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PREFACE

Electronic interconnections have been dominatedifilead solders since decades
and they are widely used even today. However, asetivironmental awareness
increased the toxicity of lead has received unaleattention and its overall adverse
effect on human health is being closely monitofeden small quantities of Pb can
lead to damage of brain, nervous system, liverlashdeys when ingested. Disposal of
electronic waste especially printed circuit boacdstaining lead is a major concern
globally, because lead accumulation in water s@uciee to continued dumping of

this waste is severely affecting the biosphere.

Hence, world attention has been brought towarnsirdting or minimizing
the use of lead in electronic interconnections. idlagon and policies have been
proposed in Europe and United States to ban ot thmiuse of lead in solders. In July
2006, the use of several chemicals and agents esaiscted in the European Union
according to the RoHS (Restriction of hazardousstauizes) directive. Lead that is
commonly used in solders was among these substahtmesever, such efforts
haven't yet been effective due to lack of a suéaddternative for lead based solders.
Therefore, great efforts are being made to devédapd free and environmentally

sound interconnect bonding technology as an aliemto tin/lead solders.

The first alternative developed is leagkfrsolders, which are essentially low
melting temperature metals and metal alloys. Inada@® European Union,
commercial industry has already acceded to leasl-$@ders. However, there are
some marked limitations associated with this te@mg which have not allowed it to
flourish in the global market. The other alternatis electrically conductive adhesives

(ECA’s). ECAs provide an environment friendly sadut for interconnections in



electronic applications. Another major reason f@ interest in conductive adhesives
is the requirement of increasing miniaturizationd antegration, which leads to
smaller passive components and more complex IC oaems. Continuing
improvement in adhesive technology has enabled EfGA®place solder in many
electronic assembly applications. ECAs offer sdvgratential advantages over
conventional solder interconnection technologyudelg finer pitch printing, lower
temperature processing and more flexible and simiecessing. Also, ECAs have
greater flexibility, creep resistance and energyngiag as compared to lead free
solders, which can reduce the possibility of fakithat occur in lead-free solder
interconnections. Therefore, ECAs and among thepotrapically conductive
adhesives (ICA) are perceived as next generati@nconnect materials for electronic
packaging. However, compared to mature solderiognelogy, conducting adhesive
technology is still in its infancy and some limitats and drawbacks do exist. Main
limitations of current ICAs like limited impact lisgance, unstable contact resistance
and poor mechanical strength in various climatid anvironmental conditions are
major obstacles preventing ICAs from becoming aegaireplacement for solders in
electronic applications. A better understandingh& properties like impact failure
and loss of conductivity due to corrosion has battrnbuted to presence of metallic
fillers in ICAs. So, there is an immediate needrigplacement of these metallic fillers
with some more reliable filler materials. This nde to be addressed by identifying

or developing the proper materials suitable foriappon as fillers in ICAs.

This study identifies the already established matallic conductive materials
as probable fillers for developing ICAs which mag/ Used as prospective alternative
to tin/lead soldering. The main objective of thissertation is to incorporate organic

conjugated conducting polymers and carbon nanotalseSllers in an anhydride



cured epoxy matrix and study the composites so ddrifor their use as ICAs. The
optimization of filler concentration and its effemh overall properties forms the core
of this research work. Incorporation of a fillergsle inside the matrix decreases its
impact performance. Hence proper filler loadinggehto be used so that the resulting
impact performance of these materials is suitalleugh for them to bind the
electronic components to the substrates. Curreatigilable ICAs use metals
especially silver as filler. Presence of this nietadhase inside the matrix polymeric
phase leads to phase separation and hence adlag¢dilber-epoxy interface is weak.
This is responsible for poor impact properties adtanh filled ICAs. Moreover, the
filler loading in these ICAs is very high (up to%). Only a small portion of shear
strength of polymer matrix can be retained. Thigdgtalso attempts to address this
limitation by incorporating organic conducting paigrs inside the matrix. Since,
there is an improved compatibility between the ptases, better adhesion with filler
is expected. Although, CNTs show comparativelydesempatibility, yet their effect
on impact performance is substituted by their haggctrical conductivity because of
which very small filler loadings are needed foreefive conductivity establishment.
Also, metal filled ICA bound interconnections araseeptible to oxidation or
corrosion due to the presence of dissimilar megtatbe interface. It leads to decrease
in conductivity of the joints when exposed to mastvice conditions. By replacing
metals with highly stable conducting polymers amdT8, environmentally stable

conductive adhesives are formed.

The overall properties of the ICAs developed ardiract function of the
effective diffusion of filler particles within thematrix. If fillers are properly
distributed, conductivity is established smoothlyedto the formation of infinite

conductive channels. Also, it leads to uniform rilsttion of stress under impact.



PANI synthesized by conventional chemical polymaticn when used as filler and it
shows difficulty in mixing due to large particlenagnsions. But in case of PPy
synthesized by suspension polymerization, the garsize is uniform and small.
Hence, lower filler loadings produce good conduttiand the ICAs developed have
better impact properties. Similarly, when nanofdoocd PANI are used, conductivity
improves and impact strength is enhanced. Due tm gbmensional stability and
small size, CNTs when used as fillers impart gomadcictivity and improved impact
performance to ICAs. Hence, it is established thiensions and uniformity of filler

particles has an appreciable impact on the ovpeafbrmance of ICAs.



CHAPTER 1
INTRODUCTION

The research work presented in this thesis is mdodussed on the synthesis of
epoxy based composites. These composites were rpcefyy using conducting
polymers and carbon nanotubes as fillers in thexgpeatrix and explored for their
utility in electronics industry as conductive adkes To understand their better
suitability, we are presenting an introduction e tonducting polymers, epoxy and
composites in the following sections of this chaptéarst section gives a detailed

description of organic conducting polymers.

1.1 Conducting Polymers

Conducting Polymers (CP) represent a relatively ndass of materials with
promising properties. This special class of polysneiten referred to asSynthetic
metals possess the unique electronic, electrical, magr&toptical properties of a
metal along with known advantages of conventiomdymers like light weight, easy
processibility, resistance to corrosion and lowtcéds a result of these properties,
CPs have literally taken charge as conductors avithide range of applications, either
in their innate state or in combination with othmlymers as hybrid or composite

materials.
A brief history

Much like the history of other complex chemicalsgamic conducting polymers had
their origin many years before their true idenéifion was accomplished. Their
history represents a fascinating sequence of desgaand rediscovery crowned by the
2000 Nobel Prize in chemistry. It was the year 186Ben H. Letheby from the

college of London Hospital published the first remn the synthesis of a CP. He had
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found that oxidation of aniline in sulphuric acesulted in the formation of a product
named as Aniline black’ which was partially conductive. But the remarlabl
conducting nature of this product remained dornfantmore than a century as its
main use was restricted for dyeing and printingppses. Although, a slow progress
in analysis of chemical nature of CPs was going am,appreciable breakthrough
which established this field and rendered it a ificant importance came only after
the revolutionary discovery in 1975. It was disaeeethat poly (sulphur nitride) an
inorganic polymeric explosive exhibited interestelgctrical properties. This material
not only possessed good electrical conductivity &b showed superconducting
behaviour at very low temperature (0.3K). The pamadshift began soon after when
Shirakawa, MacDiarmid and Heeger in 1977 reported polyacetylene which is the
simplest polyconjugated system, can be renderedumtie by reaction with iodine
or bromine vapours [1]. They achieved a remarkableancement in conductivity of
polyacetylene by several orders, i.e.” Bcm' by simple doping with oxidizing
agents like 4, AsSs, NOPF (p-doping) or reducing agents (n-doping) suchcabusn
napthalide. Later spectroscopic studies establigedthis reaction is redox in nature
and consists of the transformation of neutral p@ynmto polycarbocations by the
simultaneous insertion of corresponding number of Br I anions between the
polymer chains in order to neutralize the positiverge developed on the polymer
chain as a result of doping reaction [2]. This disry triggered an extensive world-
wide research devoted to effective understandingthef chemistry, physics &
engineering of these conducting polymers in theutral (undoped) and charged
(doped) states. The structure and properties olmesviously known polymers were
reinterpreted and rediscovered. The structureswbus CP families along with their

conductivities are shown iRig. 1.1 Also, new members of the extensive family of



CPs were synthesized. Although, the early studie€Rs focused mainly on their
synthesis, characterization and transport progeréie well as on theoretical studies
related to their conducting properties, but sodretame evident that this new family
had a series of other very interesting propertiks,those related to semiconducting

nature or electrochemical behaviour.

Conducting Polymer Structure Conductivity (S/cm)
Polyacetylene . 1000
n
Polyparaphenylene {@3;1 100w~ 500
Polyparaphenylene vinylene J:\(j)q 3
n
Polyazulene 0L
n
e H"\
Polyamline —@—llu— 1% 100
Jn
Polyparaphenylene sulfide n \__f 5} 1% 100
. n
- =
Polypyrrole 7] :l: 40 100
. H J/n
e
Polythiophene T n 10 100
- ]
Polycarbazole 10 100
. H n
' NH,
Polydiaminonaphthalene | = 107
-
" NH,; n

Figure 1.1: Structures, and conductivities of someommon conducting polymers



Conduction mechanism

Since, CPs show enhanced electrical conductivitgdneral orders of magnitude on
doping, the mechanism of conduction in such polgmsrvery complex. The basic
conduction properties of CPs at room temperaturg @ependence of electrical
conductivity on temperature are explained in teaihthe band theory of solids. The
band gap of a polymer is a measure of its abibtyghow intrinsic conductivity and
hence band gap essentially determines, whetherman#h excitation can lead to
electrical conductivity. The fraction of electroescited across the band gap at any
temperature is roughly equal t&8"?%T (KT=0.025 eV at room temperature) [3].
Organic polymers are generally insulators becadme band gap is too large.
However, like semiconductors with impurities, whenganic polymers are partially
oxidized (p-doping) or reduced (n-doping) by mearischemical redox agents
(dopants), charge carrier density increases [1¢. ddirier is thermally excited from a
fermi level and shifted by impurities to a condaatior valence band. But for CP
with an aggregation of disordered molecules, thedbstructure is different and is
characterized by a mobility gap, which is defingdthee energy at a boundary where
electrons or holes are not moving rapidly. So,ddwiers in the mobility gap can only
move by hopping because of strong interference blecules. In a simple case, the
carrier moves to nearby molecule and hopping irseeat elevated temperatures. But
at lower temperatures, the carriers cannot hogdyeasd they jump to a far-distant

site. This is called variable range hopping [VRH].

Electronic conduction of CPs can occur by hoppimgnetallic conduction. The
temperature dependence of electrical conductivitypoly (acetylene) with small
dopant concentration complies with normal band themd is explained by hopping

and VRH. While, in poly (acetylene) with 0.1M AsFeonductivity decreases with



increase of absolute temperature, characteristimetllic conduction. This occurs
when charge density increases by doping and tha finea path of carriers becomes

larger than the mean lattice space due to expaoé$ithe localized state.
Electronic structure of CPs

It is convenient to discuss electronic structurgaoliy(acetylene) (PA) to understand
the electronic properties of CPs, because PA iglssh conjugated polymer and
secondly, the understanding of electrical properoé CPs was triggered by the
discovery of doping of PA. In its undoped form, PAssesses a semiconducting
behaviour. This is attributed to the so-called gaiaistortion, wherein C-C bonds
are unequal, i.e, they are alternatively shortetooger. This non-equivalence of
bonds has an important effect on electronic prageedf PA as it opens a gap between
the fully occupiedr band (valence band) and empty band (conduction band).

Thus, PA can be treated as intrinsically semi-cetidg with a band gap of 1.5 eV.

It has been assessed that for a polymer to supgectronic conduction mere
possession of charge carriers may not be enougholild have an overlapping set of
orbitals to provide reasonable carrier mobility rgjothe polymer chain. Also, a
polymer with a relatively small band gap, smallization potential, large electron

affinity and large band width, shall be relativalyetter conductor.

The concept of solitons, polarons and bipolarons bheen used to explain the
electronic phenomenon in CPs [4]. Any irregulanitythe alternation of bonds in
trans-poly (acetylene) chains results in the foromabf a radical which can freely
move amongst the polymer chains. It is called @naésoliton. A charged soliton can
also be produced by charge injection due to thendopr optical excitation. If the

electron is removed from the radical, positivelagded soliton is formed. While as a



negatively charged soliton gets formed if an etattis added to the radical. For these
aromatic and heterocyclic polymers two types ofnaical structures are depicted
namely, benzenoid and quinoid, but because theoglstructure requires a higher
energy level, benzenoid structure prevails. Howewen suitably doped the quinoid

structure is preferred with the formation of radlioa that is called polaron.

Also, when the dopant increases and two polaroedaamed on a polymer
chain, they combine to form a dication, called golaron as shown ifig. 1. 2 A
further increase in the dopant leads to the foinadif a bipolaron band which finally
overlaps with a valence band and a conduction barfdrm a degenerate band, at
which point metallic conduction appears becausectimeluction band is partly filled,
e.g., the authentic energy gap of poly (thiophe2€) to 2.2 eV becomes only 0.14 eV
at the nominal 100% doping. The concept of polaoa bipolarons explains how the
electric charge is injected by chemical or eledtesuical doping into the

electroconductive polymers [1, 5].

Figure 1.2. Polaron and bipolaron formation Concepbf doping
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CPs in their natural forms are essentially semioctidg and do not show
characteristic metallic conductivity. But after ttiscovery that polyacetylene can be
rendered highly conducting due to charge injectioto molecular chains, the
applications of CPs have enormously grown and tiistances that accomplish this
charge injection are dopants. This charge injeciio@Ps is referred to as doping.
Doping symbolizes a very unigue phenomenon assatiaith CPs which not only
defines the main characteristic underlying theecsgity but also provides CPs their
unique distinct identity. Dopants or doping agerds be electron acceptors causing
partial reduction (n-doping) or electron donorssiag partial oxidation (p-doping) of
polymer backbone. The process of doping involves tifansition of an organic
polymer either semi-conducting or insulator havimgnductivity in the range of 18

to 10° Scm® into a metal like material with conductivity oftb 10" Scm'. This
transition from an insulator or semi-conductor tetaflic state has a definite reason.
During n-doping, acceptor catches the electronatéxton any level of valence band
and as the doping progresses there is a partidlofalectrons at the upper portion of
a valence band. This contributes to electronic ootidn as the charge carrier, and it
distorts the distance between the carbon and caabmms of the main chain of the
polymer to form a positively charged polaron. Or tither hand during p-doping,
electrons get injected into the lower part of tbaeduction band from the donor. This
distorts the position of carbon atoms of the mdinirc of polymer and a negatively
charged polaron is formed which contributes to teteaoc conduction. As the doping
progresses, both positive and negative chargeagwanay be formed giving rise to
a bi-polaron. Further, progression of doping creaestate wherein these polaron

states overlap each other to form a new band hoats metallic property [6].
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Although, doping is accomplished by many methodse vapour phase
doping, liquid phase doping, electrochemical dopsgjf doping, photo-doping and
ion-exchange doping etc. Among these only two, ¢b@imand electrochemical
methods are mostly used. Chemical doping involtiesdirect exposure of polymers
to dopants either oxidants or reductants. Oxidabioneduction with proper electron
donors or acceptors occurs by charge transfer mexshaThis can be illustrated by

following chemical reactions [7].

p-type doping: £-polymer), + /2 ny (I)— [@-polymer)” (Is),]n

n-type doping: £-polymer), + [ Na' (CioHg) ly —> [(N&)y (n- polymer)], +

(CroHg)°

Chemical doping is an efficient and straight forevgsrocess, wherein complete
doping to achieve high charge concentrations yisddsonably high quality materials.
However, it is difficult to control the degree obming and attempts to obtain
intermediate doping levels often results in inhosm@@Epus materials. Conductivity of

several conducting polymers achieved by dopingesgnted imable 1.1

Table 1.1. Maximum conductivity and type of dopingof some important CPs

Conducting polymer Maximum conductivity (Scri') Type of doping
Polyacetylene (PA) 200-1000 n, p
Polyparaphenylene (PPP) 500 n, p
Polyparaphenylene sulphide (PPS3-300 p
Polyparavinylene (PPV) 1-1000 p

Polypyrrole (PPy) 40-200 p
Polythiophene (PTh) 10-100 p
Polyisothionapthene (PITN) 1-50 P
Polyaniline (PANI) 5 p
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Electrochemical doping on the other hand solvegptbelems of intermediate doping
effectively. In this process, electrodes supply tharges to polymer via electron
transfer reactions, whereby ions diffuse into (ot of) the polymer matrix from the
nearby electrolyte to compensate the electronicrgehantroduced. Doping is
conducted in an electrolytic cell by inserting alypeeric specimen as working
electrode and a counter electrode into an elet¢gohade by dissolving the dopant as
ions in a suitable solvent and applying a suital#age between the electrodes.
During doping by an acceptor, voltage is appliedhsd the polymer specimen has a
positive electric potential. While, during dopingadase of a donor, voltage is applied
so that it has a negative electric potential. Thesetive processes are reversible and
the polymer can be de-doped by applying a reveofage [6]. The voltage between
the polymer film and the counter electrode deteesinthe doping level.

