also be used to form glued joints [137].

Microparticles of the filler added can be of a single size such as 25 pm, 50 um
etc., or it can be as a hybrid of different sizes like 25 pm and 50 pm particles can be
used together in the adhesive. The flexural modulus and tensile modulus of the adhe-
sive improve, while the flexural strength and tensile strength decrease as a result of
filler addition to the adhesive. Smaller particle size of filler (that is, greater surface
area) means more interfacial interaction between filler particles and epoxy matrix,
and this results in higher compressive modulus, compressive strength and pull-out
strength. Hybrid fillers with various particle sizes gives some improvement in these
properties. Additionally, tensile strength and modulus; and flexural properties show
higher values when hybrid filler is used [129].

Spherical silica nanoparticles can be added to epoxy adhesives for lap-shear
joints involving stainless steel substrates. For cross linking of the filler with the pol-
ymer and to prevent formation of silica agglomerates, the surface of silica particles
is modified. The tensile strength of lap-shear joints increased by the use of filler
but at higher filler contents of 40 weight%, the wettability of steel by the adhesive
declines as a result of increased viscosity. The silica nanoparticles whose surfaces
have been modified with hydroxyl groups absorb water molecules on their surface
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during hygrothermal treatment. These water molecules help to form bridges between
epoxy polymer chains improving the storage modulus of adhesive joint. Hence,
there are benefits of utilizing silica as filler even after hygrothermal treatment [138].

Silica nanoparticles can even be added to microsilica containing adhesives but
this results in decrease of mechanical properties like compressive, flexural and ten-
sile strength and even adhesive properties like pull-out strength. The reason is that
OH groups on the filler particles’ surface become so excess which make the filler
incompatible with the epoxy matrix. Silanization of the nanoparticles could improve
the effect of nanofiller on properties of the adhesive [129].

Alumina

Alumina nanoparticles (Al,05) have use in structural adhesives to improve proper-
ties of adhesive joints (such as bond strength) and give more resistant joints [128,
134]. The filled adhesive can be used in a metal-to-metal (aluminium-to-aluminium)
single lap joint. There is improvement in peel strength when alumina is added to
the adhesive. The maximum shear strain is also affected by filler amount, and its
value rises as filler content in adhesive increases from 0 to 0.5 weight%, then for
the range of 0.5 to 1.5 weight% filler there is a negative correlation with the shear
strain. The adhesion properties of the adhesive depend on the efficiency of stress
transfer between the polymer matrix and alumina nanoparticles. Elastic modulus of
the adhesive increases up to 1.5 weight% filler loading after which there is a slight
reduction in the property [134]. Overall, as a result of the nanofiller addition to
epoxy adhesives, the strength of adhesive joint is enhanced [128]. In another case,
nanoparticles in the form of rods or spheres were fillers for epoxy adhesive form-
ing a single lap joint of two aluminium alloy surfaces. The shear strength of flat
tensile (FT) joints improved by loading of nanospheres as well as nanorods for 0.5
to 2.0 weight% filler content. Neat epoxy has shear strength of 4.39 MPa, nanorods
gave maximum shear strength of 6.83 MPa at 1.0 weight% loading while the highest
value when the filler was alumina nanospheres was 6.68 MPa at 1.5 weight% con-
tent. The betterment in in shear strength is due to better stress transfer in presence of
filler between the alumina and polymer [139].

Limestone

Mineral fillers are important in tile adhesives. Carbonate based fillers obtained from
limestone, marble, etc. and silica fillers produced from enriched quartz sand are the
main types of mineral fillers incorporated. With increasing limestone content in
epoxy-based adhesive, its bulk density decreases from 1440 kg/m? at 2.5 weight%
filler content to 1370 kg/m? at 10weight% limestone in epoxy adhesive. The water
retention of adhesive doesn’t change significantly due to presence of filler or the
amount of filler added. Initial adhesive strength and adhesion strength after heat age-
ing also improve while the adhesive strength after water immersion reduces for fine-
sized limestone containing adhesive. Apart from that, slip of ceramic tile from the
concrete substrate rises when adhesive is loaded with limestone. There is a decrease
in flexural strength of the adhesive on addition of limestone powder as filler [140].
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Iron powder

Fillers in the form of powders can be added to epoxy-based adhesives used for alu-
minium bonding [141, 142]. Tron ore powder with Fe percentage of 80% and par-
ticle size being in the range of 100-200 um is one filler that can be used. The iron
powder can increase resistance of the adhesive joint to crack propagation. At low
filler volume fraction in the adhesive, the mode of failure is cohesive fracture while
it is adhesive fracture at higher filler volume fractions. The peel strength and shear
strength are highest at 30% volume fraction of iron; with values of 2.48 MPa and
9.38 MPa, respectively. Lowest values of these properties can be at volume fraction
60%; with peel strength being 0.43 MPa and shear strength being 0.23 MPa. Over-
all, the shear strength of the adhesive joint is higher than its peel strength as shown
in Fig. 18 [141]. Use of iron powder in epoxy glues for aluminium joints does not
lead to much electrical conductivity of the adhesive joint [142].

Titanium dioxide

Titanium dioxide (TiO,) nanoparticles is a filler for epoxy-based adhesive which has
application in forming adhesive joints of copper substrate. A single lap joint of cop-
per surfaces (either chemically or mechanically treated before use) can be formed
using the filled adhesive. When chemically treated substrates are used, wettability
of adhesive containing 10 weight% TiO, filler has better wettability as compared to
pure epoxy adhesive. Greater toughness of adhesive joint is obtained by the use of
TiO, nanoparticles [143].

The viscosity of adhesive becomes higher as filler is added and hence its bond
line thickness in the joint also increases, with impact on the bond line thickness
being significant beyond 10 weight% filler contents. The lap shear strength of the

Strength (MPa)
w

No filler 10¢ 20% 30% 40% 50% 60%

|=e—Peel 12 2.03 2.05 2.48 153 1.23 0.43

Fig. 18 Variation in shear and peel strength with filler volume fraction [141]
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joint is affected by the bond line thickness. It increases significantly as filler concen-
tration rises to 10 weight%, then it begins to show a decrease with further increase
in the amount of filler to 15 weights%. The initial increase in joint strength till 10
weight% TiO, content may be due to cohesive fracture resistance provided by the
TiO, particles. But the subsequent decrease in strength with filler content rising to
15 weight% maybe because the inter particulate distance between filler particles
decreases leading to fast interaction of stress generated around the particles [143].

TiO, can also be utilized as filler in acrylic adhesives for binding of steel and
glass/epoxy composite beams. When TiO, is added to a 2-component acrylic struc-
tural adhesive and the adhesive used to join steel and composite structures, the shear
strength and tensile strength of the joints improve by 47% and 59%, respectively,
from the values for neat epoxy for 3 weight% filler content in the adhesive. The
betterment in these properties could be a result of efficient stress transfer between
filler and the resin. Beyond 3 weight% of nanoparticles, these properties decline as a
result of increased viscosity not allowing the filler to be distributed uniformly (lead-
ing to agglomeration of the particles), and poor interaction of TiO, particles with
the polymer (causing decline in matrix infiltration by nanoparticles). The nanopar-
ticles restrict mobility of the polymer chains and hence the use of fillers decreases
peel strength of the adhesive [144].

Solder powder

63/37 Sn—Pb soft solder powder is a filler for epoxy adhesives included to increase
the mechanical strength of steel-to-steel joints. The adhesive joint strength is higher
when solder powder is used as filler in the adhesive when compared to aluminium
powder. This could be due to different particle shapes of the two fillers. The alu-
minium particles are spherical, so during the tensile shear tests the particle surface
can easily get separated from the adhesive. On the other hand, non-uniform shape
of solder particles causes clamping with the adhesive and delayed separation from
adhesive. But the strength of the joint reduces when the solder content in adhesive
exceeds 5 weight% [145].