Electrochemical doping can be illustrated by follegvreactions.
p-type doping:#-polymer), + ny [Li"(BFs)]son—> [@-polymer)” (BF),]n — nye
n-type doping: [§-polymer), + ny (Li (BF4)]lsom.+ nye — [(L)y(n-polymer)],

The biggest advantage of this process is centemethe property that conductivity
ranging between undoped (semiconducting or inswgatnd that of the polymer can
be obtained simply by adjusting the level of dopjidy Electrochemical doping of

polyaniline is shown iffrig. 1.3
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Figure 1.3. Doping of polyaniline

Synthesis of CPs

Like the enormous diversity of CPs, their modessgithesis too show a large
versatility. Their synthesis may involve typicalkechical procedures like condensation
and addition, oxidative coupling, co-ordination youokrization or electrochemical
methods etc. The foremost essentiality althougthas polymerization involves the
incorporation of extendedl electron conjugation. Polymerization must presdhee
basic bond constitution of monomers and the schefhgenjugation must be invoked
either instantly or in successive steps. Thus, mhbar of processes have evolved
which although different by nature show a charastier feature of transforming
simple monomers into conducting polymers. The epaatedure may include typical
general routes like condensation and addition pefyration, organo-metallic

coupling polymerization, oxidative coupling or somspecific routes like
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electrochemical polymerization, photochemical pdymation, metathesis
polymerization, precursor route polymerization,iddadtate polymerization, plasma
polymerization, ring opening polymerization and gamnir-Blodgett film deposition

etc. A general description of these proceduresbeabest explained by considering
the polymerization of individual representatives tgpes, thereof separately and

envisaging the strength of each procedure sepwgratel

Oxidative coupling is widely used to synthesizegégaramounts of polymers. This
process involves oxidation of monomers to catiatica and their coupling to form
di-cation and their successive repetitions gensratpolymer. Almost all CPs can be
synthesized by this method. It is the most commambed synthetic route for
polyphenylenes, wherein oxidation of substituted ansubstituted benzenes occurs
by treatment with a lewis acid catalyst/oxidanttegs Poly(p-phenylene) has been
synthesized by stirring benzene, anhydrous Aid anhydrous Cuglor 2 h at
temperatures ranging from 25 to 35°C [8]. It isidedd that reaction involves an
initial one-electron oxidation of benzene to itdical cation, followed by reaction of
radical cation with several benzene moleculesyte gn oligomeric radical cation [9].
A second one electron oxidation followed by losstwb protons aromatizes the
terminal rings, and oxidative rearomatization oé ttihydro structures by CuCl

yields the polymer [10].

Similarly, polythiophenes can be obtained by oxdatcoupling of thiophene
(Fig. 1.4 or 2,2' bithiophenes with arsenic pentafluoridesKs). Iron trichloride

(FeCk) has been used as oxidizing agent with chlorofasnsolvent under anhydrous
conditions for a very convenient method of polymation of thiophene or bis-
thiophene monomers [11]. The oxidative couplinglabphenes provides materials

with higher molecular weights.
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Figure 1.4. Proposed oxidative coupling mechanisno (polyphenylenes

Another important technique for synthesis of CR®Ives metallic or organometallic
mediation. The simplest and earliest approach &s fdrmation of polyacetylene.
Polyacetylene which represents the simplest polygated organic polymer was first
synthesized in hexane by Natta et al as a lineagh hmolecular weight,

polyconjugated polymer of high crystallinity andgudar structure in 1958, using
Al(Et)s/Ti(OPr), as the initiator system [12]. However, the appigarzal potential of

this polymer was exploited only after Shirakawa aodwvorkers in 1970’s developed
a simplified approach to synthesize film sampleshefpolymer, which on treatment
with oxidizing agents, such as halogens or Ashibited significant conductivity
[13-16]. This procedure continues to be of primgamance even today, although,
precursor route reported in 1980’s is gaining digant importance as well. This
method reported by Edwards and Feast [17] emplayedntirely different approach

to the synthesis of polyacetylene by preparing labde, relatively stable and well
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characterized precursor polymer which could be eard to polyacetylene where

and when required.

ey _M(EY,/Ti(ONBU), P U

Figure 1.5. Shirakawa’s route to polyacetylene syhesis

These approaches led to the formation of polymeh wifferent morphology and
relative order. Generally, polymer obtained by &kawa’s route Kig. 1.5 has a
fibrillar morphology with low bulk density and vable crystallinity whereas the
precursor polymer route gives continuous solid dilwhich can be essentially
amorphous, semi-crystalline or highly crystallinéghnan added advantage that they

can be oriented by stretching during or prior tovesion.

A number of CPs have been polymerized using difieceganometallic compounds.
Organomagnesium derivatives are most widely usembiythiophene synthesis. The
reaction of 2,5-dibromo thiophene with magnesiurd anbsequent polymerization
using a nickel catalyst was reported in 1980. ®ported yield was 40-60% [18,19].
An improved yield of up to 93% was obtained by gsh5-diiodothiophene and Ni
(dppp) C} as catalyst [20]. The preparation of polyphenydsen@g coupling by
Grignard’'s reagent has been reported enormouslygnénd coupling of di-
halobenzene in the presence of organometallicgaroc promoters has been used for

the synthesis of a range of para and meta sulestipdglyphenylenes [21-23].

One process that is becoming most preferred genetiod for synthesis of CPs is
electrochemical polymerization. It comes with anaadage of being simple and has a

good level of reproducibility. Added to it the pass can be used to form films of
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different sizes depending on the size of the edeletr This procedure evolved with the
preliminary attempts by Dall'olio and co-workers avprepared pyrrole black by
polymerization of pyrrole monomer in aqueous suthacid on a platinum electrode
[24]. The setup used for electrochemical polyméraessentially has a single or
dual compartment cell having a standard three reldet configuration in a typical
electrochemical bath consisting of a monomer ansuporting electrolyte both
dissolved in an appropriate solvent. The processbeacarried out galvanostatically,
i.e., at constant current, potentiostatically,,i.@ constant voltage and potential
scanning/cycling or sweeping methods in a threetmlde system consisting of a
working electrode, counter electrode and referexleetrode. The working electrode
acts as a substrate for electrodeposition of poigraad has inert electrodes like Pt,
Au, SnQ, Indium Tin Oxide coated glass substrates. A cauatectrode which is a
foil of Pt, Au and Ni is used sometimes. Electramgfion is performed against a
reference electrode like saturated calomel eleeti@&ICE), Ag/AgCI electrode etc
[25]. Generally, potentiostatic conditions are maoeended to obtain thin films while
galvanostatic conditions are recommended to olkeak films [26]. Electrochemical
synthesis can be used to prepare free standing demoas and self doped films.
Polyazulene, polythiophene, polyaniline, polycadd@zand many other polymers
have been synthesized electrochemically. Electroats®d synthesis of
polythiophenes has been widely used. Although, thechanism is not fully
understood, yet a general outlay proposed proceedsoupling of two radical
cations, formed by the oxidation of monomer. Aromwion of the bithiophene
intermediate is the driving force for the transfation of the dihydrodimer. The
dimer, having a lower oxidation potential than thenomer is readily oxidized and

undergoes further coupling. The polymer is depdsitéts oxidized conducting form
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onto the electrode, allowing the polymerization psoceed [10]. Similarly,
electrochemical synthesis of PANI occurs througimtation of aniline cation radical
CeHsNH," through the transfer of electron from 2s energigll®f nitrogen atom to

the electrode. These radicals may then combinerto polyaniline.

Using this novel technique, a variety of other diRs polypyrrole, polyphenylene
oxide etc. have been synthesized. The most sdkamtire of this technique is that
polymerization, doping and processing take placenukkaneously while in
conventional polymerization techniques polymer bBgsts, doping and processing

occur separately.
Applications of conducting polymers

The unique properties of CPs have led to a vaoégpplications of these materials,
such as in light emitting diodes (LED), electroahio materials, batteries,

anticorrosion coatings, chemical and biosensors etc

Ever since the first discovery of electroluminesmenEL) in semiconducting

conjugated polymers, interest has grown rapidly ammhy polymers have been
successfully used in LEDs. The polymer based LE@seapecially attractive for use
in display technology. The great interest in suablymer based devices is
understandable in terms of significant advantadest these systems have in
possessing better mechanical properties and gepmessibilities as compared to
conventional semiconductors. Another favourableseispf the polymer LED is that it

is possible to cover the spectral range from biuedar infrared, even within a single
family of conductive polymers such as polythiophefiee recent demonstrations of
voltage-controlled electroluminescence colours frmotymer blends in LEDs as well
as the possibility of obtaining polarised lightrtariented polymers in LED devices,
extend the possibilities of fabricating ‘exotic’ Ipmer devices. Theonducting film
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consisting of ordered PEDOT ultrathin layers wagestigated as a hole injection
layer for organic light-emitting diodes (OLEDSs). &hnesults reported showed that,
compared to conventional spin-coating PEDOT filnd atectrostatic self-assembly
(ESA) film, the improved performance of OLEDs wdstasned after using ordered
PEDOT LB film as hole injection layer. It is alseen that well-ordered structure of
hole injection layer was attributed to the improesof OLED performance, leading
to the increase of charged carrier mobility in hadilgection layer and the

recombination rate of electrons and holes in teetadluminescent layer [27].

Another important application of CPs gaining goodund these days is FET. A field
effect transistor (FET) is defined as a transigat operates by its ability to control,
by use of a varying electric field the electric reunt flowing into a semiconductor.
The electric field is varied by adjusting the et@ctvoltage imposed on a gate
electrode adjacent to the semiconductor. As a semdicctor material, p-doped poly
(thiophene) produced by electrolytic polymerizatioras first used for this purpose.
In the poly (thiophene) FET, the poly (thiophenemirane works as a channel layer
containing positive carriers and the source drairrents, § change from 100 to
1000-fold with the application of the gate voltagés. However, it is not suitable for
practical applications since its carrier mobilisyais small as about 1@nf/Vs, which

is five orders of magnitude smaller than that giractically used amorphous Si thin
film transistor, 100-16 cnf/Vs. In order to obtain a large value with a small ¥
value, it is absolutely necessary to develop asemiuctor material with large carrier
mobility. Research is now being undertaken to ldok better electroconductive
polymer materials with higher carrier mobility irrder to make the switching
frequency of a polymer transistor higher. Nano-cmtthg polymers are emerging as

suitable materials for such applications [28].
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The use of conducting polymers as active mateinalsboratory lithium cells is more
recent and begun precisely after the realizatiothefreversible electrochemistry of
these polymers. Their lightweight and mixed conohgctnature provided an
opportunity to improve upon cells based on oxided apened the possibility to
develop plastic batteries. However, conducting pelgs were not problem-free. Their
intrinsic capacity to store charge turned out tordatively low and some of their
characteristic properties could even represent rdibap in certain cases. For
instance, the insertion mechanism for p-doped cotimy polymers, the most
common and promising for this type of applicatisrradically different from that of
inorganic active materials. Conducting polymers diamed by oxidative
polymerization and their hole doping (p) takes plagth the incorporation of anions
to their structure. But reduction of these materdlring battery discharge takes place
with the simultaneous deintercalation of those aif29]. Flexible, aligned carbon
nanotubes/CP electrodes are now used in lithium batteries [30].Bilayered
nanofilm electrodes made of polypyrrole (PPy) amdy42, 5-dimercapto-1, 3, 4-
thiadiazole (poly-DMcT) were produced by electraoieal means onto a carbon-
fiber substrate, with the goal of preventing thssl@f the electroactive mass of the
disulfide and improving the electrode stability ithgr the charge/discharge cycling
process. The growth charge/mass ratio for theyduéd polymeric electrode was
optimized, leading to a high electrochemical perfance cathode with a stable

specific capacity of about 320 mA R@fter 100 cycles [31].

Supercapacitors represent a different (and compleang approach to the storage of
charge, based on interfacial processes, and atomifher power density but lower
energy density than batteries. Originally supercapes harnessed double-layer

charge storage on the interface between micropocatson materials and suitable
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electrolytes in a purely electrophysical capacitmechanism, but over time a new
type of devices known as electrochemical superdpacare leading the way
towards higher specific energy systems. These asedoon redox active materials
able to cycle repeatedly between two oxidationestaand therefore represent an
approximation between traditional supercapacito laatteries. Conducting organic
polymers have also been proposed and studied iae ataterials for electrochemical
supercapacitors. Polythiophene and polyparaflucgnplthiophene PFPT have been
chemically synthesized for use as active matenmlsupercapacitor electrodes [32].
Three types of electrically conducting polymers Hs{; i.e., polyaniline (PANI),
polypyrrole (PPy) and poly (3, 4-ethylenedioxythiepe) (PEDOT) have been tested
as supercapacitor electrode materials in the fofngomnposites with multiwalled
carbon nanotubes (CNTs). The energy storage in aughe of composite combines
an electrostatic attraction as well as quick fak@darocesses called pseudo-
capacitance [33]. Calcium carbide (Ga@erived carbon (CCDC)/polyaniline
composite materials were prepared by in situ chahoicidation polymerization of an
aniline solution containing well-dispersed CCDC. eThesults show that the
CCDC/PANI composite electrodes have higher spea#fpacitances than the as
grown CCDC electrodes and higher stability thandteducting polymers. Besides,
the capacitance retention of coin supercapacitoraimeed 80.1% after 1000 cycles
[34]. An electrosynthesis of hydrophilic polyangin nanofiber electrode for
electrochemical supercapacitor has been descridesl supercapacitive performance
of nanofibrous polyaniline film tested in 1 M,80, electrolyte showed highest
specific capacitance of 861 F'@t the voltage scan rate of 10 mV/s [35]. Comessit
of carbon nanotubes amtbnducting polymers have been prepared via chemical

synthesis, electrochemical deposition on preforcetbon nanotube electrodes, and
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by electrochemical co-deposition. The compositesmhine the large
pseudocapacitance of tlmnductingpolymers with the fast charging/discharging
double-layer capacitance and excellent mechanicalpgrties of the carbon
nanotubes. As a result they exhibit excellent etettemical charge storage properties
and fast charge/discharge switching, making theomming electrode materials for

high power supercapacitors [36].

All conducting polymers are potentially electroctmio, redox switching giving

rise to new optical absorption bands with simultare transport of electronic
charge and counter ions in the polymer matrix amdcsural changes along the
polymer backbone. Electrochromic behaviour in paysnsuch as polypyrrole,
polyaniline or polythiophene and their derivatiiess been studied deeply [37].
Polypyrrole has been extensively utilised as antedehromic material and can be
easily synthesised chemically or electrochemicallith a varying range of

optoelectronic properties available through alkypdaalkoxy substitution. Thin

films of neat polypyrrole are yellow in the undopegulating state and black in
the doped conductive state. Polyaniline films aexteochromic materials which

exhibit switching among yellow—green—dark blue dack colours, although the
better cyclability and stability has been obserbetiveen yellow and green. The
mechanism responsible for the colour changes irev@hotonation/deprotonation
and/or anion ingress/egress processes. Thin filmeat polythiophene are blue in
the doped (oxidised) state and red in the undopeh.f A great deal of research
has been focused on the synthesis of 3-alkylthioplaerivatives which exhibit a
lower oxidation potential than the parent polytthepe. However, the main
breakthrough in the development of electrochron@nducting polymers was the

synthesis of poly(3,4-ethylenedioxythiophene) (PHD@ue to superior stability
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and cyclability. PEDOT exhibits a dark-blue colotima in its neutral state and a
sky-blue colour in its doped state giving a highicgd contrast which has attracted
much attention in the field of electrochromism as active material for
electrochromic devices [38N-ethyl substituted poly(3,4-ethylenedioxypyrrola),
new electrochromic polymer, has been produced &madpectroelectrochemical
properties have been investigated. This materiabpldys multicolour
electrochromism, switching between green, violend agrey. Three different
electrochromic devices have been laminated and ueted using the
electrochromic polymer, an ion-conducting polymégcerolyte, and one of the
following counter electrodes: tungsten oxide, palliae, or poly-di-methyl-(3,4-
propylenedioxythiophene) [39]. Terepthalic acid-sthiophen-3-yl-ethyl) ester
(TATE) was achieved via esterification reaction thiophen-3-yl-ethanol and
terepthaloyl chloride. Electropolymerisation of TBTand its copolymer with
thiophene were prepared and studied for their elebtomic properties by Yelda

et al [40].

Corrosion is deterioration of essential properitiea material due to reactions with its
environment. Electrochemically-active polymer cog$i, such as those formed by
polyaniline, enable certain active-passive metas become more resistant to
oxidation, apparently by enhancing their nativespaty. Polyaniline applied in the

emeraldine state is reduced by substrate metaucoemeraldine state; reaction of
leucoemeraldine with air restores the polymer'srafdme oxidation state. Oxidation-

reduction chemistry between substrate metal anghpdine results in a nobler, better
passivated metal surface [41]. Numerous reporthave available that describe the
positive effect of conducting polymer coatings ba torrosion resistance of stainless

steel, mild steel and aluminium [42-48]. A recentdy of chaudhari et al offers an
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electrochemical polymerization recipe to synthessteongly adherent poly (o-
anisidine) coating on copper from aqueous mediapissible use in corrosion
protection application [49]. A ter-polymer film gfyrrole, o-anisidine ana-toluidine
has been electrochemically synthesized on low eagteel. This highly stable and
extremely thin (0.8@m) film can find application for various purpose$fexe the
stability of polypyrrole like films constitutes aadvback [50]. Kaushik et al reported
coatings of polythiophene on mild steel as cormosprotection materials [51].
Polyaniline coating doped with dodecylbenzesulfenahions was electrodeposited
galvanostatically on type 304 stainless steel aselipolar plates of proton-exchange
membrane fuel cell. The studies show polyanilinatiog increases the free corrosion
potential of the steel by more than 300 mV and #8Q respectively, with a
corrosion rate more than two orders of magnitueeelahan that of the uncoated steel
[52]. Application of polythiophene derivatives astiaorrosive additive in paints has

also been reported [53, 54].