Zirconium oxide

Adhesive composites for forming adhesive joints of aluminium sheets can have zir-
conium oxide (ZrO,) nanoparticles as filler. The filler particles can be dispersed in
epoxy adhesives by mechanical mixing process. The filled adhesives are used to
bond aluminium surfaces by forming lap adhesive joints. ZrO, has similar effects
on the adhesive properties as TiO,. Amount of ZrO, has an influence on the adhe-
sive viscosity and thus also the bond line thickness. Both these properties increase
on more addition of filler. Joint strength and lap shear strength show similar varia-
tion in properties. For a particular bond line thickness, the adhesive joint strength
improves as filler content in adhesive increases from 10 to 15 weight% and then
decreases as the amount of filler added increases to 20 weight%. The increase in
strength is caused by the positive influence of ZrO, particles on resistance of the
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joint to fracture and the ensuing fall in strength results from filler particle aggrega-
tion giving adverse interactions between the particles [146].

Carbon-based fillers
Carbon nanotubes

The failure mode of carbon fibre reinforced polymer (CFRP) composites attached to
steel structures depends on the epoxy adhesive used for bonding the two by double
strap joints or single shear lap joints. The epoxy adhesives can be filled by multi
walled carbon nanotubes (MWCNTSs) and used for double strap joints. The tensile
strength and Young’s modulus increase when nanotubes are uniformly dispersed in
the epoxy matrix. The stiffness of joints bonded with epoxy adhesive having CNT
content is similar to joint bonded with unfilled epoxy adhesive. The bond strength of
filled adhesive is greater than that of pure adhesive because the effective bond length
of joints is shorter for adhesive containing nanotubes. Ultimate axial strain along
the CFRP laminates is also higher for joints where the adhesive used is filled with
MWCNTs [130].

Graphene nanoplatelets

Graphene nanoplatelets (GNPs) can be used as reinforcement for epoxy-based con-
struction adhesives [127]. They have large specific surface area, good Young’s mod-
ulus and high ultimate tensile strength [128]. The shear strength of adhesive rises
with increasing amount of nanofiller. Other shear properties like shear modulus,
shear strain at failure and toughness also show similar improvement as more GNPs
are added. Hence, nanocomposites with graphene filler result in better mechanical
properties of construction adhesives [127].

Fillers in automotive adhesives

In the automotive industry, adhesive bonded items are being utilized in place of
spot-welded parts considering welding of coated and galvanized sheets is difficult.
Adhesives can also separate galvanized and non-galvanized steel components in
automotive bodies which can avoid galvanic corrosion. These structural adhesives
are mostly epoxy-based. Epoxy adhesives have the ability to bond to various metal
surfaces and have low shrinkage on curing [147]. Epoxy-foam adhesives can be
inserted between different parts where foaming can fill the gap. Calcium carbonate is
a filler which can be added to these epoxy-foam adhesives [148]. Structural bonding
tapes are a type of structural adhesives which can be used for bonding the rear-view
mirror buttons, sensor brackets and other hardware with automotive glass. Fillers
affect the mechanical properties and curing of epoxy-based adhesives used in these
applications [149]. Higher rigidity of most filler particles as compared to epoxy
resin in the adhesive results in better modulus of the adhesive joint by addition of
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filler. The microhardness of a dried, cured adhesive bonded joint is influenced by
the composition, type and amount of filler used in the adhesive and the extent of
dispersion of the filler in the adhesive. Interfacial bonding of filler and resin and the
shear degradation of adhesive that takes place when fillers are added are other fac-
tors which affect the hardness value [150]. Apart from that, when automotive epoxy
adhesives are used to bond steel substrates, more the filler content of adhesive, less
is the extent of adhesive delamination. Calcium oxide (CaQ), calcium carbonate
(CaCOy), calcium silicate (CaSiO,), magnesium aluminium silicate (MgAISiO,),
silicon dioxide (SiO,), talc clay are some fillers that are explored for such appli-
cations [151]. Nano-fillers including nano-Al,0;, nano-CaCO;, carbon nanotubes,
nano-SiO, are also important fillers to increase strength of epoxy based adhesive
joints owing to their large surface areas and high value of elastic moduli [152].