In recent years there has been a surge of intdoestise of CPs for sensing
applications. CPs have a unique property of effidyetransferring charge produced
by biochemical reactions to electric circuits. lddaion to that they can be easily
deposited over defined areas of electrode. Thesnéabes have made them the most
interesting entrapment materials for biosensorgsrdlare numerous reports reviewing
their extensive use in biosensors [2, 55-62]. Troegess in this field has been sharp
and current focus is towards identifying new aredytenhancing sensing properties,
improving usability and decreasing costs. Nowaddysictionalized conducting
polymer nanomaterials have received great attention nanoscience and
nanotechnology because of their large surface E¢a63-66]. An ascorbic acid

sensor was fabricated via the drop-casting of dgdenzene sulphonic acid (DBSA)-
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doped polyaniline nanoparticles onto a screen-pdintarbon-paste electrode. The
sensor showed good selectivity and sensitivityhat it did not respond to a range of
common interferents such as dopamine, acetaminopinienacid and citric acid, but
was capable of the detection of ascorbic acid aemsitivity of 0.76:A mM™ or
10.75pA mM ™ cmi? across a range from 0.5 to 8 mM £ 0.996,n = 6), and a limit
of detection of 8.3M (S/N =3). The sensor was compared to a rangetlodér
conductingpolymer-based ascorbate sensors and found to bpatabie or superior
in terms of analytical performance [67]. A rapiddaefficient strategy to detect novel
heat shock protein 90 (Hsp90) inhibitors as anteea agents has been recently
developed with field-effect transistor (FET) senkased on carboxylated polypyrrole
nanotubes (CPNTs). The CPNTs were covalently imhzeli onto the
microelectrode substrate to maintain stable elsdtdontact between the CPNTs and
the microelectrodes in the liquid phase. SubsedyeHsp90 was attached to the
CPNTSs surface through condensation reactions betéeeterminal amino groups in
Hsp90 amino acid residues and the carboxyl groupshe CPNTs. The Hsp90-
conjugated CPNT FET sensor provided a conveniethtsansitive method to observe
the affinity between Hsp90 to Hsp90 inhibitors @alktime. This result suggests that
the FET sensor will open up the potential applaratior new anti-cancer drug

discovery (Hsp90 inhibitors) after a judicious omiation [68].

There are numerous other applications reportedthie in fuel cells [69, 70], heavy
metal removal from aqueous solutions [71, 72], @dical application [73, 74], film
industry [75], controlled dye release [76], conedl drug release [77], and more

importantly conductive adhesive etc.
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1.2. Conductive Adhesives

New interconnect materials are always necessawy @sult of evolving packaging
technologies and increasing performance and enwiental demands on electronic
systems. In particular, conductive adhesives haieeg popularity as a potential
replacement for solder interconnects. The intenestising conductive adhesives
instead of solder, comes partly from the fact thegrconnects can be formed at low
temperatures, and partly from the interest in elating lead from electronic

interconnections.

Electrically conductive adhesives (ECAs) are contpasaterials consisting of solid
conductive fillers dispersed in a non-conductiveriraThe polymer matrix provides
the mechanical adhesion while the conductive §llgsrovides for electrical
conduction by forming a network connecting to eather in the polymer matrix.
ECAs are gaining a lot of interest as potentialdesohg replacement materials.
Packaging of electronic circuits has been domindbgdlead based soldering
technology since decades and even nowadays, anfageity of integrated circuits
are mounted on circuit boards using Sn-Pb solderagchematic illustration of

bonding between the component and the substraeriaias given below ifrig. 1.6

Intercannect
Functional Component Material

Leadframe

Figure 1.6. Schematic illustration of side view obonding between the component and
the substrate via interconnect material
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However, as the environmental awareness increatbed toxicity of lead has
received universal attention and its overall adwvexect on human health is being
closely monitored. Even small quantities of lead emd to damage of brain, nervous
system, liver and kidneys when ingested [78]. Désppoof printed circuit boards
(PCB’s) containing lead leads to lead accumulatiowater sources and can affect

the biosphere.

Hence, the pressure to eliminate or minimize the w$ lead in electronic
interconnections is growing. Legislation and p@shave been proposed in Europe to
ban or limit the use of lead in solders, and thetddnStates is likely to follow the
trend [79, 80]. Therefore, great efforts have bewmade to develop lead free and
environmentally sound interconnect bonding techgplas an alternative to Sn/Pb
solders. The first alternative was the use of liead low melting temperature metals
and metal alloys for soldering. It was effective Some applications but some
limitations still exist in lead free solder techogy, including the relatively high cost
or limited availability of some candidate metaladahe requirement for relatively
high soldering temperature for some metals and Imatlys. Also, joint
embrittlement and fatigue are serious concerns wbenpared with Sn/Pb soldering.
Solder joints by lead free solders have been fdonokecome brittle after reflow and

temperature cycling induces fatigue cracks whiaksea solder joint failure [81, 82].

The other alternative is ECA. As compared to tred#@l Sn/Pb soldering, ECAs

possess certain distinct advantages as:

e They offer an environment friendly alternative tdders as these are lead-free
e Since no flux is used in ICAs, therefore the enwinent polluting

chlorofluorocarbon solvents used to clean the ftexeliminated
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e They involve low processing temperature as compaxedconventional
soldering which involves high temperature (>200°C)
e They have a low thermo-mechanical fatigue

e They can be used on a wide range of surfaces ¢imguceramics, glass and

other non-solderable surfaces).
e They can be utilized for finer pitch applicatiok®Iscreen printing of PCBs etc
¢ [CAs have the benefit for shorter and quicker agdgitimes, since it involves

fewer processing steps

e ICAs are essentially low cost as the volume of mi@tased is greatly reduced

A schematic representation showing comparison ingusoldering and ECA for
surface mount application is shown kg. 1.7, while the comparison between

characteristics of the two interconnect technoleggepresented ihable 1.2

SniPb ar ECAs

Printed circuit board (PCB)

Figure 1.7. A Schematic structure of surface mounterconnection.

Table 1.2. Comparative characteristics of Sn/Pb sidér and ECA.

Characteristics Sn/Pb solder ECA
Volume resistivity  cm) 0.000015 0.00035
Typical junction R (mW) 10-15 <25
Thermal conductivity (W/m K) 30 3.5

Shear strength (psi) 2200 2000
Finest pitch (mil) 12 <6-8
Minimum processing temperature (°C) 215 150-170
Environmental impact Negative Very minor
Thermal fatigue Yes Minimal
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In addition, compared to lead free solders, condecadhesive systems exhibit
greater flexibility, creep resistance and energynpiag, which can reduce the

possibility of failures that occur in lead freedsr interconnections [83].

Despite all these advantages, ECAs are believedtoxdte a complete drop-in
replacement for soldering, at least in the neanr&ut This being a relatively new
technology comes with some limitations and shoriogs Lower electrical
conductivity than solders, poor impact resistanaeg long term electrical and
mechanical stability are some critical concerns Haae limited wider applications of
electrically conductive adhesive technology. Nursrostudies are conducted
worldwide to have a better understanding of the hmesm underlying these

problems and to improve the performance of ECAsfectronic applications.
Types of electrically conductive adhesives

ECAs have been mainly divided into two groups deljpen on the direction of
conduction, i.e., anisotropic and isotropic ECAsnisdtropically conductive
adhesives (ACAs) have a property of allowing curtenflow uni-directionally, i.e.,
along one axis only. This property is achieved bing concentration of conductive
filler below isotropicity, i.e., the concentratiaf conductive particles is limited to
allow electricity to travel along z-axis only, amdt on the X-Y plane. ACAs are
currently available in two forms, i.e., single cament, heat curable liquids and
pastes, and heat curable thermosetting or therstptms. ACAs in the form of
film or paste are interposed between the subsstafaces to be connected with heat
and pressure simultaneously applied to this asseunhil the particles bridge the two
adherends. Once the electrical continuity is preduthe polymer binder is hardened
by thermal curing in case of thermosets or by capin case of thermoplastics [84].

ACAs can be used to provide structural strengtimavt an electrical connection on
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other areas of the device. In the global markegIl&0 % of all ACAs are currently
sold as films used for flat panel displays. Othppl@ations include flip-chip-on-
glass, smart cards and flip-chip-board, where swidecannot be applied because of

thermal sensitivity of the substrate [85].

Currently available ACA products offer a randontmmition of conductive particles,
i.e., the particles are not distributed in an org@eh manner and may come in contact
with one another or may be absent in areas whegedte required. This creates voids
or open circuits thus limiting their use in the tignd electronic applications. Also,
the need for application of heat and pressure samebusly while the matrix is

hardened restricts its use.

Isotropically conductive adhesives (ICAs) offer rairectional or all-directional
conductivity by incorporating higher filler conceations. At such high
concentrations the materials achieve percolatiorestiold and are electrically
conductive in all directions after the materiale aured. ICAs can be utilized on the
materials that require a ground path. ICAs candomd as heat or room temperature
curing, single or two component formulations. Epsxare the most prompt polymer
binders due to their ability of low temperatureiegrwhile silver is the most popular
filler used because of its moderate cost and highductivity. Some of the

applications of ICAs in electronic interconnectmne shown irkig. 1.8.
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Figure 1.8. Applications of ICAs in electronic inteconnections

ICAs are often calledpolymer solders [86]. These can be used as an electrical
interconnect on non-solderable substrates suchemsns, plastics, or to replace
solder on thermally sensitive components. ICAs Haaen proposed as an alternative
to Sn/Pb solders in surface mount technology (SMpplications [87-89]. Many
papers in literature have reported the ICA develamindiscussed the benefits and
drawbacks of ICAs, compared them to traditional PBn/solders [90-92] and
highlighted the main technological applicationsil©As. As an alternative to solder
technology, ICA technology has to overcome thetations it poses. In recent years,
there has been a lot of research going throughwtgtobe to produce ICAs with
desirable overall properties and to overcome tingdiions hindering their success as
complete replacement for tin/lead solders. The nfagus of these studies is on
reliability properties like resistance stabilitydaadhesion shear tests [93], humidity
effects [94] and other thermal properties [88, @sally with comparison to solder

properties and environmental friendly manufacturprgcess [96]. These efforts to
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modify designs and formulations have culminated I@As with improved electrical
conductivity, contact resistance stability and dreitnpact strength. Different aspects

of ICAs have been presented in depth in the follmngections.
Matrix and filler materials in ICAs
Matrix polymers

ICAs are essentially composites containing a potytiader that provides for the
mechanical strength and conductive fillers whicfelotonduction. Matrix polymers
can be either thermoplastics, which can be moulledoftened by application of
heat, or thermosets that cannot be melted or ngeshance cured. Thermoplastic
matrix based adhesives have the important advarttagjethey can be processed
rapidly and are easy to rework. No chemical reactakes place during application
process and heat applied is used to cause phgbiaage typically the transition from
solid state to flowable phase. These materials lgaoe reworkability and offer short
bonding process. Since these materials soften @ueniperature and tend to flow
during application of force, they have limited apalions. Thermosetting matrix
essentially undergoes chemical reaction and takedefmite time to process.
However, these materials resist deformation eveteuhigh temperature and have
much more mechanical strength as compared to thastics. Robust thermosets are
the preferred choice for matrix material worldwided show a lot of resistance to
heat, moisture, and mechanical stress. Many theetaaequire little or no solvent
which is preferred from an environmental point eéfw and also prevents formation

of solvent bubbles and voids during curing.

Thermosetting epoxy resins have been used as tiingac matrix since the early
1950’s and are by far the most common adhesiveesn&poxy based materials have

been widely used in engineering components beaafudeir outstanding mechanical
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and thermal properties as well as processabilite. Use of epoxies has been the state-
of-the-art for a long time. Epoxies have many bemdfproperties like low shrinkage,
good adhesion resistance to thermal and mechashoadks, low dielectric constant
[97-100]. They also have good resistance to mastswlvents and chemical attacks
[101]. Their desirable properties may further beriaved with suitable choice of
solvents, fillers, colorants, flame retardants, sptazers, curing agents and

accelerators [102].

D. Lu et al [103] described the development of hn@esductive adhesives for surface
mount applications. An epoxy based electrically drartive adhesive system was
developed that had improved compatibility with lead finished components, much
lower moisture absorption, faster cure, comparalk resistivity, comparable
adhesion strength, and higher glass transition ¢eatpre. Michael Lantzsch [104]
studied different epoxy adhesives with solderingperties and listed the advantages
of using epoxy tacky flux. Similarly, O. Figovskyt eal [105] reported the
development of novel one part fast-curing epoxyeadtes. The influence of various
amine hardeners on gelation time, heat resistandeshelf life at room temperature

was investigated.

Generally, ICA formulations include epoxy resinths polymeric matrix. S. Liong et

al recently reported a thermoplastic ICA matrixleglpolyarylene ether which has
low moisture absorption [106]. More recently, a nelass of conductive adhesives
which is based on epoxide-terminated polyurethad&€P{) has been developed
[107]. This class of conductive adhesives has tbegyties of polyurethane materials
such as high toughness and good adhesion. Yargetsgnted their study on a new
kind of flexible ICA material which is suitable f@rinting RFID tag antennas. It is a

polyurethane (PU) based ICA for printing RFID tademnas. Due to the well known
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excellent mechanical performance of the PU basspledsant, this PU based ICAs
exhibited much better flexibility [108]. Haiyung ket al [109] published a paper about
a liquid diepoxide re-workable epoxy resin for ICA8his material had good

mechanical properties, low moisture uptake, andva decomposition temperature
which allows the components to be detached witldaraging the board and its
surroundings. Similarly, a multifunctional epoxysie was used as matrix for

producing heat resistant ICAs [110].
Fillers

ICAs are currently available as metal filled compess The most important criteria
for selection of filler are conductivity and statyilwhile retaining the mechanical
properties of the matrix polymers. Some of the camiynused fillers in ICAs include
silver, nickel etc. A schematic representation@Aljoint showing conductive filler is

given inFig. 1.9below.

Component Polymer matrix

Conductive filler

Electrical conduction
W

Substrate

Figure 1.9. A schematic representation of ICA showg conductive filler

Silver is the most commonly used conductive filler isotropic conductive adhesives
because of its high electrical conductivity, chexh&tability, and lower cost compared to

gold. While most other metals used as fillers dkgper form non-conductive oxides, after
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exposure to heat and humidity, silver oxides atsavshigh conductivity. Also, silver can be
easily precipitated into a wide range of contrddlatizes and shapes [102]. The silver fillers
are typically fabricated into flakes and pre-tréatéth organic lubricants to ensure the proper
rheology of the ICAs [111]. The organic lubricanttbe surface of silver flakes can greatly
affect the performance of ICAs, including the dispg of the Ag flakes in the ICA [112],
rheology, and electrical conductivity of the ECALI]. A mixture of silver flakes and
particles with broad size distribution can offerpmaved conductance over narrow size
distribution [113]. Flakes can provide improved daoctivity by allowing the flake-like
particles to overlap one another. On the other,hithadvoids caused by the overlapping can
be filled with the small particles. Many such sgsecontaining silver as filler were
developed to improve the performances of silveetha®nductive adhesives. Use of highly
porous Ag powder as filler material has been reddry Kottaus, et #114]. It was observed
that the thermo-mechanical properties of the adbesiising porous Ag were improved
because of the infiltration of the resin into tlergs. However, such systems show poor
electric properties. A spherical silver powder wasd as conductive filler by L. Fan et al
[115]. Kim et al [116] developed a new low-temperatassembly process using a new class
of ICAs with fusible filler particles for flip-chinterconnection technology. The two different
types of conductive paths (necking type and bunge)tyin the ICA formulations,
corresponding to the resin materials, were formethé wetting and coalescence behaviors
of the fillers. The reduction capability of the &assin material was effective in achieving a
good metallurgical interconnection between theerélland metallization. Such a good
metallurgical interconnection exhibited lower resise. Similarly, an ICA filled with low-
melting point alloy fillers was developed by D. land C.P.Wong [117]. The results showed
that good metallurgical connections were formed/éeh the silver flakes inside the ICA and

between the ICA and the nickel substrate. Due eontitallurgical connections, the ICA
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showed low contact resistance on nickel as wallase contact resistance on nickel surfaces

during elevated temperature and humidity aging.

A novel flexible electrically conductive adhesiYEECA) has been designed for
electronic interconnect applications that requinghhflexibility on the flexible

substrates and connectors using silver flakedlas #\ high performance FECA with
tunable modulus, flowability, glass transition tesrgture, electrical conductivity and
adhesion strength was developed for the next-geoerarge scale flexible flat panel
displays and printed electronics applications. #Addally, high transparency and

flexibility ECAs have been achieved [110].

Unlike silver, nickel has a unique ability to resexidation and hence makes it
suitable to be used as stable conductive fillert iBumain disadvantage lies in the
fact that it is hard and cannot be easily fabridateto optimized geometries.
Generally, isotropic nickel adhesives show bothaigfiller resistance and contact
resistance than silver based ICAs [113]. In additio direct use of metals, metal-
plated conductive particles have been used mostlyamisotropic conductive
adhesives. Although, the original intent of usidgted particles was to reduce cost,
various types of plated particles have been spgcidésigned for specific
characteristics and end uses. Low-melting pointataehave also been used as the
coating material of the filler particles, which prde metallurgical bonds among the
conducting particles as well as to the substratitiams lead to the enhanced electrical
and mechanical properties of the joints [118]. $rant liquid phase sintering has
been used to establish metallurgical connectionte/den particles in ICAs [119].
Silver, nickel and gold plating on non-metals sashglass and plastic are among the

most common types of filler products [120].
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In addition to above mentioned conductive fillesther fillers such as gold and carbon
particles are also used in special applicationg @uhe high cost, gold filler is mainly
used for highly demanding military and space appbos [121]. Because of their poor
conductivity, carbon-based adhesives are only dsedow conductivity applications
such as keyboards or shielding [102]. Marshall [1B%ported use of copper as
conductive filler, but Cu has a limited success tludts tendency to form a non-
conductive oxide surface layer. ECAs using surfacelified copper fillers have recently
been developed. In particular, to overcome thelpnolassociated with the oxidation of
copper, copper nanoparticles were coated with @rgaoubstance from when
nanoparticles were made. The organic-coated copgeitested as a filler metal. A very
low resistivity was reported with such ICAs [128). order to overcome the problem
associated with the oxidation of copper, the sivas coated with copper filler, and the
silver-coated copper was tested as a filler m&al.a result, it was found that the
electrical resistance of ICA with silver-coated pepfiller was clearly lower and more
stable than that of ICA with copper filler afterring and after reliability tests. Also,
H.Takezawa et al [124] used non-noble metals likeNA& Zn as conductive filler. It
was found that the addition of Zn filler demongdhsignificant improvement in stability
of contact resistance. Researchers at Helsinkiddsity and IBM have developed solder
filler conductive adhesives. The basic idea wdsim metallurgical joint using adhesive
as a mechanical support and to some extent asiagflagent. The results show that good
metallurgical joint can be achieved when metallratof bonding surfaces are

compatible with solder filler [125].

An ICA based on conductive polyaniline filler wasvéloped recently. The ICA was
prepared using commercial DBSA doped polyanilindilees in an insulating matrix

of methacrylate/acrylate monomers involving UV agri Conductivity level of 1
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Scmi* was reached with PANI/DBSA content of 15-20 wt%heTBamples had a stable
resistance although, the tensile strength of theeside decreased. But such an
adhesive can find a lot of applications in OLEDgaese of its transparent nature
[126]. Similarly, development of low temperature opessing thermoplastic
intrinsically conductive polymer which can be usedfiller in ICA was reported by

Linda et al [127].

With the advent of nanotechnology, many researoligg have used the advantages
of this technology in ICAs [128]. Nano-sized mapalticles have been used in ICAs
to improve electrical conduction and mechanicaérgith [129]. With nano-sized
particles, agglomerates are formed due to surfacsidn effect. Kottaus et al [130]
reported an ICA filled with aggregates of nano-sfag particles as highly porous
conductive filler. The approach was to decreasente¢al loading to improve the
mechanical performance for specified electricalpprties. In another study two
classes of metal fillers were studied (i.e., nacales and micro-scaled particles) to
decrease the total metal loading while retainiregghod electrical conductivity using
a bimodal filler distribution [131]. The TEM imaged ICA filled with nano and
micro-scaled particles showing the bridging eff@e presented iRig. 1.1Q Moon et

al [132] studied the thermal behavior of silver oparticles with respect to the
sintering reaction. Surface changes of the pastidering sintering and crystal
structure variation have been discussed as wellno&el kind of isotropical
conductive adhesives was made by using silver (@gowires and nanosized silver

particles as conductive fillers. ICA filled Ag namies exhibited higher conductivity,
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Figure 1.10. TEM images of ICAs showing nano-parties bridging the gap between
micro-scaled particles

higher shear strength and low percolation threskalde than traditional ICA [133].
Different polymer pastes filled with nanoparticle@sre investigated by Telychkina et
al in their study, and the possibility of obtainingf the improved electrical
characteristics of materials using silver nanopkegi as conductive filler was shown
[134]. However, for nano isotropic conductive adhes, the dispersion of Ag
nanoparticles in epoxy compared to micron sizegesiflakes is much more difficult
because of higher viscosity induced by high surfa@a of nanoparticles. A recent
report for the nano ICAs demonstrated decent dsspeiof nanoparticles in polymers
and low resistivity via nanoparticle sintering byanoparticle surface
functionalization. In the study, both silver flakaad surface functionalized silver
nanoparticles were incorporated into a polymer matnd their electrical properties
were evaluated and an ultra low resistivity contecadhesive was achieved. The
morphology studies showed that the decreased ivésisesulted from the sintering
of silver nanoparticles among silver flakes. Thaesied particles are believed to fill
the gap between the flakes and enhance the intepfaperties. In a similar study, the
silver nanowires with a slenderness ratio of 50w&e successfully synthesized

through a polyol process and modified on the serfacaliphatic acids. The modified
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silver nanowires began to sinter at 200°C and becsimorter and thicker gradually,
and eventually formed large chunks at higher teatfpiee. The electrically conductive
adhesives filled with silver nanowires were forntath and characterized. The
sintering of nano-size silver in ICAs reduced thanber of contact points between
fillers and increased the conductivity of ICAs [13B a recent study, Mach et al
claimed that adhesives modified with nanoparticlesve lower sensitivity to
combined climatic ageing in comparison with adhesiwithout nanoparticles. The
reason is that the contact areas between nandpartice substantially smaller in
comparison with the contact areas between flakégrefore the contact pressure
between nanoparticles is higher than between flakesthe contact is more resistive
to external climatic load [136]. A 70 nm sized silvparticle filler has been used to
study the effect to electrical conductivity of IGfter surface treatment. Upon surface
treatment of silver with silane-based coupling agéme treated silver filled epoxy
system demonstrated incredible improvement in edadt properties. The current
conductivity (DC) for treated filler was 4 Scnt compared with untreated filler with
4.54 x 10° Scm® for 5 % w filler loading [137].ICAs with ultra-low electrical
resistivity & 5x10° Q.cm) were successfully created by using the contioimaof
micron sized silver flakes and nanoparticles wharediacidic surfactant was
employed. The morphology studies revealed that tlue/ resistivity was
accomplished by dramatic reduction of interfacetsvben conductive fillers due to
low temperature sintering of silver nanoparticles.addition, the thermal analysis
showed that the surfactant aided the sinteringga®by means of maintaining a clean

oxide free nanoparticle surfaces in the polymenrgs38].
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Conductivity in ICAs

The conductivity in ICAs is a result of conductibetween conductive filler particles.
Several studies have been undertaken to underg@ntlindamental procedure for
development of conductivity inside the insulatinglymer matrix. A general
understanding is that electronic conduction throtige two-phase metal-polymer
matrix takes place by percolation along chains ilkdrfparticles, but there is no
universal conclusion with regard to the conductioechanism between particles [90,
91, 139]. In case of ICAs, as the conductive filading is progressively increased,
the electrical conductivity does not significanilycrease until the filler loading
reaches a critical value. This point where thetated resistance decreases abruptly is
called percolation threshold P At this point, the filler particles have establed a
continuous conductive path. A schematic representatf evolution of conductivity
in ICAs with respect to filler concentration is givinFig. 1.11 Practically, ICAs are
made with filler loadings greater than percolattbreshold. Although, percolation
theory predicts that insulators containing about®2®r higher volume loadings of
dispersed metallic particles should be electricatiypductive, ICA pastes filled with
25-30 % of filler are not conductive unless sulgddio curing. Studies carried out by
D. Lu et al [140, 141] indicated that the estalsheimt of electrical conductivity
resulted primarily from more intimate contact byring shrinkage of the polymer
matrix during the processing of ICAs and there istrang correlation between the
polymerization shrinkage of epoxy curing and thectlcal conductivity finally

established with the material.
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Figure 1.11. A schematic representation of evolutio of conductivty in ICAs with
increase in filler content

ICAs and there is a strong correlation betweerptilgmerization shrinkage of epoxy
curing and the electrical conductivity finally dstiahed with the material. ICAs with
higher shrinkage showed lower resistance or beweductivity. Klosterman et al
[142] measured the resistivity of ICAs during carel related it to the cure kinetics of
the epoxy matrix. Based on the observation thatehlestivity decreased dramatically
around a specific temperature with ramp cure aret avnarrow time range (<10 s)
with isothermal cure, they suggested the condudevelopment was accompanied
by breakage and decomposition of the tarnish, ecgdin layers which cover the
silver flake surface, and by the enlargement ofdbwetact area between silver flakes
by thermal stress and shrinkage during the epoxg. dn thermoplastic ICA, drying
(solvent evaporation) is found to be the step incWwhhe conductive paths are
established [106]. Electrical conductivity of ICAs inferior to that of solders,

although, the conductivity is adequate for mostlieppons, yet it needs to be
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improved [143]. Conduction mechanism of ICAs, igarticle to particle conduction

and electron tunneling is shownhig. 1.12

(b)

Figure 1.12. Conduction mechanism in ICAs (a) Partile-to-particle (b) Electron
tunnelling

Although, the mechanism for producing high elealrimonductance in particle filled
adhesives has been the basis of numerous expeainagik theoretical investigations,
the specific details regarding conduction betwesar@st neighboring particles are not
fully understood [141, 144-147]. For this purposemadel of an ICA joint was
developed to consider the particle alignment arstridution as well as the voltage
and current distribution inside the adhesive. I8 thay, the influence of parameters
like filler content, particle arrangement, and mmdet size on the joint resistance
becomes evident. The influence of the particlertagon and the particle aspect ratio
on the probability of interconnection was discusssithg the developed simulation
[148]. Silver flakes with surfactant stearic acade widely used as the conductive
fillers in most ICA formulations [103]. This lay@f organic lubricants can affect the
viscosity of conductive adhesive paste and preegugflomeration of silver flakes.
Studies have showed that this layer is actuallyvarssalt formed between the silver
surface and the lubricant which typically is a ya#icid [111, 149]. To improve
conductivity, the organic layer needs to be pdytiat fully removed. Three short-

chain di-carboxylic acids, malonic acid, adipiccaand terepthalic acid were used as
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lubricant removers by Yi Li et al [150]. Such acidan partially remove or can
completely replace the C-18 stearic acid, thus ntpki easier for the electrons to
tunnel/transport between silver flakes. Malonicdaeand adipic acid, which have
single bond short chain in between the di-carbaxytoups, increase the conductivity
of conductive adhesives greatly. Terepthalic admhwever, deteriorates the
conductivity due to the rigid benzene functionabuw in the molecule. Thus,
significant improvement of electrical properties BAs was achieved without

adversely affecting the physical and mechanicgbgries of ICAs.

Joseph Miragliotta et al [151] investigated the réegof correlation between the
chemical nature of the silver interface, i.e., if#ee conductivity, and the
development of macroscopic conductivity in a métkdd adhesive sample. They
performed both electrical and optical spectroscoamalysis of a silver-filled
conductive adhesive, which simultaneously monitoted dynamics of sample
conductivity and silver surface chemistry respeatiwsing Surface enhanced Raman
scattering (SERS). The results showed a partiabrdposition of the carboxylate
species and the formation of an amorphous carbgar lat the silver surface. Since
amorphous carbon is highly conductive in comparigdona saturated organic
hydrocarbon, this result implies a significant gmse in the adlayer conductance

during thermal cure.

It has been observed that ICA paste has low coinlyctoefore curing while
conductivity increases dramatically after curingwias also observed that intimate
contact between conductive fillers caused by resire shrinkage is the main
mechanism for establishment of conductivity of ICA ICA with higher cure
shrinkage generally shows better conductivity [¥80]. D. Liu and C.P.Wong [141]

investigated the changes in properties, especiallye shrinkage of an ICA during
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cure and correlated them with establishment of gondty. An ICA was cured
isothermally by a temperature increase from 3080°2, and its heat flow, storage
modulus, dimensional change, and electrical comdticivere studied using a DSC,
rheometer, TMA and electrical multimeter respedyivd hey observed that during
non-isothermal heating, the curing and shrinkagearofiCA occurred over a small
range of temperature. Similarly, during an isoth@roure, the ICA cured and shrank
over a small time interval; in this interval, thencluctive particles were packed more
closely, thus decreasing resistance and estalgigha conductivity. ICAs achieved
high conductivity only when enough cure shrinkageusred and ICA with higher
cure shrinkage showed higher conductivity. Sevepalky based curing systems were
used as the matrices for the ICA’s by L. Fan efl4b] and the effect of curing
process upon the resultant bulk resistivity of IG#as studied. With silver particles
as the conductive phase, the experimental resodgdted a strong correlation
between bulk resistivity and curing temperaturecare kinetics, which could be
explained by the mechanism of competition betwé&erpacking of silver spheres and
the clearing of the insulating layer out of theemmarticle space. For epoxy based
ICAs, a small amount of a multifunctional epoxyinesan be added into an ICA
formulation to increase crosslink density, shrir&kand thus increase conductivity
[140]. Similarly, appreciable improvement in contiuty was observed in a
thermoplastic ICA when its glass transition tempee (Tg) was adjusted using a

plasticizer to maximum effectiveness of its drynd$2].
Reliability of ICAs

Ever since their inception into the world of electic interconnections, ICAs have
been studied extensively for their suitability arediability. The main concerns are

their poor electrical and mechanical stability ugogposure to environmental aging
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conditions as well as their poor impact propertieise main factors that affect the
reliability of ICAs include adhesive type, filleatio, size and shape, degree of curing

of the matrix and damping properties.

Deterioration of electrical conductivity and adlogsfailure in circuits connected by
ICAs has been studied extensively [93, 153-155]e Thechanical and electrical
performance of conductive adhesive joints is fotmdbe dependent on the metal
finish of the substrates. The influence of the congnt and board metallization on
the durability of ICAs was studied by Jagt et &][8n their research work, electrical
and mechanical behaviour of conductive adhesivesdiszussed for bonding R 1026
resistors with Sn/Pb or Ag/Pd terminations on lzangper, Sn/Pb or Au plated boards
before and after climate testing. They concludedt tvith the noble Ag/Pd
termination, the increase in electric resistancehef resistors in the climate was
significantly less, compared with Sn/Pb terminasiorThey believed that the
deterioration of contact resistance on Sn/Pb wastdwa significant extent to surface
oxidation and adhesion failure. Similarly, failuneechanism and reliability of ICA
joints on Sn37Pb, Cu, Au plated surfaces upon axgo$o the 85°C/85%RH
environment has been studied. It was observed ttlmtmechanical strength and
electrical performance were both reduced with iasireg aging time in the Sn37Pb
and Cu systems. They attributed these phenometigetormation of C¢O on the
copper metallization and the formation of PbO om 8m37Pb surface, as both,Ou
and Sn37Pb are both poor conductors and may forak weundary layers at the
interface. On the other hand, the gold metallizatgstem exhibited stable electrical
performance after the hot/wet humidity test. Thelnamical performance of the gold
metallization system after environmental aging, éesv, was not presented in their

study [154]. It was observed in many such studwes galvanic corrosion rather than
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simple oxidation at the interface between ICA amel non-noble metal was the main
mechanism for the shift in contact resistance. Adme-noble metal acts as an anode, is
reduced by losing electrons, and turns into metas i(M - né = M™). The noble
metal acts as cathode and its reaction generall{hi® + O, + 4€ = 40H. Then the
M™ combines with OHto form a metal hydroxide and then metal oxideteAf
corrosion, a layer of metal hydroxide or metal exisl formed at the interface. Since,
this layer is electrically insulating, the contaesistance increases dramatically. Many
efforts have been made to prevent or minimize @m@sistance shift by galvanic
corrosion. As the process needs wet conditionghaban electrolyte gets formed at
the interface which induces galvanic corrosion, $GRith low moisture absorption
are devised to minimize unstable contact resistgahdé, 155]. Also, it has been
found that impurities of the polymer binder leadhe formation of electrolyte, hence
high purity of polymer binder is ensured [156]. Amer method of preventing
galvanic corrosion is by introducing some orgarocrasion inhibitors into the ICA
formulations [157, 158], which acts as a barriem fbetween metal and environment
by adsorbing over the metal surface [159-162]. Dabhd C.P.Wong [163] developed
ICAs with stable contact resistance and studiedeffect of purity of the resins and
moisture absorption on contact resistance. Sevdiiérent additives (oxygen
scavengers and corrosion inhibitors) for contasistance stability under elevated
temperature and humidity ageing have been studlidety observed that ICA
formulated with resins of higher purity show motalbde contact resistance. Also,
conductive adhesives with low moisture absorptemdtto have more stable contact
resistance. Both oxygen scavengers and corroskuhitors can somewhat delay the
increase of contact resistance of ICAs on non-nafd¢als. However, the corrosion

inhibitors are more effective than the oxygen sogees in terms of stabilizing
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contact resistance. They also described the contactance behavior of a class of
conductive adhesives, which is based on anhydudedcepoxy systems. This class of
ICAs show low moisture absorption. Contact resis¢anf these conductive adhesives
decreased initially and then increased slowly asnietal oxide formation on metal
surface started. Further, one of the corrosiorbitdr showed its best effectiveness in
stabilizing contact resistance [164]. D. Durandldfl65] presented a concept of poly-
solder with good contact resistance stability vatandard surface mount devices on
both solder-coated and bare circuit boards in apd®nt. They incorporated some
electrically conductive particles that have shatges into the ICA formulations. The
particles called as ‘oxide penetrating filler’, dge be driven through oxide layer and
held against adhered materials. This is accomplidtyeemploying polymer binders
with high shrinkage on curing. Many studies haverbeeported to improve contact
resistance stability of ICAs like by using sacridicanode material, using low melting
point alloy fillers or developing transient liqumhase sintering conductive adhesives
[117, 124, 131]. In microelectronic applicationdyes migration between electrodes
has been a major concern. A novel approach to esdiler migration and enhance
the long term reliability of conductive adhesivesswdiscovered by using self-
assembled monolayer molecular wires. The approadmrees the long-term
reliability and durability of conductive adhesivasd enables it for high voltage
applications. In addition, the self-assembled mabecwires help the dispersion of
conductive fillers (in particular, nanosized, i.€100 nm conductive fillers in the
polymer matrix and enhance the electrical condiigtief conductive adhesives.
Formation of surface complex between the carboaydaiion and a surface silver ion
reduces the solubility and diffusitivity of the\a@kr metallization which reduces silver

migration of the components and therefore leadasfextive migration control in nano
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silver conductive adhesives [166]. A schematicipetof degradation of silver filled

ICA/Sn interface is shown iRig. 1.13
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Figure 1. 13. A schematic representation of degradian of silver filled ICA/Sn interface

Probably due to loading of filler into polymer matthe impact performance of ICAs
is one of the most important properties. The tesnibtained by Shuangyan Xu et al
[167] showed that the falling wedge test is ablaligzriminate between the impact
performance of adhesives and the technique is &apafbscreening conductive
adhesives for bonding purposes. ICAs availableently are not able to show great
impact performance, so efforts are going on to ligvéCAs with better impact
strength which will pass the standard drop testagy®ao et al [168] studied the
impact performance of different ICAs. They useditirElemental Analysis (FEA)
technique to conduct the modal analysis of the agek and to estimate their natural
vibration frequencies. Constrained layer dampingotit was used to explain the
results of drop tests. It was found that conductiddesive formulations that have
very high loss factor in the frequency range edahdy FEA passed the drop test

and showed high impact performance. This suggéstisthe loss factor of an ICA
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plays a very important role in determining the drtgst results and impact
performance. Different approaches have been empltwyenprove impact strength of
ICAs. S.Macathy [169] suggested decrease in flb@ading to improve the impact
strength. However, such an effort can lead to @seren electrical properties of an
ICA. Vona and Tong [170] reported the developmdnitGAs using resins with low
modulus so that this class of conductive adheswag be able to absorb the impact
energy developed during the drop. Similarly, comfak coating of surface mount
devices was used to improve mechanical strengtiiastdemonstrated that conformal
coating could improve the impact strength of conidecadhesive joints [171, 172].
M. Keil et al [173] reported a simple method of anting impact strength of ICAs.
They used micron-sized carbon fibers to produceemefficient distribution of
mechanical forces within the joint. A mechanicaahtest investigation demonstrates
that a significant internal strength improvemem ta achieved with the addition of
low weight percentages of carbon fibers into a cemumlly available conductive
adhesive. On a close examination of the drop tastival data, it is found that the
success rate correlates with the (imaginary) digsip modulus rather than with
adhesive strength [167, 174]. One way to designena$ with high dissipation
modulus is to select polymers with glass transittemperature (J) below the
operating range, i.e., below room temperature imega [175]. Recently, D.Lu and
C.P.Wong [107] reported the development of a nes<bf ICAs which is based on
epoxide-terminated polyurethane (ETPU). This cladsICAs incorporates the
properties of polyurethane materials such as haighness and good adhesion.
However, the modulus of such adhesive can be a&djust incorporating some epoxy
resins such as bisphenol-F type epoxy resins. Ti@&e showed a broad loss factor

(tand) peak with temperature and a high éavalue of a material is a good indication
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of the damping property and impact performancehefrnaterial. This class of ICAs
showed superior impact performance and substasiiddile contact resistance with

non-noble metal surfaces such as Sn/Pb, Sn and Cu.