Inorganic fillers
Glass flakes and wollastonite

1-D type microfillers like glass flakes and 2-D type microfillers such as wollastonite
can be utilized in structural bonding tapes. The structural adhesive can be composed
of epoxy resin and epoxy acrylate copolymers. The filled adhesive composite can
then be applied on silicone paper or polyester film, UV-cured and used for forming
adhesive joint of steel or aluminium substrates. When either glass flakes or wol-
lastonite particles are included as fillers in the structural adhesive tapes (SATs), the
properties tack and adhesion to steel mostly deteriorate. This is due to decreased
molecular mobility of polymer chains after UV curing for microfiller contain-
ing adhesive which negatively affects wetting of steel surface. Along with that, the
presence of filler particles causes contact area between adhesive and substrate to
decrease. Conversion of epoxy groups during heat curing at 140 °C for 15 min is
also lower for filled adhesives when compared with pure adhesives [149].

Considering mechanical properties of aluminium joints using the structural adhe-
sive tapes, the overlap shear strength is lower when adhesive used is filled with glass
flakes or wollastonite microparticles. But the microfiller gets uniformly dispersed
in the adhesive and formation of cracks that is, delamination between the polymer
matrix and filler particles isn’t observed [149].

Epoxy-based adhesives with high lap-shear tensile strengths can be used to bond
automotive coach bodies, for more durability of cars during operations, etc. Micro-
sized glass powders are one type of fillers that can be loaded in these adhesives also.
The major reason of using glass microparticles is to reduce costs. Though the use of
glass powders in the adhesives can lead to decreased shear strengths, at lower load-
ing of about 5-10 volume%, the shear strength is not affected significantly. Depend-
ing on the application, the filled adhesives can be used where high strength is not
necessary. The adhesive becomes more resistant to wear as a result of adding glass
powder leading to their application in forming resistant films over machines [153].

In automotive, different joints such as aluminium and aluminium alloy joints can
be bonded by adhesives and these can also be used in assembly of supplementary
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items like windows and windscreens. Glass soda-lime powder is a possible filler
in adhesive joints of aluminium alloys. When 140 pm sized glass particles are
added to the adhesives, adhesives with 10% volume fraction of filler showed 9.77%
increase in tensile joint strength as compared to unfilled adhesive. The improvement
decreases as more glass powder is added since higher loading of glass particles in
the matrix cause adhesive failure on the bonded area. 15% and 20% volume fraction
of filler containing adhesives lead to less increment in the joint strength while adhe-
sive with 25% volume fraction exhibits lesser strength than unfilled adhesive [154].

Carbon-based fillers
Carbon filler

Inspite of various advantages, epoxy-based adhesives have poor adhesion and cohe-
sive strength when subjected to humid conditions [152]. Adhesive bonded joints can
get affected as a result of such environmental exposure (moisture). The water on
reaching a joint can have negative outcome on physical and chemical properties of
the joint [147]. Working conditions of adhesive joints can be wet conditions or high
temperatures where the joints undergo hygrothermal ageing. This results in unfa-
vourable changes of physical properties and strength of the adhesive affecting its
performance [152].

To minimize the effect of moisture absorption, carbon nanofillers such as
carbon nanotubes (CNTs), carbon nanohorns (CNHs), graphene nanoplatelets
(GNPs) are added to reinforce epoxy adhesives. The resulting adhesive can be
employed in forming adhesive joints. Carbon nanofillers increase decomposition
temperature of the adhesive, with GNP showing most increase that is, high ther-
mal stability. Even 0.5 weight% of any carbon nanofiller gives improved lap shear
strength of adhesive joints which is shown in Table 11. Ageing performance of
adhesive with GNPs is the best followed by adhesive with CNT and CNH fillers.
The reason is that unlike porous particles of CNT and CNH, graphite nanoparti-
cles are plate-like which prevents diffusion of water to a greater extent; so water
absorption of GNP filled adhesive is the least. Also, GNP has better strengthening