ICAs may be subjected to various environmental ¢@m$ during their service
period. Moisture is commonly encountered in theviserenvironment, and must be
considered a critical factor in determining the dderm reliability of adhesively
bonded joints. Water can affect both mechanicakéaidm and electrical conduction in
ICAs. Water can degrade adhesive properties bgredbpression in glass transition
temperature, acting as plasticizer in the systengiveg rise to voids. This leads to
degradation of mechanical properties. Various &ffexd moisture on reliability of
ICAs have been extensively studied by various gsoamd many theories have been
suggested. There is a dramatic increase in elattesistance and decrease in shear
strength after ICA joints are exposed to moisturés]. After soaking the ICA joints
in deionized water for 24 hours, fatigue tests weggformed by Gomatam et al. It
was observed that the fatigue life is decreasetiiglter humidity conditions as
compared to normal test conditions [177]. Dudelalesubjected the ICA joints to
85°C/85%RH conditioning and found that bulk resis& of the joints increased
substantially. They used a simplified finite elememodel to calculate the contact
pressure between conductive fillers. They also dotlvat due to small dimensions of
the joint, moisture diffuses rapidly to the insidkthe adhesive joint. The moisture
swelling effects can then decrease the contactspresbetween conductive fillers.
Since, the contact pressure at the particle toicparinterfaces prevents chemical
degradation, the process of lowering contact presseems to make the adhesive
even more sensitive to chemical degradation [1T&ture of the surface of

component plays an important part in moisture Btgbof ICA joints. This is
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probably due to resistance to oxidation of différplating materials. Gaynes et al
measured the contact resistance of conductive aghegsints subjected to

85°C/85%RH conditioning and observed that a paliedalloy surface provided an
electrically superior joint compared to gold, tin oickel [179]. The mechanical

behavior of conductive adhesive joints exposedldégaged temperature and relative
humidity conditions has been investigated, andufailmechanisms of conductive
adhesive joints have been determined by Xu et &][1They studied silver filled

epoxy based adhesive systems in conjunction withtgat circuit board substrates
with metallization of Au/Ni/Cu and Cu. This studgvealed that both conductive
adhesives as well as substrate metallization pfgortant roles in the durability of
conductive adhesive joints. Moisture attack on d@déesive joint was divided into
three phases: displacement of adhesive from thetrsib, oxidation of metal surface

and weakening of metal oxides.
1.3. Epoxies

Since, conductive adhesives are comprised of palynagrix and fillers, therefore we
discuss about epoxies as matrix and its correspgndomposites in the following
sections of this thesis.Epoxy or epoxide resinsgaoeip of reactive compounds that

are characterized by the presence of the oxiramepgr

Epoxy adhesives comprise a liquid or a fusibledsodintaining epoxide groups, and a
curing agent containing functional groups with whtbe epoxide groups combine to

form a crosslinked polymer. This cross-linked mats of great strength and has
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excellent adhesion to a wide range of substratess. Makes them ideally suitable to
adhesive applications in which high strength undelverse conditions is a
prerequisite. This conversion of resin into hardusible three-dimensional network
in which the resin molecules are crosslinked togetty means of strong covalent
bonds is callecturing or hardening of the resin. When the reaction between resin
and hardener is capable of taking place at roonpéemture the two components are
mixed immediately before use, but if the mixtureaktively inactive under ordinary
storage conditions the components are mixed togethd marketed as “single
package” adhesive. In some cases, the adhesivensydthough “single component”
contains resin and hardener reacted to an inteateediut fusible stage. Such

adhesive systems are generally called “B-stage”.

The time taken from the initial mixing of the resind curing agent to the point when
the viscosity of the mixture has become so higtoaender the mix unusable is called
the “pot life” of the system. This time is theredothe practical working life of the
mix, during which the material must be appliedhe job concerned. The pot life can
vary from a few seconds to several weeks; sucheisMide range of possibilities with

epoxy resin formulations.

The curing that takes place when the resin andemardare brought into intimate
contact, for example by melting the solid under rappgate conditions, is an

irreversible reaction that results in a thermossin. The reaction does not involve
condensation polymerization and therefore no loweoar weight substance such
as water is split off. For this reason the shrirkaigat takes place during cure is
negligible. Their unique characteristics in additio negligible shrinkage during cure
include an open time equal to the usable life, Bxgechemical resistance, ability to

bond non-porous substrates and great versatilitthoAgh, they were hailed as
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wonder products when first introduced, it becamiglent later that they cannot do
everything. They have, however, clearly establisiméches, especially in high-

technology applications, and have shown a steaolytr

The development of epoxy resins has been direcwdrtls many different fields of
applications, one important application being adigebonding. Adhesives based on
epoxy resins are widely used for bonding metalscte and a whole range of non-
porous materials. Although, work on epoxy resirerted in the mid-1920’s, they
established their reputation as adhesives for Imgndietals in 1950’s by virtue of
their ease of application and the very high striesglf the bond that they form. Since
then, epoxy resin production and sales have stemtiteased, and in the last decade
the world market of epoxy resins has grown on arage by about 15 %. At least, 95
% of the epoxy resins sold is of the one basic tyge, the diglycidyl ethers of
diphenylolpropane (also known as bisphenol A) uguaferred as DGEBA resins.
One of the important reasons for their populatyhat bisphenol A is probably the
cheapest suitable aromatic dihydroxy compound albl Among them most widely
used epoxy resins are the family of products preduby the reaction between
epichlorohydrin and bisphenol A. The remaining Sofepoxy resins sold includes
the cycloaliphatics, glycidyl esters and aminegxgtised olefins and the specialized
glycidyl ether resins such as brominated types thiedepoxy novolacs. A general
trend of the end-user applications shows that saré@atings industry still dominates
the market as a major consumer of the resins. filactind electronics applications
also form a major user industry. Other uses indiaity remain a small proportion,

although they play a major role in overall earnipgsure of the resins.
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Significance of epoxy resins

Because of their strength, versatility, and exceéledhesion to a variety of surfaces,

epoxy resin adhesives have gained wide acceptapcéiverse users. They have

revolutionized joining and fastening technologynteoof the commercially available

epoxy resins along with their important propertes listed inTable 1.3 The wide

scale popularity of epoxies is a consequence getiraportant characteristics:

1.

Adhesion: Because of their epoxide, hydroxyl, amine and roff@ar groups,

the epoxies have high specific adhesion to meg#dss, and ceramics. They can
be formulated to give mixes of low viscosity withproved wetting, spreading,
and penetrating action. The variety of functionadbups also provides good
affinity between metals and plastics. For exampfggxies are in use for the

bonding of copper to phenolic laminate in printeduats.

Cohesion: When the resin is properly cured, the cohesivength within the
glue line is so great, and adhesion of the epoxgtiher materials so good, that
failure under stress often occurs in one of thesaeltds rather than in the epoxy
or at the interface. This happens with glass amdn@lum as well as with

weaker adherends such as concrete and wood.

Solids: Unlike the phenolics and some other resinous adégsthe epoxies
cure without releasing water or other condensaipiproducts. This makes it
possible to bond the epoxies at only contact pressor with no pressure at all.
Also, since there is no water to remove (as withbar lattices) and no volatile
solvents (as with nitrocellulose cements), the &s»are convenient for the

assembly-line bonding of impervious surfaces sichmatals and glass.
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Low shrinkage: The epoxies cure with only a fraction of the shaigé& of vinyl-

type adhesives such as polyesters and acrylicsecoently less strain is built
into the glue line, and the bond is stronger. Atbe, epoxies do not pull away
from glass fibers as polyesters. The shrinkagebesaneduced to a fraction of

1% by incorporation of silica, aluminum, and othearganic fillers.

Low creep: The cured epoxies, like other thermoset resinsntaia their shape
under prolonged stress better than thermoplastich ss polyvinyl acetate,

nitrocellulose, and polyvinyl butyral.

Resistance to moisture and solvents. Unlike proteins, starches, dextrins, gums,
and polyvinyl alcohol, the epoxies are insensitivemoisture. Their resistance
to solvents is also outstanding and accounts ferr ttapid advance in the

coatings field. They are effective barriers to head electric current.

Can be modified: The properties of epoxy adhesives can be change@)b
selection of base resin and curing agent, (b) mpyhe epoxy with another

resin, or (c) compounding with fillers.

Cured at ambient temperatures. Epoxy resin adhesives can be cured at room or
lower temperature by selection of proper curingnégelt has a particular
advantage and the application window of these selsas increased enormously

because of the possibility of low temperature ayrin

Temperature stability: Epoxies show great temperature stability and hénde
application in a wide range of service temperatuggoxies can be formulated
for use in cryogenic applications or for continu@esvice in high temperature

environments.
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Table 1.3 Some common epoxy resins with their propges

Resin Chemical type Epoxide equivalent weight Visaity (cP at 25°C) Supplier
Low viscosity
Araldite DY026 1:4butanediol diglycidyl ether 1108 10 CIBA GEIGY
DER 732 Propylene glycol diglycidyl ethe 305-335 5-80 Dow
DER 736 Propylene glycol diglycidyl ethe 175-205 0-&0 Dow
Epikote 812 Glycerol triglycidyl ether 140-160 1000 Shell
Epikote 871 Linoleic acid diglycidy! ether 390-470 400-900 Shell
Medium viscosity
Araldite GY260 DGEBA 185-196 12000-16000 CIBA GEIGY
DER 331 DGEBA 182-192 11000-14000 Dow
Epikote 880 DGEBA 185-192 10000-16000 Shell
Beckopox EP 140 DGEBA 180-192 9000-12000 Hoechst
High viscosity
Epikote 834 DGEBA 230-280 (Softens at 35-40°C Bhel
DER 337 DGEBA 230-250 Not given Dow
Beckpox EP151 DGEBA 400-500 20000-30000 Hoechst
Araldite EPN 1139 Epoxy novolac 170-180 50000 CIBEIGY
Epikote 154 Epoxy novolac 176-181 35000-7000 a€C52° Shell
DEN 438 Epoxy novolac 176-181 20000-50000 at 52°C owD
Monofunctional
Allyl Glycidyl Ether Allyl glycidyl ether 114 1 SHe
Dow BGE Butyl glycidyl ether 143 3 Dow
Cardura E Versatic acid glycidyl ether 240-250 7-8 Shell
Beckopox EP 080 2-Ethylhexyl glycidyl ether 190-205 2-3 Hoechst
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Despite such important advantages, epoxies have d@advantages as well,

1. Toxicity: Some epoxies and diluents are known to cause déen8bme amine
curing agents are toxic. Good housekeeping is #s¢ freventive measure. The

cured epoxies are not deleterious to health.

2. Low pot and shelf-life: Mostly, two component adhesive formulations muest b
mixed shortly before use. Some films and tape adéesnust be stored at low
temperature for extended life, partially offsettingpeir advantages of

convenience and reliability.

3. Moderate to high cost: Epoxies are expensive, if compared to their imntedia
competitors, but this hardly has any apprecialiiecebn the overall cost factor

of the assembled product.
Chemistry of epoxies

In the anhardened state the chemical structur@ epaxy resin (less well-known as

ethoxyline resin) is characterized by the epoxiderig.

0
R1W'g N /11 R4
R? R3
The epoxy, epoxide, oxirane, or ethoxyline groua teree membered ring consisting
of an oxygen atom attached to two connected caaboms. The term “epoxy resin”
usually refers to an intermediate molecule whichtams at least two reactive epoxy
groups. Such resins are categorized as “thermoggttsince they are capable of
“curing” to form crosslinked networks. The ringsnche opened by either acidic or
basic materials, functioning either as catalystshf’mopolymerization or as reactive

hardeners.
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The most widely used epoxy resins are the familypafducts produced by the
reaction between epichlorohydrin and bisphenol fed@ for the first synthesis of
bisphenol-A based epoxy resins is shared by Drrd*@astan of Switzerland and Dr.
S.0. Greenlee of the United States who accomplishieel feat in 1936.

Epichlorohydrin is capable of reacting with hydrbgyoups, with the elimination of

hydrochloric acid in the following manner.

/N T
CH—CH—CH,CI + Ho—Q'F’QOH
CH,
/N (I:HB
CHs— CH—CH2—0—©~F—©-OH + HCI
CH,

It reacts with additional epichlorhydrin to produee macromolecule of general

structure as given below:

CH OH
/N | |
CHy— CH—CH, o—@—T:—@—o—CHZ— CH—CH,
CH3

O_®~T;—©—o —CHz— CH CH

Commercially useful grades are relatively low malac weight products in which
ranges from 0 to about 4. Whans between 0 and 1, the product is liquid, and ii
the most useful product for adhesive applicati&ssn increases, the product moves

towards a brittle solid. Solid grades find applicatprincipally in paints. Regardless
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of molecular weight, the resulting resin has twogpgroups per molecule. Resins of
greater functionality can be produced from polydsing more than two hydroxyl
groups per molecule. Thus, phenol novolac resinsbeareacted with epichlorhydrin
to produce epoxy novolac resins. These products rhaye much greater
functionality, although stearic considerations firttie useful size of the molecule.
Because of their functionality, epoxy novolacs hayeater cross-link density,
generally yielding better temperature resistancetls® expense of increased
brittleness. They are thus seldom used on their, whmake useful modifiers of the

properties of DGEBA resins.

Other products that may be epoxidized in this wasiude dihydric and trihydric
phenols, aliphatic polyols such as glycerol, amdpé alcohols such as butanol or
allyl alcohol. These products, especially the manofional glycidal ethers, are used
at relatively low percentages to modify propertid<DGEBA resins, particularly to

achieve lower viscosities.

Epoxy groups may also be produced by oxidation lefirac unsaturation within
animal and vegetable oils. The resulting produatgehtoo low a functionality for use
as resin in their own right, but are added to DGHEBSIns to introduce a measure of

flexibility.

The resulting epoxy resin is capable of reactinthwarious products, or itself, to
form a solid, infusible product of considerableesgth. The fact that these reactions
generally occur without the production of low maltr weight by-products means
that shrinkage during cure is negligible. This ma#hki stresses in cured structure,
contributing to the strength of the cross linkedtnraand eliminating the need for

sophisticated clamping techniques.
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The two cross linking reactions are external, byctien of the oxirane group with
active hydrogen, and internal, by homopolymerizatibrough the oxirane oxygen.
The former is typical of cross-linking by hardenarsl the latter of catalyzed cross-
linking. Both hardners and catalysts are referr@das curing agents. The classic
epoxy curing mechanism is illustrated by the reactietween a primary amine and

an epoxy group:

/ON %
RNH, + CH~—CH—C~—n ——= RN
OH

The product can react with an additional epoxy grtm continue the cross-linking

process as given below:

OH

H |
CH,—CH—C—
/XN — RN<

CH;— CH— C
OH
The reaction is characteristic of hardeners havaagive hydrogens available,
including amines, amides, and mercaptans. The ioga catalyzed by hydroxyl
groups, especially phenolic hydroxyls and tertianyines. Because of the bulk of the
substituent groups involved, steric factors haweagor influence on the reaction rate.
Thus low-molecular weight hardeners tend to reaotemvigorously and produce
more cross-linked structures, while hardeners gl molecular weight tend to react
more sluggishly. Hardeners may thus be selectegréoluce highly exothermic

reactions. Similarly, DGEBA resins having both epaxoups at the ends of the

molecule will react more readily with hardenersnthaill epoxy novolacs or other
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types of epoxies in which one or more of the fum@i groups may be hindered by

the rest of the molecule.

Homopolymerization occurs readily in the preseniceatalysts, especially at elevated

temperatures.

o—
PN BF, |
" | cH-CH—<~—~| RN g O H,—CH—C——~~
3 |

Again this reaction is accelerated by hydroxyl growr tertiary amines. This is also
the predominant reaction with anhydrides. In fegactions with resin and hardener or
catalyst are very much more complex than theselizdel reactions, and both
reactions as well as a number of side reactionbgimy occur to varying extents in

any cross-linking mechanism.

Epoxy resins react with hardeners in stochiomefuiantities. Thus, knowledge of the
number of reactive sites is needed in order toudatle correct ratios. For the resin,
this is given by the epoxide equivalent weight (EEEWhich is the quantity of resin
required to yield one epoxy group. For a DGEBA typevhichn = 0, the molecular
weight is 340. Since, there are two epoxy groupsnpeecule, the EEW is thus 170.
Typically, the pure liquid DGEBA resins commercjalavailable for adhesive
applications have epoxide equivalent weight inrtdiege of 180 to 310, usually 190 to
210, while for paints or special applications, EEWdy reach 2000 or more. The

epoxy novolacs usually have EEW in the range oftd5260, usually around 180.

The viscosity of the DGEBA resin is dependent prilman molecular weight. Even
at low molecular weight, viscosity is typically excess of 6000 cP, while at EEW

190 viscosity is usually around 12000 cP. For appibns requiring low viscosity, it

63



is thus necessary to include other types of epaesinror to use reactive or

nonreactive diluents to achieve the desired vi$gosi
Curing agents

The simple conversion of the epoxy resins fromrthguid state to highly crosslinked
state is callecturing or hardening of the resin. The chemical substances that bring
about this change are calldthrdeners or curing agents. These substances are
responsible for imparting epoxy resins the unigdeeaive property and mechanical
strength. The overall property of the epoxy adhesiare an outcome of a careful
selection of various curing agents. Several clasgesuring agents each having

distinctive characteristics may be used.

1. Aliphatic primary amines. Common examples include diethylene triamine
(DETA), tetraethylene pentamine (TEPAj-aminoethyl piperazine, and
isophorone diamine. They give good cure at roonpgsature stochiometric
ratios but have poor heat deflection temperatunggnivenient mix ratios, high
peak exotherm, and are strongly irritant. Isopherdiamine produces very light

colored mixes with good color stability.

2.  Aromatic primary amines. These offer improved heat and chemical resistance
and longer pot life with reduced exotherm, but poalor stability and sluggish
cure. They are generally solids and require somautating to produce easily
handle able products. Reactions proceed best @htelk temperatures, where
their irritancy can be a problem. For room-tempamatcures, they should be
used with catalysts of which phenols, sBfomplexes, and anhydrides are the
best. m-phenylene diamine (MPDA) and methylene dianilibdD@) are the

best examples.
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Amine adducts: Both aliphatic and aromatic amines can be adduetddsmall
amounts of mono- or diglycidyl epoxies to produod@ree adducts of medium to
high viscosity that have decreased volatility am@lancy, more convenient mix

ratios, and often, better reactivity.

Tertiary amines. Although their primary use is as catalysts witheothardeners,
tris (dimethylaminomethyl) phenol (DMP 30) is affieetive curing agent on its

own, at both room and elevated temperatures.

Amides. Although amides on their own are too unreactivactien products of
polyamines with fatty acids to produce amidopolyaasi provide the largest
group of commercial hardeners for adhesive appdinat Reduced volatility and
irritancy and a convenient mix ratio offer the carapder ease of handling. The
mix ratio is relatively noncritical; increasing ki@ner levels yield increased
flexibility and adhesion but reduced heat deflettiemperature and chemical
resistance. Initially, amidoamines have poor coibgdéy and an induction
period is necessary to allow the reaction to sRut.lives are relatively long and
exotherms low, but low-temperature cure is poor.albnguantities of
imadazoline improve adhesion to metals. Dicyandienis a special example of
an amide that can be used on its own. Its low nggctyields a usable life in

excess of 6 months, but at elevated temperaturegats quickly.

Mercaptans. Most mercaptans on their own are unreactive, bt watalysts
produce flexible cures. Certain mercaptans in amtjan with DMP 30 provide
extremely rapid cure, with low exotherm, makingrnth&leally suited to retail

applications.

Acids and anhydrides. This group of curing agents provides the best
performance at high temperature. Boron trifluoris®noethylamine, oxalic
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acid, and maleic and pthalic anhydride are used dtactrical or high
temperature application, often with catalysts suashbenzyldimethyl amine

(BDMA) or DMP 30.
The properties and characteristics of various guaigents are presentedTiable 1.4.
Modifiers

The simple resin-curing agent combination alondaal provides a material with all
the properties required for use in a given appbcatand other materials must be
added so as to modify the properties of the cuesihror to make it cheaper. The
correct choice of the types and amounts of theeidifit components of an epoxy
formulation is a fairly precise, difficult and imgant task because of the final
properties and eventual performance of the systepermtl upon it. The various

classes of materials that can be added to the aesiicuring agent combination are:

1. Diluents: These are used primarily to reduce the viscosityhefepoxy resin
systems. Diluents can be reactive or non-reaclilie.reactive site in the former
may be an epoxide or other functional groups. Aldduiphr of butyl glycidyl
ether reduces the viscosity of the standard resim 10,000 cP down to 500-
700 cP at 25°C. Some of the commercial medium gisg¢2000 to 4000 cP)
epoxy resins contain dibutyl phthalate as nonreadliluents. Before using any
diluents, its compatibility with the total formuiah should be checked. Solvents
should be evaporated after the formulated adhesase been applied to the

substrate, but before the bonding surfaces aregghtdagether.

2.  Flexibilizers: Cured epoxy resins are usually hard but brittledsolf a tougher,
more flexible material is required, which is betadale to withstand mechanical

stresses or thermal shock, the epoxy system is flmddby addition of
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flexibilizers. They enter the reaction with epoxygp and increase the distance
between the crosslinks, thereby making the prodiecible. Besides using
amidoamine type curing agents, flexibility can bparted by incorporating into
formulation, polysulfides, or flexible epoxy resinBhe latter are derived from

aliphatic polyols or long chain acids.

Fire retardants. Technigues employed to improve the fire-retardaoperties
of the cured resins mostly involve the incorponmatimf bromine or chlorine
atoms into the system, usually by utilizing halcgfed epoxy resins or
chlorinated curing agents. Certain fillers and elits are also available in this

respect.

Polymeric modifiers: Various thermoplastic as well as thermosetting/pers
including elastomers have been used to modify tbpeaties of the cured epoxy
resin products. Combination of epoxies with nylphenolics, and nitrile rubber
is of major significance in case of film or tapénadives. Nylon-epoxy films are
blends containing 30 to 50% by weight of epoxieboydng with nylon results
in high tensile shear strength as well as peelngthe Epoxy-phenolics are
generally sold as tapes and are used in the ae@sgpplications requiring high
shear strength at high temperatures. Nitrile-epsystems are composed of
solid epoxy resin modified with carboxy-terminatduaitadiene-nitrile co-
polymer. The modification provides toughness arastedity to the cured bond
line. The film adhesives based on the nitrile-epoagnbination are widely used
in construction of commercial jet-liners. Thermaia polyurethane modified
epoxy systems have been developed and are showossess good peel
strength and flexibility. Such systems have beerdus electrically conductive

adhesives recently.
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Table 1.4. Properties and characteristics of variosi curing agents

S

—

Curing agent Usage Uncatalyzed cure (°C HDT (°C) pplications
Aliphatic primary amines
Diethylene triamine 10-12 Ambient 80-100 Short pot life
Tetraethylene pentamine 13-15 Ambient Ambientrgugystems
Diethylamine propylamine 5-8 40-80
n- Aminoethyl piperazine 22-25 Ambient
Aromatic primary amines
m — Phenylene diamine 12-15 60-100 150-180 Longer pot life
Methylene dianiline 25-28 60-100 General purpose epoxig
Tertiary amines
Benzyl dimenthylamine 6-10 60-100 80-100 Catalysts, especially wit
Tris (dimethyl aminomethyl) phenol 3-6 20-60 Polysulfide
Amides
Dicyandiamide 3-5 120-160 120 Later:aiitzlggisiggr one
Acids
Boron trifluoride monoethyamine 2-4 120-15- 175 Hesistant epoxies
Oxalic acid 5-10 120-160 60-120 Catalyst for anides
Anhydrides
Phthalic anhydride 60-80 120-140 120-150 Encapsulat
Maleic anhydride 50-80 80-120
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Cure accelerators. Certain simple substances can increase the rateaotion

between the epoxy resins and some curing agendswate variations in the
rate of cure can be achieved by the addition ofllsamounts of catalyst. For
example, phenol causes the rate of reaction betaeepoxy resin and simple

aliphatic amine to increase by several orders afmtade.

Fillers and reinforcements. These are often incorporated in epoxy adhesives to
obtain one or more of the following advantages: tmst, less shrinkage, lower
coefficient of thermal expansion, greater heat stasce, better thermal
conductivity, and electrical properties etc. F8lérave a variety of functions but
are chiefly used to make the system cheaper andoidify the physical and
mechanical properties. Addition levels may be 5@@0 phr. Although, most
filler will increase the density of the cured pratiucertain lightweight fillers
will decrease density. Viscosity increases depandusface area, oil absorption
and filler type. Chemical resistance may be impdoeemade worse, depending
on fillers selected. Highly alkaline fillers shoulse avoided, especially with
acid-cured systems, as they may retard settingle®ent of fillers during
storage depends primarily on the particle sizehefftller and its density, and
the viscosity of the formulated product. Fine paetifillers with relatively low
specific gravity in high-viscosity products willtde much less, especially if the
product is at all thixotropic. Where coarse filleraist be used, an approach
towards a fully filled void-less system where tlwwme of liquid is such as just
to fill the voids will solve the problem. Incorpadian of fine fillers, use of
pigment-dispersing aid, and where application pex;mise of thixotroping agent
will help to reduce or eliminate settlement. Depagdn addition levels, fillers

will generally increase the usable life and extéhd cure time of the mix.
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Tensile and compressive strength usually increasamally then decrease on
further additions. Most fillers have relativelytli effect on heat deflection
temperature. Chemical resistance will vary frontefilto filler. Shrinkage is

usually reduced.

Reinforcements are inert, fiborous materials whosme purpose is to increase the
strength of the system. Glass and metal fibreswadely used, the glass being in
fibrillar form or woven into a cloth or mat and theetal fibres being used as discrete
fibres or whiskers. Carbon fibres are also now b@ng important. The whole subject
of polymeric composite materials is based on thelipation of a resin matrix with a
fibrous reinforcement, and epoxy resins play anargnt role in this particular

technology.

It can be seen, therefore, that what is generafigrred to as an epoxy resin is more
properly a carefully formulated mixture of ingreolis. The correct formulation of
these ingredients is a skilled task and much okgpesin technology consists in the

successful development of formulations ‘tailor mgdea particular application.
1.4. Composites

Mixtures of materials can be homogenous or hetereges. In the case of polymers,
the homogenous mixtures are classified by plastthriologists as blends and
heterogeneous mixtures as composites [181]. The& msciple underlying the

development of the technology of composites is ttieg combination of two

dissimilar materials results in a product with prdes different from those of the
starting materials. For example, glass fibres havwéoung’s modulus of about 69
GN/nf, an ultimate tensile strength of about 1400 MNANd a linear stress/strain
relationship to failure with no yield. Unreinforceghoxy resins, in comparison, have

ultimate tensile strengths of 1.4-3.5 GN/and a non-linear stress/strain relationship.
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By combining the two materials into composite, avrmaaterial is formed, with an

ultimate tensile strength of about 420 MN/amd a Young’s modulus of 28 GN/m

The properties of a composite depend upon a nuafldactors such as:

1.

The nature of the separate constituents and thesadh between them. The
fibrous reinforcement carries the major part ofabglied stress in a composite,
whereas the resin matrix transmits the stress th didre. The adhesion
between the resin and fibre is therefore the aliggoint, and if the adhesion is

poor, rapid failure of the composite may occur whes stressed.

The relative amounts of resin and fillers presarthe composite. In general, an
increase in resin content leads to a decreaseremgsh, but an increase in
resistance to weathering and chemical attack. Aredese in resin content
imparts higher flexural and tensile strengths awding’s moduli. The electrical

properties of epoxy-glass composites are hardlgcedtl by the glass content
except for the permittivity, which increases wititrieasing fibre content. Fibre
contents depend upon the method used to fabricateamposite and in general,
filament wound and compression moulded pre-peg naddehave a fibre

volume fraction between 0.5 and 0.8, whereas hawydpl items have a lower

fibre fraction (about 0.4).

The orientation of the reinforcing material likbres. They can be oriented in a
unidirectional, bidirectional or random manner, atiek properties of the
composite will depend upon this orientation. Reioéal plastics do not show

the same properties in all directions, i.e. theyarisotropic.

Matrix materials for composites are not restrictedsynthetic organic polymers.

Successful composites have been fabricated fromgamic matrix materials such as

phosphate bonded oxides, ceramic-metal combinatioemets) and metals
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themselves. The main factors that usually needettaken into consideration when

choosing a matrix resin are:

a) The mechanical strength required from the compositieis strength also
depends upon the type of reinforcement and its\ger@ent within the matrix.
b) The specified performance of the composite in itgkmg environment. The
matrix must be able to maintain its properties ursggvice conditions.
c) The fabrication process to be used. The resindgt@utasy to use in the process.
d) The cost of the resulting composite in conjunciidth the use to which it will be put.
Five resins are currently used for the productidn composites i.e. epoxies,
polyesters, phenolics, silicones and polyimidest @itthese five, polyesters are the
most widely used, followed by phenolics. Epoxy mesprobably rank third in terms
of amounts used, followed by silicones and theryipoties. Polyesters are much
inferior in mechanical properties although they neer in cost than epoxy resins.
Silicones are expensive low-strength resins andlaosen only when their long-term
heat resistance and electrical properties are dedtleenolics offer good short-term
performance at high temperature and are low inepfilie more recently developed
polyimides are used almost exclusively for theiorshand long term thermal
resistance properties. Generally, epoxy matricesuged for continuous exposure to
temperature of 175°C, and polyimides for 175-310P@. short-term exposure, epoxy
resins are acceptable up to 230°C, whereas polgsnidin be used up to 370°C, but
imides are difficult to process as they requireightturing temperature and release

volatile compounds during cure.
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Epoxy resin composites have gained a lot of atterdue to their excellent properties.
Some of the properties that lead them to be seldotehigh performance applications

of composites are:

a) Easy handling and processability,

b) Low shrinkage and absence of volatile compoundsmguure,
c) Good adhesion to glass and other reinforcing naseri

d) High level of thermal resistance,

e) Excellent chemical and moisture resistance,

f)  Good thermal and electrical insulation properties.

Epoxy composites contain glass, carbon, boron dibme reinforcements. These
composites have a very high level of mechanicalperiies, fatigue resistance,
chemical and thermal resistance. The technologgladtics reinforced with glass-
fibre is well established, and such composites rmweide variety of applications.
They have been used in rocket motor cases for tihet®man, Polaris and Poseidon
missiles, and for many secondary structural compisnef aircraft such as radomes
and fairings. Epoxy-glass is superior to metalstnength/weight characteristics, but
offers no advantages in stiffness/weight. The obstsing an epoxy composite rather
than a more traditional material is of great impade, and must be set against the
likely benefits and disadvantages that will accrGemposites of epoxy resins with
carbon or boron fibres possess properties that@reommonly found in engineering
materials. They have high strength, low densitghhYoung’s modulus and good
elasticity, showing only 0.5 1 % elongation at break. Steel, in contrast, sha0

% elongation at failure. An important factor possesby composites is their ease of

fabrication into complex shapes.
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Epoxy resin based composites are used where tgerisr properties are needed and
the extra cost involved in using them is offsetly benefits obtained. The transport,
storage and processing of oil and oil products irequtanks and pipes that can
withstand the corrosive attack of these substafcasmilar requirement exists in the
chemical, food, gas and water industries, all ofclwthave a need for chemically
resistant tanks and pipes. Extensive use of eptassdilament wound pipe is now
made in the US and Europe not only for services sag water, natural gas and
petroleum, but also for gas gathering, brine liaed waste disposal. Epoxy-glass
composites are most sought after in electronicastrgl for their mechanical strength
and electrical resistance. Slot liners made ofdleesnposites are used in certain large
electrical generators. Because of their low weighny epoxy composite materials
are used in different components of space vehi@eseral US missiles had their
performance improved by substituting of an epoxmposite for a metal component.
Similarly, epoxy composites find many applicatioims aircraft like in propeller
spinners, anti-icing pads, wing spars etc. It hasnbestimated that if all gangways
and underseat panels in a Boeing 747 were repladttdcarbon fibre reinforced
epoxy panels (CFRP), an extra seven passengerd beutarried. Such composites
have also been used in manufacture of sports eguipiike skis, squash rackets,
racing oars, kayaks, canoes and cricket bat spatgsAn area where epoxy-carbon
fibore composites have great potential is in theriabion of small reciprocating
machine parts such as shuttles and other partseafing machines, the revolving

parts of centrifuge and parts of internal combumsagines.

Inevitably, epoxy resin composites have becomengportant part of construction
industry and engineering fields as replacemenirfany metals. This trend has been
accelerating with the improvement in fabricatiochigiques of such composites as

well as change in raw materials. Epoxy resin contgesre being used for all such
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applications and show a lot of prospect in beintizat for more specialized uses in

almost every sphere of high performance engineeqpmiications.