Table 11 Lap shear strength of adhesives without or with different carbon nano-fillers before and after
hygrothermal ageing [152]

Adhesive joint type Lap shear strength of Lap shear strength of adhesive joint
adhesive joint prior to ageing after 12 weeks hygrothermal ageing
(MPa) (MPa)
Pure epoxy adhesive 14+0.6 6.2+0.4
Epoxy adhesive with 0.5 wt% 19.7+0.5 13.8+0.7
CNTs
Epoxy adhesive with 0.5 wt% 20.7+0.8 15.1+1.5
GNPs
Epoxy adhesive with 0.5 wt% 20.3+0.9 11.5+1
CNHs
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efficiency leading to more swelling resistance and reduction in strain at interface.
All carbon nanofillers used in the adhesive leads to satisfactory Weibull modulus
after ageing indicating good performance of adhesive joint along with lower deg-
radation as against pure adhesive [152].

Carbon nanotubes as filler in epoxy adhesives result in increased strength of
adhesive joints, and good electrical conductivity which rises significantly after
amount of CNTs in the adhesive exceeds the percolation threshold value. Consid-
ering that CNTs have large aspect ratios, they tend to agglomerate and are expen-
sive. Carbon black (CB) as filler has benefits as it is cheaper and its ellipsoid par-
ticles give better dispersion in the polymer matrix though they do not contribute
much to the electrical conductivity or mechanical properties of the adhesive. A
hybrid filler consisting of both CNTs and CB can balance properties and cost.
CNT/CB dual filler can be added as a dispersion to epoxy adhesives employed for
forming adhesive joints in automotive parts. An example is the use of such adhe-
sives in SUV hatchback which has an inner panel of steel, outer panel of CFRP
laminate and some load bearing components. The inner and outer panels can be
bonded using these adhesives [155].

For a particular amount of total filler content, the resulting properties of the
adhesive will depend on the proportions of the two fillers. Carbon black particles
and carbon nanotubes get properly blended when observed at primary particles
size leading to creation of a co-supporting network of both the fillers. Proper dis-
persion of CNTs and CB fillers give a collective outcome and electrical conduc-
tivity of hybrid filler containing adhesive is higher than adhesive with individ-
ual fillers. Mechanical properties of the joint such as tensile strength and elastic
modulus increase when dual filler is included in the adhesive. A car hatchback
may be subjected to some static as well as dynamic loads. Considering static per-
formance, torsion and bending are important properties for a hatchback; and the
use of CNTs and CB lead to better torsion and bending stiffness. Maximum intru-
sion which is one indicator of resistance to crashes, can be evaluated for dynamic
performance. When adhesive with hybrid filler is used, there is very little effect
on the intrusion of hatchback as against unfilled epoxy adhesive [155]. Table 12
enlists the values of various properties of adhesive without filler and after adding
2 weight% of filler (wither CNTs or CBs or CNTs and CBs both in the ratio 1:3).

Table 12 Some important properties of epoxy adhesives before and after addition of fillers [155]

Adhesive Young’s modu- Torsional Deflection on Maximum
lus (GPa) angle (°) bending (mm) intrusion
(mm)
Pure epoxy adhesive 2.28 0.184 0.762 25.49
Epoxy adhesive with 2 wt% CNTs 45 0.159 0.733 25.08
Epoxy adhesive with 2 wt% CBs 3.05 0.175 0.751 25.33
Epoxy adhesive with 2 wt% filler 3.68 0.168 0.743 25.19

(CNT and CB in 1:3)
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Fillers for adhesives in aircraft and aeronautics

Adhesives are increasingly being utilized in aviation industry [156]. In aircraft
structures, joints are very critical where application of adhesive bonding is
increasing [157]. Thin-walled composite structures can be joined by adhesive
bonding as well [158]. Manufacturing of aircraft fuselage and wing structures
employ structural adhesive bonding [159]. Patch repairs of aircraft also uses
adhesive bonding [157]. Adhesives are advantageous in aircrafts considering their
light weight, ability to yield aerodynamically smoother surfaces, sealing property,
cost effectiveness, ability to prevent galvanic corrosion, avoidance of stress con-
centration, resistance to fatigue, etc. [156—-158]. Cyanoacrylates, epoxies, phe-
nolics, polyurethanes, toughened acrylics, silicones are some resins for adhesive
manufacturing [157, 159]. Of these, epoxy-based adhesives are high performance
structural adhesives commonly used in aero-structures. This is because, in air-
crafts, smooth and evenly stressed bonding of aluminium sheets is required and
epoxy-based adhesives have affinity for aluminium alloy surfaces [133]. Manu-
facturing of aircraft cabin materials can require fillers in the adhesives [156].
Adhesive prepregs used in aircraft construction are composed of epoxy resin con-
taining fabric fillers like glass and fibre fabrics [160].

Carbon-based fillers
Graphene oxide

Bonding property of structural epoxy adhesive for aircraft depends on shear
strength and T peel strength. Graphene oxide (GO) can improve mechanical prop-
erties of epoxy adhesive but it has less compatibility with the polymer matrix
so it can be modified by grafting compounds on its surface for better interface
between the filler and epoxy matrix. One type of modification is by treating gra-
phene oxide with toluene diisocyanate (TDI) initially and then grafting amino
terminated poly(butadiene-acrylonitrile) (ATBN) to obtain TDI-GO grafts and
ATBN-TDI-GO grafts [161].

Carbon nanofiller

Nanofilled adhesives for aeronautic materials are being increasingly used.
Vapour-grown carbon nanofibers (CNFs) and exfoliated graphite (EG) are car-
bon nanofillers that can be included in epoxy adhesives. Tensile butt joint and
single lap joint can be formed using the adhesives. Nano-sized filler results in
strengthening of adhesive joint resistance. Young’s modulus of the adhesive has
positive correlation with its filler content. On the contrary, tensile strength val-
ues decrease as filler loading in the adhesive increases. Significantly high bond
strength of adhesive joints can be achieved by using nanoparticles. High amount
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of filler reinforcement has negative effect on bonded joints which may be due to
aggregation of the nanoparticles and their improper dispersion in epoxy matrix
[162].

Carbon nanotubes (CNTs) can be incorporated as fillers in aerospace epoxy based
structural adhesives [163, 164]. The large aspect ratio of CNTs implies that they
overcome percolation threshold value for electrical conductivity at small volume
fractions. So significant electrical conductivity of the adhesives is obtained with lit-
tle impact of the presence of filler on its structural properties. This leads to the use
of CNTs as fillers to obtain adhesives for aircrafts showcasing both electrical con-
ductivity and structural properties. SWCNTSs are one type of nanotubes loaded into
aerospace type epoxy adhesives. A dispersion of SWCNTs in solvents like tetrahy-
drofuran (THF) or acetone is mixed with epoxy resin. The obtained electrical con-
ductivity of the adhesives increases as the weight% of SWCNTs in them increases.
Ultimate tensile strength (UTS) is higher for 0.5 and 1.0 weight% filler content as
compared to unfilled adhesive, but UTS decreases for 2 weight% filled adhesives.
Iweight% of SWCNTs gives enhanced peel strength but some decline is seen in lap
shear strength of the adhesive joint [163]. Another class of nanotubes incorporated
in adhesives for aircrafts are MWCNTs. Adhesion efficiency increases as a result
of presence of MWCNTs in the adhesive due to delay in shear failure. Even the
galvanic behaviour of adhesive is affected as the CNTs decrease rate of corrosion.
This means CNTs result in corrosion control suggesting their use in adhesives to
form reinforced composites for patch repair of aircrafts. Hence CNTs are a promis-
ing filler which can be added to adhesives for structural repair of aircrafts [164].