Epoxy resin composites with CPs and carbon nanstabdiller have been studied in
detail throughout this Ph.D programme and compiledhis thesis. Infact, it all
signifies a new area of research where these cdtapaae being exploited as an

alternative to Sn/Pb soldering technology.

1.5 Aim

The primary focus of our research work is to depdlBAs with improved properties
by replacing the metallic fillers with intrinsicgliconducting polymers and carbon
nanotubes. It is aimed that the limitations asgediavith metallic fillers mainly

limited impact resistance can significantly be sabsated by using non-metallic
fillers. The nature and dispersion of conductivers is of prime importance in
deciding the final properties associated with si€As. So, we have used different
conductive fillers with varied morphologies to impe the overall properties of these
conductive adhesives. Moreover, the significancehef work lies in the fact that

desired properties are achieved with relatively fdler loadings.

1.6 Plan of work

This work involved development of ICAs which aresestially epoxy based

composites and was accomplished through followiagss

a) Conductive fillers, i.e, polyaniline and polypyreolvere synthesized,

b) Composites of polyaniline, polypyrrole and CNTsevarepared with epoxy matrix,

c) These composites were cured and studied for thHearntal behaviour,
conductivity, impact properties and surface morpgg)

d) Technological utility of these conductive adhesiwes studied by drop test and

environmental aging studies.
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CHAPTER 2

ISOTROPICALLY CONDUCTIVE ADHESIVE WITH
POLYANILINE POWDER AS FILLER

In this chapter, we present a novel applicatiorcafiducting polymer, polyaniline
(PANI) as conductive filler for the developmentisdtropically conductive adhesives
(ICAs). ICAs are an environment and user friendieraative to traditional lead
bearing solders. Metallic fillers present in cutiemised ICAs have certain limitations
due to unstable contact resistance and poor impagerties. Therefore, we have
developed ICAs using protonic acid doped polyaailas the conducting filler in an
anhydride cured epoxy system (EP). Fundamentalrimbtdaracterization like DSC,
TGA and SEM of the ICAs was conducted to studyrtpeoperties. Conductivity of
these materials was measured by four probe methuolé wnpact properties were
studied by lap shear and drop tests. Samples we@ & 85°C/~100% RH for more
than 500 h and the effects of aging were studiedGctivity of ICA was 16 S cmi*
measured at 25% PANI filler concentration. Theseilte demonstrate the potential of
these polyaniline filled systems to function as ICFie research presented in this

chapter has been published in Journal of PolynMaiterials [1].
2.1 Polyaniline

Polyaniline (PANI) is one of the most intensivehyeéstigated polymers during the last
decade. Due to its ease of synthesis and processimgonmental stability, relatively
high conductivity and cost economics, polyaniliseprobably the most industrially
important conducting polymer today [2-3]. Polyaweliis a typical phenylene based
polymer having a chemically flexible -NH- grouptive polymer chain flanked by phenyl
ring on either side. Polyaniline represents a ctdssiacromolecules whose electrical

conductivity can be varied from an insulator tooaductor by the redox process. This
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polymer can achieve its highly conductive statbeeithrough the protonation of the
imine nitrogens or through the oxidation of amitteogens. For example, the conducting
state of PANI can be obtained in its 50% oxidizeteraldine state in aqueous protonic
acids like HCI and the resulting material is a petyemiconductor [4-6]. With the extent
of doping, polyaniline can have four different atidn states [7, 8] like leucomeraldine
base (LEB), emeraldine (EB), emeraldine salt (E#) @ernigraniline (PNB) as shown

schematically irfFig. 2.1

Leucoemeruldlne

Emeruldine< -ZHA I +ZHA

Pernigraniline

Figure 2.1. Various oxidation states of Polyaniline

Starting from the electrically insulating leucoeaildme, electrically conducting
emeraldine can be obtained by standard chemicaleotrochemical oxidation. But,
upon further oxidation a second redox process g¢aunich yields a new insulating
material, pernigraniline. In addition to this unakubehavior, a decrease of
conductivity by 10 orders of magnitude is obtaingdt by treatment of the
conducting emeraldine in neutral or alkaline me@&iatonation induces an insulator-
to-conductor transition, while the number of p-tabelectrons in the chain remains

constant. A lot of work has been devoted to undasthe mechanism of this unusual
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transition. Oxidative doping of the leucomeraldib@se or protonic acid doping of the
emeraldine base material produces the conductirgaddine salt whose conductivity
varies between 0.5 to 400 S trdepending on the means of preparation. Extensive
studies of ES material have shown that the metadliate is governed by
inhomogeneous disorder. In the conducting stateretlare regions that are three-
dimensionally ordered in which the conducting elees are three-dimensionally
delocalized and regions where the polymer is styordjsordered, in which
conduction electrons diffuse through one-dimendipodymer chains that are nearly
electrochemically isolated. One dimensional loedian in these nearly isolated

chains lead to decrease in conductivity with desgea temperature.
Chemical Synthesis

Polyaniline can be synthesized mainly by chemicaélectrochemical oxidation of
aniline under acidic conditions. The method of bgsis depends on the intended
application of the polymer. For bulk production oheal method, where as for thin

films and better patterns electrochemical methqaregerred.

The conventional method of emeraldine salt synshesithe bulk or chemical

polymerization of aniline monomer in agueous medigresence of a protonic acid
like HCI [3, 9-12]. An oxidant like ammonium perlghate or potassium dichromate
can be used to initiate the reaction [13-15]. Tdeal molar ratio of monomer to acid
to oxidizing agent is proved to be 1: 1: 1 [16,.1The aniline monomer in the

protonic acid medium is mixed with aqueous solutbdammonium per sulphate with
a continuous stirring for 4 h to obtain a greencpieate. The green precipitate so
obtained is then filtered and washed with distiNeaker so as to obtain oligomer free
emeraldine salt. The factors affecting the polyaaion process include the pH of

the solution, type of acids used, its concentratieffective size, solvation and
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electronegativity of the conjugate base assochmitdta given acid. Various attempts
have been made to synthesize PANI by chemical pariygation and to understand
the effect of different dopants and reaction cdadg. In one such study, PANI
powder prepared in HCI (2M) using (NHS;05, KlIO3 and KCr,O; as oxidizing
agents showed that the maximum conductivity andteactivity similar to that of
PANI prepared electrochemically indicating thatéypf oxidizing agent has little

effect on the conductivity and electroactivity [18]
Electrochemical polymerization

The electrochemical polymerization of aniline pad®s films exhibiting a well
defined morphology. This process has an advantBigeing very simple and has high
level of reproducibility. This morphology stronglepends on preparation conditions
such as the type of electrolyte, the electrodethadlectrochemical procedures used.
It is a radical combination reaction and can becigedy controlled. It results in the
formation of ordered films for specific end usefieTprocess can be accomplished
galvanostatically (constant current), potentiostdly (constant voltage) or by cyclic
voltammetry. Electrochemical polymerization is eaatrout usually in a conventional
three electrode electrochemical assembly contaipragonic acid solution as an
electrolyte and monomer. The first step in polymaion involves oxidation of
aniline and formation of radical cation. After thatdical formation, a coupling takes
place predominantly by 1,4 coupling of monomer si@hd ultimately polymer is
synthesised in the form of a film on working electe. PANI films have been
deposited enormously by this technique for vari@pplications. The specific
advantage of this method is that PANI coated aleletrsystem can be tailor made for

particular end use.
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Composites of PANI

PANI has assumed tremendous importance due taatge humber of applications.
However, the main limitation associated with molsthe CPs is that they cannot be
processed by conventional methods of processingieMer, PANI has been used due
to its ease of synthesis and relative stabilityt iButs doped state, PANI is not easily
soluble in most solvents and its thermal stabibtylso low. This limitation has been
focus of numerous studies and many attempts haee beade to overcome this
problem. Most important way out was by formationlénds and composites of
PANI with processible polymers. Composites of PANve found a number of
industrial applications like corrosion protectidiyi shielding, conductive adhesives
etc. Therefore, we focus on the preparation of ausite materials based on PANI for

conductive adhesives.

The processing methods adopted for preparationAdfl Bomposites are essential in
determining the properties of such composites. Knonethods of producing PANI
composites can broadly be divided into two types, synthesis based on aniline
polymerization in the presence of or inside a matalymer, and blending method to

mix a previously prepared polyaniline with a mapoiymer.

The main feature of these methods is the in-sipatsion of PANI particles inside
the matrix of other polymers by synthesizing PANgide the solution or dispersion
of the matrix polymer. Many variations to this geal@phenomenon are possible. One
method involves polymerization of aniline at loviemperatures using an appropriate
oxidant in presence of water soluble polymers iortanade reactive copolymers like
poly(2-vinylpyridine-co-p-aminostyrene), PVA, pdN{vinylpyrrolidone) etc. This
technique results in sterically stabilized colldidi#gspersions of PANI particles of

different size and morphology. These colloids carursther mixed with film-forming
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latex particles or with stable matrix polymer dispens to produce conducting
composites. Ruckenstein et al [21] reported a nietboproduce PANI/PMMA and
PANI/PS composites via oxidative aniline polymetiza carried out by adding an
aqueous solution of ammonium per sulfate and HGQbtadb to a concentrated
emulsion containing an aqueous solution of the ciomurfactant (sodium
dodecylsulfate) as the continuous phase and amiorgaenzene) solution of the host
polymer and aniline as the dispersed phase. Theegmonding composites were
obtained by co-precipitation of the host polymed a@ANI, with a percolation
threshold of~ 2 — 10 volume percent PANI. Similarly, Pan et 22][ reported a
composite of PANI with polyacrylonitrile. PANI wasynthesized by emulsion
polymerization using dodecyl benzene sulphonic dESA) as surfactant and
protonating agent. The composite flms were obthibg casting the mixed solution
of PANI-DBSA dissolved in chloroform and polyacryitrile in DMSO. Another
most widely approach involves doping of PANI witing alkyl chain organic acids
like camphor sulphonic acid (CSA), DBSA etc. Thdkboon-polar tail renders the
PANI in conducting form to be soluble in some oatinorganic solvents such as
cresol, chloroform, xylene etc. Therefore, suchetbBANI can be solution processed
with common insulating polymers in a proper solvehtany such composites
involving solution belnding of PANI doped by CSAdmatrix polymers like PMMA
[23], PA [24], and PANI doped by DBSA with PS [25PDM [26], PVC [27, 28],
Epoxy resin [29], Nylon 6,6 [30] have been report&ecently, Dai et al have
reported a polyacrylamide (PAM)/PANI composite logkel by interfacial
polymerization. Composites were prepared by swegllof PAM hydrogels in a
solution containing APS dissolved in 1M HCI The odlen hydrogels were
introduced in aniline solution in hexane and polyizagion occurred inside the PAM

network [31].
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The electrochemical polymerization of aniline onnatrix is another way of
preparation of PANI composites. Although this mekl® not practical in large scale
technologies, but it is very useful in small geomest like in biosensors,
microelectronics, batteries etc. This process basesadvantages like precise control
of PANI properties and possibility of avoiding byepucts etc. This method has

already been used to produce composites of PANI RMIMA, PU, PC etc.

A typical method to obtain PANI composites is prolgathe grafting of some
polymers to a PANI surface. Chen et al [32] demmtstl chemical modification of
EB via its UV-induced surface graft polymerizatignith methoxy—poly(ethylene
glycol) monomethacrylate macromonomer in agqueoudiand hese modified PANI
films doped with HCIQ were effective in reducing protein adsorption gutatelet
adhesion, and were claimed to have potential agtjlic as biomaterials and blood
compatible materials. Thermally initiated graft oymerization was also used in the
case of EB and acrylic acid [33]. This grafting hwt can be used effectively where

the adhesion properties are important.

In industrial context and for bulk production, dignding method is more useful and
economical. It involves direct mixing of PANI in maus geometrical forms inside a
procured matrix or matrix solutions. The composstebtained either by curing or
solvent evaporation. A patent by Laasko et al [84§s directed to a method of
producing electrically conductive thermosetting posites. According to their
invention, different thermosets, e.g., phenol-fodeayde resin, melamine
formaldehyde resin or polyester resin could be eod into electrically conductive
materials by using a conductive component polyaailirhe later was protonated by a
protonic acid containing at least one hydroxyl groBrotonated polyaniline with such

acids was able to act in the thermoset compositagronly as conductive component,
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but also as curing agent. Particularly, phenol#sonic acid protonated PANI was
easily dissolved in the resin, resulting in homagers and uniform thermosetting
compositions. Similar, thermosetting conductive posites have been prepared by
direct mixing of PANI protonated with different dsi Jia et al [35] studied the effect
of DBSA on dispersion of PANI inside epoxy matrikwas reported that excess of
DBSA results in lowering of percolation threshohlitlahence improved dispersion of
PANI in the composites. The effect of PANI-DBSA tre curing parameters of an
epoxy resin cured with an amine based hardenebé&as reported. It was observed
that in presence of more reactive aliphatic ami»&NI-DBSA also participated in
the curing process [36]. Effect of morphology of IH@©ped PANI on electrical
conductivity of PANI-epoxy composites was investi#gh It revealed that composites
containing PANI wires had the lowest percolationeiinold as compared to PANI
particles or fibres [37]. In an alternative apptoaoligomeric polyaniline in
emeraldine base form was blended with epoxy resih the composite was cured
with aliphatic amine to form interpenetrating netiwoA perfect network of PANI
salts in these composites was formed and the @ei@olthreshold was very low. The
interpenetrating network could be doped with pratoacids to give conductive
compositions [38]. An overview of such compositbsvgs that they exhibit a great
opportunity to be used for specific applicationdteAdy some have been used as
antistatic or EMI shielding coatings. Keeping irewi the above reported literature,
the present work deals with such composites andoeeg their application as
isotropically conductive adhesives. This work preésea major leap in the

development of novel ICAs with organic polymerdilifor electronic applications.
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2.2. Experimental

2.2.1. Materials used

The matrix polymer used was an epoxy named Epona8téh is based on diglycidyl
ether of bisphenol-F (DGEBF), manufactured by Hexapeciality chemicals, USA
and was purchased from Miller Stephenson chemioaipany, USA. The epoxy
equivalent weight of the Epon-862 is approximat#B0 g/equivalent. Anhydride
curing agent, hexahydropthalic anhydride (HHPA) ahe& catalyst, 2-ethyl-4-
methylimidazole (2E4MZ) were obtained from Sigmadwdh chemicals Pvt. Ltd.
Aniline and HCI were supplied by CDH chemicals mdiwhile ammonium
persulphate (APS) was purchased from Merck SpgemliPvt. Ltd. India. All
chemicals except aniline were used as receivedlindnimonomer was double

distilled before use.

Table 2.1. Specifications of material and chemicabllong with their sources.

Material Acronym Source
Hexion speciality
Epon 862 DGEBF chemicals, Inc. Houston
Texas, USA
Hexahydropthalic HHPA Sigma Aldrich chemicals
anhydride Pvt. Ltd. Bangalore, Indig
- Sigma Aldrich chemicals
2-ethyl-4-methylimidazole 2EAMZ Pt. Ltd. Bangalore, Indid
. Central Drug House, New
Aniline A.R ANI Delhi_ India
. . Central Drug House, New
Hydrochloric acid A.R HCI Delhi. India
: Merck specialities Pvt.
Ammonium persulfate, A.R APS Ltd. Mumbai, India
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2.2.2. Synthesis of polyaniline

Polyaniline was synthesized via a conventional ot aqueous medium using
protonic acid like HCI as dopant and oxidizing agsmch as ammonium persulfate,
(NH4)2$0s, as initiator [39]. An appropriate quantity of mgdhloric acid was added
in measured quantity of deionized water from Mdlip Synergy 185 assembly to
prepare 1 M HCI solution. Freshly distilled anilinm@nomer (0.2M) was added to this
solution and stirred to get aniline acid solutiomd &ept in an ice-bath to attain the
reaction temperature 0-4°C. In another beaker ae@sp solution of APS (0.2 M) in
deionized water was prepared and kept at freezmgpérature till it attains the
reaction temperature. This solution was added avisp to the aniline-HCI solution
under constant stirring. The mixture was stirred 465 h for the completion of
reaction. A dark green precipitate is obtained trknthe formation of PANI. The
precipitate was filtered under vacuum, washed tinginty with deionized water
several times to remove excess salts and thenrdugppate was dried in an oven to

make it moisture free. The dried mass was groutadfine powder.
2.2.3. Formulation of resin
The resins for the ICAs were formulated as perfaliewing procedure

a) Curing agent (HHPA) which is solid at room tempamatvas heated slightly to melt
it. An appropriate quantity of epoxy resin and leaet was added in a ratio of 1:0.85.

b) The mixture was stirred by a glass rod with heétnacessary, until a
homogenous mixture was formed.

c) After the mixture cooled down to room temperatuaecertain amount of
2E4AMZ, i.e., 0.1 parts per hundred parts of epaesinr was added and mixed
thoroughly. The mixture was left undisturbed fomsotime to remove air

bubbles before further use.
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2.2.4. Preparation of ICA

Different amounts of PANI powder were added to knoamounts of the precured
resin mixtures and mixed thoroughly using a glaskto obtain ICAs with 5, 10, 15,
20, and 25% PANI concentrations. The conductiverfétoncentration is described as

weight percent (wt %).
2.3. Characterization
2.3.1. Differential Scanning Calorimetry

Differential scanning calorimetry (DS@ a thermoanalytical technique in which the
difference in the amount of heat required to inseethe temperature of a sample and
reference are measured as a function of temperdBoté the sample and reference
are maintained at nearly the same temperatureghout the experiment. Generally,

the temperature program for a DSC analysis is dediguch that the sample holder
temperature increases linearly as a function oetiifhe reference sample should

have a well-defined heat capacity over the rangeraperatures to be scanned.