Miscellaneous examples of fillers in adhesives
CNT/SP1

Toughening of epoxy adhesives can be achieved by incorporating nanoparticles
which can also increase the stiffness of the adhesive. Carbon nanotubes (CNTSs) is
an example of nanofiller with high mechanical properties. But poor dispersion of
the CNTs significant improvement in properties is not observed. Grafting of large
molecules such as proteins on the nanotubes’ surface may prevent agglomeration
and result in a better dispersion of the filler in epoxy matrix. SP1 is a highly stable
protein which self assembles to form a ring shape dodecamer of size 11 nm. Using
genetic engineering, the SP1 can be tailored to fuse specific peptides of CNTs to
their N terminus. This results 12 CNT binding sites per SP1 ring. A stable CNT/SP1
complex is obtained. After addition of the filler followed by curing, single walled
CNTs (SWCNTs) get effectively dispersed in the SP1 [165].

High energy is required to break adhesive filled with CNT/SP1. Adhesive rein-
forced with only SP1 and no CNTs shows only slight improvement in adhesive
strength while adhesive with even less than 1 weight% of CNT/SP1 filler content
shows much improvement in shear strength, T-peel strength and tensile adhe-
sion strengths that is, overall adhesion strength. The adhesive hardness also shows
increment [165]. Peel strength of epoxy-based adhesive filled with MWCNT/SP1
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peptides on aluminium substrate is 48% more than that of pure unfilled epoxy adhe-
sives on aluminium [166]. The filler leads to higher glass transition temperature (7,)
of the adhesive with an increase of 2 °C in 7, value when CNT/SP1 loading is 0.7
weight%. Electrical conductivity of 0.35 weight% CNT/SP1 containing adhesive is
better than adhesive with 0.7 weight% of filler. This may be because the CNTs are
able to disperse more at lower concentrations [165].

Nano-sized SiO,

The water-borne polyurethane (WPU) adhesives are preferred over solvent-borne
PU adhesives to be applied on non-polar polyolefin films like polyethylene (PE)
laminated soft packaging of items like food and medicine. A hybrid emulsion of
fluorine acrylics with water-borne PU’s give fluorinated water-borne polyurethane
(FWPU) hybrid emulsion which has advantages over WPU of better wettability of
lower surface energy surfaces and greater surface properties of the polyurethanes
[167].

SiO, whose surface is modified using silane coupling agents such as 3-aminopro-
pyl triethoxysilane (APTES) is often added to FWPU adhesive. The alkoxy group of
silane reacts with silanol groups present on SiO, surface while its functional groups
interact with -NCO groups of polyurethane. This linkages between nano-SiO, and
PU chains result in increase of mechanical properties and heat and radiation resist-
ances [167].

Nano-SiO,/fluorinated waterborne polyurethane (SiO,/FWPU) nanocompos-
ite emulsions can be reinforced with 2,2,3.4.4.4-hexafluorobutyl methacrylate
(HFBMA) filler. The resulting nanocomposite can be cast on PTFE mould for
obtaining nanocomposite films. HFBMA leads to decreased surface tension and
better wetting of the nonpolar polyolefin films. Improvement in wettability between
adhesive and polyolefin film means adhesion strength of the adhesive increases with
increasing HFBMA filler content. Water swelling of SiO,/FWPU nanocomposite
films decreases significantly due to HFBMA inclusion, so water resistance improves
[167].

Application of polyurethane adhesives in footwear industry includes joining sty-
rene-butadiene-rubbers (SBR). For achieving better adhesion of PUs on the rubbers,
the rubber surface can be chlorinated [168].Fumed silica comprising of spherical
nanoparticles is a filler which is utilized in the PU adhesives though they are expen-
sive [169, 170]. The filler is hydrophilic considering presence of silanol groups on
particles’ surface. Another advantage of using fumed silica as filler here is that these
silanol groups and the urethane groups of PU can give hydrogen bonding [168, 169].

For one type of samples, the total solid content of the adhesive is kept constant
at about 18 weight%. So with increase in the amount of silica (viscosity of adhesive
rises), the PU content of adhesive is decreased (leading to decrease in viscosity). Net
effect is that the Brookfield viscosity at 25 °C is not affected significantly by chang-
ing amounts of silica and PU. The viscosity at 25 °C when measured after a month
is almost same as the initial values meaning that silica doesn’t change the thixotropy
of adhesive with time. For another sample type where the PU content is same for all
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adhesives, the viscosity becomes higher as filler is loaded in the adhesive. Also, the
Brookfield viscosity at 25 °C after a month shows an increment of about 1 Pa‘s. The
effect of silica on thixotropic properties of adhesive depends on extent of its disper-
sion in the adhesive [168].

The presence of silica in the adhesive results in smaller contact angle of polar as
well as nonpolar liquids with the adhesive films and thus better wettability by the
film giving better adhesion. Also, the resistance of PU in the adhesive to degradation
by the chlorine present in chlorinated rubber is enhanced due to silica filler [168].

Precipitated calcium carbonate

Some areas where thermoplastic polyurethane adhesives are used include footwear
and textile industry. Calcium carbonate is a commonly included filler in adhesives
with an aim to reduce costs, use less colour additives, get better initial adhesion and
ageing resistance. Nanoparticles of precipitated calcium carbonate (PCC) can be
added to thermoplastic polyurethane adhesives [170, 171]. At higher amount of filler
addition to the adhesive, there is formation of clusters of the filler nanoparticles, and
length of the filler clusters increases as more PCC is loaded in the adhesive. Consid-
ering that there is not much compatibility between PCC particles and PU, the filler
nanoparticles migrate to the surface of PU negatively affecting its wettability [169].

The solid content and viscosity of adhesive become higher when PCC filler is
present. Storage and loss modulus values increase as calcium carbonate content in
the adhesive increases. There is improvement in the immediate peel strength value
of the adhesive. The nanofiller causes glass transition temperatures to rise. This is
because, though interaction between PCC filler and polyurethane matrix is weak,
van der Waals interaction between the filler particles and polymer chains favours
separation of soft and hard segments. Apart from that, the nanoparticles interfere
in interaction between polyurethane chains leading to increased phase separation.
Hence the melting enthalpy and crystallinity of PU decrease by addition of filler
[169, 171]. The weak interactions between PCC and PU also mean that elastic mod-
ulus becomes only slightly better [171].

Conclusion

Adhesives are used to join substrates by the mechanism of adhesion and they can be
utilized in various fields. Several categories of adhesives have been discussed in this
study; namely wood adhesives, electrically conductive adhesives, thermally conduc-
tive adhesives, pressure sensitive adhesives, dental adhesives, adhesives in construc-
tion industry, adhesives in automotive and aircraft applications etc. Fillers, which are
solid and non-adhesive substances are additives for adhesives which serve several
purposes including lowering of adhesive cost; enhancing mechanical properties for
instance shear strength, tensile modulus and flexural strength; preventing over pen-
etration of adhesives in the substrates. The fillers can also be included for achieving
specific properties, such as conductivity in case of thermal or electrically conductive
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adhesive or to achieve remineralization of the decayed dentin substrate in dental
adhesives. Different types of fillers are covered in this work- metallic, ceramic, bio-
based, carbon-based, silicon-based to name a few. More than one type of filler can
also be added to the adhesive known as hybrid fillers. Modification of the fillers can
be done for better compatibility of the filler with polymer of the adhesive to obtain
their effective dispersion in the polymer matrix. Silanization of the fillers can pref-
erentially modify the filler particles. An important observation regarding the effect
of filler content in the adhesive on its properties is that in most cases, the properties
initially improve with increasing amount of filler. Then after attaining a maximum
value, with further addition of filler to the adhesive, the properties deteriorate. So,
the concentration of filler plays a major role in deciding the properties of adhesives.
Large number of fillers and adhesives exist and numerous combinations of the fillers
and adhesives can be done to obtain desired characteristics of the adhesives.
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