The main application of DSC is in studying phasasitions, such as melting, glass
transitions, or exothermic decompositions. Theaesitions involve energy changes

or heat capacity changes that can be detected Byth great sensitivity.

The technique was developed by E.S. Watson and@Neill in 1960, and introduced
commercially at the 1963 Pittsburgh Conference aalyical Chemistry and Applied
Spectroscopy [40]. The term DSC was coined to desahis instrument which

measures energy directly and allows precise measunts of heat capacity [41].

The basic principle underlying this technique iatfhwhen the sample undergoes a
physical transformation such as phase transitimase or less heat will need to flow

to it than the reference to maintain both at thmesaemperature. Whether less or
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more heat must flow to the sample depends on whétkeprocess is exothermic or
endothermic. For example, as a solid sample nmelssliquid it will require more heat
flowing to the sample to increase its temperaturéh@ same rate as the reference.
This is due to the absorption of heat by the samaplé& undergoes the endothermic
phase transition from solid to liquid. Likewise, th® sample undergoes exothermic
processes (such as crystallization) less heat auinel to raise the sample
temperature. By observing the difference in heatvfloetween the sample and
reference, differential scanning calorimeters dle 40 measure the amount of heat
absorbed or released during such transitions. D&¢ atso be used to observe more
subtle phase changes, such as glass transitiosswitlely used in industrial settings
as a quality control instrument due to its applittgtin evaluating sample purity and

for studying polymer curing.

The result of a DSC experiment is a curve of heat versus temperature or time.
There are two different conventions: exothermictieas in the sample shown with a
positive or negative peak, i.e., it depends ondifferent kind of technology used by
the instrumentation to make the experiment. Thisv&wan be used to calculate
enthalpies of transitions. This is done by integathe peak corresponding to a given
transition. It can be shown that the enthalpy ahsition can be expressed using the

following equation:

AH = KA
whereAH is the enthalpy of transitiok is the calorimetric constant, aAds the area
under the curve. The calorimetric constant willyw&om instrument to instrument,

and can be determined by analyzing a well-charaeidr sample with known

enthalpies of transition.
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Features of a DSC curve

Crystalisation

B

Glass tramsition

He atAow (i)

Melting

Ternperature (82

Figure 2.2. A schematic DSC curve demonstrating theppearance of common features

Differential scanning calorimetry can be used taasuge a number of characteristic
properties of a sample. Using this technique, ipassible to observe fusion and
crystallization events as well as glass transitemperaturesTf). DSC can also be
used to study oxidation, as well as other chenmeattions. Glass transitions may
occur as the temperature of an amorphous solitcieased. These transitions appear
as a step in the baseline of the recorded DSC Isigis is due to the sample
undergoing a change in heat capacity; no formalsphehange occurs. As the
temperature increases, an amorphous solid will inecless viscous. At some point,
the molecules may obtain enough freedom of motnspontaneously arrange
themselves into a crystalline form. This is knoventhe crystallization temperature
(Te). This transition from amorphous solid to crystedl solid is an exothermic
process, and results in a peak in the DSC signalth& temperature increases the
sample eventually reaches its melting temperaflixe The melting process results in
an endothermic peak in the DSC curve. The abiliby determine transition
temperatures and enthalpies makes DSC an invaluablein producing phase

diagrams for various chemical systems.
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Figure 2.3. A pictoral view of DSC instrument (Modé Q20)

DSC is used widely for examining polymers to chelk&ir composition. Melting
points and glass transition temperatures for mbshe polymers are available from
standard compilations, and the method can showospilple polymer degradation by
the lowering of the expected melting poift, for example.T,, depends on the
molecular weight of the polymer, so lower gradek mave lower melting points than
expected. The percentage crystallinity of a polycaar also be found using DSC. It
can be found from the crystallisation peak fromB&C thermogram since the heat of
fusion can be calculated from the area under amrptisn peak. Impurities in
polymers can be determined by examining thermogrioms&nomalous peaks, and

plasticisers can be detected at their charactetstling points.
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For the current study, curing profiles of the cosipsamples were studied by using
a differential scanning calorimeter (model Q20)nrd@ A Instruments, New Castle,
Delaware, USA. A pictoral view of DSC is shownhing. 2.3 The system utilizes
software universal analysis V4.5A for control amalgsis of results. Dynamic scans
were run on samples of about 10 mg, at a heatitg o& 5°C/min from room
temperature to 250°C. Freshly mixed samples wexeeplin an aluminium hermetic
DSC pan and heated under a nitrogen purge. Afeedtmamic scan, samples were
cooled to room temperature and scanned again asahe rate. Glass transition
temperature (J) of the samples was derived from the curve ofnslske heat flow Vs

temperature.
2.3.2. Thermogravimetric Analysis

Thermogravimetric analysis or (TGA) is a type osftieg that is performed on
samples to determine changes in weight with redpectange in temperature or time.
Such analysis relies on a high degree of precigiotihree measurements: weight,
temperature, and temperature change. As many wightcurves look similar, the
weight loss curve may require transformation bef@sults may be interpreted. A
derivative weight loss curve can be used to telghint at which weight loss is most
apparent. Again, interpretation is limited withodtirther modifications and

deconvolution of the overlapping peaks may be requi

TGA is commonly employed in research and testingldtermine characteristics of
materials such as polymers, to determine degratégimperatures, absorbed moisture
content of materials, the level of inorganic andamic components in materials,
decomposition points of explosives, and solventdtes. It is also often used to

estimate the corrosion kinetics in high temperatuidation.
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Figure 2.4. A pictoral view of TGA (Model Q50)

Simultaneous TGA-DTA/DSC measures both heat flodaaight changes (TGA) in
a material as a function of temperature or time aincontrolled atmosphere.
Simultaneous measurement of these two material eptiep not only improves
productivity but also simplifies interpretation tifie results. The complementary
information obtained allows differentiation betweendothermic and exothermic
events which have no associated weight loss (melting and crystallization) and

those which involve a weight loss (e.g., degradtio

The analyzer usually consists of a high-precisiatamce with a pan (generally
platinum) loaded with the sample. The pan is plaiced small electrically heated
oven with a thermocouple to accurately measuretéhgperature. The atmosphere
may be purged with an inert gas to prevent oxisatio other undesired reactions. A

computer is used to control the instrument.
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Analysis is carried out by raising the temperatgradually and plotting weight
against temperature. The temperature in many gestethods routinely reaches
1000°C or more, but the oven is so greatly insdldt@t an operator would not be
aware of any change in temperature even if standwggtly in front of the device.
After the data is obtained, curve smoothing an@motiperations may be done to find

the exact points of inflection.

A method known as hi-res TGA is often employed lbtao greater accuracy in areas
where the derivative curve shows peaks. In thiowgttemperature increase slows as
weight loss increases. This is done so that thetebeamperature at which a peak
occurs can be more accurately identified. Seveamlam TGA devices can vent burn

off to a fourier-transform infrared spectrophotoengb analyze composition.

For the current work, TGA thermograms of the conitessvere recorded using TGA
instrument (model Q50) of TA instruments, New aastDelaware, USA, under
nitrogen environment up to 600°C at a heating cdt®0°C/min. A pictoral view of
TGA is given inFig. 2.4 The instrument uses software universal analydibSA for

control and result analysis.
2.3.3. Conductivity measurement

Conductivity was measured by four point probe tepimon cured films of the ICAs.

The four point probe is a simple apparatus for mmeag the resistivity of

semiconductor samples. It is a well known toolgerforming reliable measurements
of electronic transport properties in semicondugt@onventional four point probes
are millimetre sized devices with spring loadedctetedes of tungsten carbide or
similar hard materials. The four metal tips aret phran auto-mechanical stage which
travels up and down during measurements. The memsumts are performed by four

separate electrical connections to a sample, amthglran electrical current through
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two of these connections while monitoring the cgpanding electrical potential at
the two other connections. The four electrodesadgmed in a row (as shown kig.
2.5, and a current (1) is driven through the outexctbdes, while the voltage drop
across the inner electrodes V is measured usinglestrometer. Since, the input
impedence of the electrometer is very high, theremir running through the
electrometer electrodes is negligible comparedh durrent running through the
sample (originating from the outer current soureeteodes). As a consequence, the
measured four point resistance V/I does not corgainsignificant contribution from
the contact resistance between the four electraddsthe sample. The four point
method is often used for resistivity measurememtssemiconductors, where the

contact resistance can be considerable.

current source and measurement

)

Figure 2.5. Four point probe alignment
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Using the voltage and current readings from theb@yrothe resistivity can be

calculated using the equation

_ E[EJ
P =\ 7

From these resistivity values, conductivity is cddted for the area parameters.

The procedure for laying films of the ICAs on a stnéte is described as below. Two
parallel strips of tape 5 mm apart were placed glthe length of a clean standard

glass slide. A small amount of test ICA was plagedhe space between the tape

strips Fig. 2.6).

adhesive tapes

conductive
adhesive

glass slide

Figure 2.6. Scheme for laying composite films foranductivity measurement

Using a square glass cover slip held at 45° angéieadhesive was squeezed into the
space. The cover slip rides on the tape and prevadeniform film of the adhesive of
about 3 p thickness. The tape was removed and l#ss glides were placed in a
150°C pre-heated oven for 1 h. After cure, the daswere dipped in acetone for 2-3
h till solvent swelling occurs and peeled off thiasg slide as thin films using a
doctor’s blade. The films were dried in oven angtkér one day before the

conductivity test.

Conductivity was measured by means of the standdide four probe method using

semiconductor characterization system of Keithiestruments Inc. Cleveland, Ohio,
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USA (Model 4200).Fig. 2.7 shows a pictoral view of Keithley 4200 resistivity
measurement assembly. Both surfaces of the film® weratched using flint paper

before measurements to ensure proper contact. Arage of 12 measurements was

taken for each sample.

Figure 2.7 Keithley 4200 resistivity measurement agmbly

2.3.4. Lap shear test

Lap shear determines the shear strength of adkefivebonding materials. The test
method is primarily comparative. The test is apglle for determining adhesive
strengths, surface preparation parameters, andsigdhenvironmental durability. Lap
shear test was performed as per ASTM D3163 spaiiifits. Two specimens with
polyimide material on one side and copper surfacthe other and dimensions 1 "ade

bonded together with adhesive so that the overtgia 1 x 1 as shown irfrig. 2.8

Substrate
e —— " .
I Adhesive :

Substrate

Figure 2.8. Lap shear overlap assembly
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The overlap area was etched by flint paper pridooiading with the adhesive to be tested.
The adhesive was applied between etched panetdaanded in place. The thickness was
maintained using end strands of a lead wire of éian0.1 mm. After curing, the cooled
specimens were pulled apart by an Electronic UsaleFesting Machine (UTM model
3369) of Instron, UK at a pull rate of 0.05 in/nand peak stress was determined. This
instrument is depicted iRig. 2.9 Two groups of specimens were prepared. In eamlpgr
five samples were prepared for every kind of ICAe@roup was tested after cure, second

was tested after conditioning for 200 h at 85°C0%MRH.
2.3.5. Drop test

Drop tests were based on the standard establishedNdtional Center of
Manufacturing Sciences (NCMS). Forty-four inputfoutt (I/O) plastic leaded chip
carriers (PLCC) are used in drop test to evalubé&eimpact performance of ICA
samples. Two strips of tape, 150 um thick, arequagn a piece of printed circuit
board, 75 mm long and 38 mm wide, coated eitheh wiit/lead or copper. The

distance between the two is approximately 20 mm.

Figure 2.9 Electronic Universal Testing Machine (UM model 3369) of Instron, UK
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A conductive adhesive paste is dispensed onto dkaedbbetween the strips of tape
with a doctor’s blade, so that the thickness of ddbesive layer before cure is the
thickness of the tape. Then the PLCC is placedhenatihesive layer carefully with
tweezers and is gently pressed onto the patchhesaek. The tape strips are removed
and the assembled specimen is cured. Almost 72tdn afire, each specimen is
dropped repeatedly from a height of'@Q.5 m approx.) onto a vinyl coated concrete
floor. The number of drops required to detach th&C® from the substrate is
recorded. An in house drop test channel was madernduct the measurements and
the sample assemblies were allowed to drop fromrebaisite height of 60 For an
ICA to be used for solder replacement, it has tovige 6 drops without the test
assembly being detached. Drop test were performyedrdppping the test assembly
through the channel on to concrete floor ensurinad it falls vertically. A schematic

of drop test set up is shownhig. 2.10

__—Test device

-

__—Channel
e

Figure 2.10. A schematic of Drop test setup
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The surface of the adhesive joints was examined bynple microscope to identify
the cracks. The cause of detachment, i.e., whetieedetachment occurred at PLCC
surface or by cracking of adhesive material wasrexad. An average of five tests

was taken for each sample.
2.3.6. Moisture absorption test

Moisture absorption tests were performed on bulkn@as by conditioning at
85°C/~100% RH until 500 h. Five samples of eacheadie were laid on a standard
glass cover slip and cured for 1 h at 150°C inehpated oven. The cured samples
were weighed on a Mettler instruments, Greifen&aeitzerland balance (AE-240)
and placed on a plastic mesh above the water ie\eekemperature controlled water
bath. Selected samples were periodically removeldvwarighed at ageing times. The
water bath was maintained at 85°C and tightly cosg&cept when samples were
removed for testing so that the relative humidityhe water bath chamber was nearly
100%. Unfortunately, no attempt was made to detegmwhether moisture

equilibrium was achieved [42].
2.3.7. Scanning electron microscopy

The scanning electron microscope (SEM) is a typelexftron microscope that images
the sample surface by scanning it with a high-endrgam of electrons in a raster
scan pattern. The electrons interact with the atitvaismake up the sample producing
signals that contain information about the samplsisface topography and

composition etc.

The types of signals produced by SEM include seapneélectrons, back-scattered
electrons (BSE), characteristic X-rays, light (catbluminescence), specimen current
and transmitted electrons. Secondary electron teteare common in all SEMs, but

it is rare that a single machine would have detscfor all possible signhals. The
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signals result from interactions of the electroarbevith atoms at or near the surface
of the sample. In the most common or standard tietemode, secondary electron
imaging, or SEI, the SEM can produce very high-kggm images of a sample

surface, revealing details about < 1 to 5 nm ie.due to very narrow electron beam,

SEM micrographs have a large depth of field yieddia characteristic three-
dimensional appearance useful for understandinguh@ce structure of a sample. A
wide range of magnifications is possible, from abd@ times (about equivalent to
that of a powerful hand-lens) to more than 500,6@tes, about 250 times the
magnification limit of the best light microscop&ack-scattered electrons (BSE) are
beam electrons that are reflected from the sampleldstic scattering. BSE are often
used in analytical SEM along with the spectra miden the characteristic X-rays.
Characteristic X-rays are emitted when the electseam removes an inner shell
electron from the sample, causing a higher eneleptren to fill the shell and release
energy. These characteristic X-rays are used tatifge¢he composition and measure

the abundance of elements in the sample.

The first SEM image was obtained by Max Knoll, whdl935 obtained an image of
silicon steel showing electron channeling contr&sirther pioneering work on the
physical principles of the SEM and beam specimeeractions was performed by
Manfred von Ardenne in 193%yho produced a British patebut never made a
practical instrument. The SEM was further developgdrofessor Sir Charles Oatley
and his postgraduate student Gary Stewart and bearklirst in 1965 by the
Cambridge Instrument Company as the "Stereoscah& flrst instrument was

delivered to DuPont.

In a typical SEM, an electron beam is thermioniycalinitted from an electron gun

fitted with a tungsten filament cathode. Tungstennormally used in thermionic
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electron guns because it has the highest meltimg paod lowest vapour pressure of
all metals, thereby allowing it to be heated farctlon emission, and because of its
low cost. Other types of electron emitters includathanum hexaboride (LaB
cathodes, which can be used in a standard tundga@ement SEM if the vacuum
system is upgraded and field emission guns (FEGiciwmay be of the cold-cathode
type using tungsten single crystal emitters or ttiermally-assisted Schottky type,
using emitters of zirconium oxide. The electronrhewavhich typically has an energy
ranging from a few hundred eV to 40 k eV, is focubg one or two condenser lenses
to a spot about 0.4 to 5 nm in diameter. The beassgs through pairs of scanning
coils or pairs of deflector plates in the electimumn, typically in the final lens,
which deflect the beam in theandy axes so that it scans in a raster fashion over a
rectangular area of the sample surface. When thepy electron beam interacts with
the sample, the electrons lose energy by repeatetbm scattering and absorption
within a teardrop-shaped volume of the specimensknas the interaction volume,
which extends from less than 100 nm to around Snionthe surface. The size of the
interaction volume depends on the electron's landmergy, the atomic number of the
specimen and the specimen's density. The energlyasge between the electron
beam and the sample results in the reflection gh-{einergy electrons by elastic
scattering, emission of secondary electrons byast&l scattering and the emission of
electromagnetic radiation, each of which can beaet by specialized detectors. The
beam current absorbed by the specimen can alsceteetedd and used to create
images of the distribution of specimen current.cEtanic amplifiers of various types
are used to amplify the signals which are displagged/ariations in brightness on a
cathode ray tube. The raster scanning of the CBplali is synchronised with that of
the beam on the specimen in the microscope, andethgting image is therefore a

distribution map of the intensity of the signalrgiemitted from the scanned area of
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the specimen. The image may be captured by phqgibgrcom a high resolution

cathode ray tube, but in modern machines is digitedptured and displayed on a
computer monitor and saved to a computer's ha Magnification in a SEM can

be controlled over a range of up to 6 orders ofmtagde from about 10 to 500,000
times. Provided the electron gun can generate ia bath sufficiently small diameter,

a SEM could in principle work entirely without ccerker or objective lenses,
although it might not be very versatile or achieeey high resolution. In a SEM, as
in scanning probe microscopy, magnification restutien the ratio of the dimensions
of the raster on the specimen and the raster odisiday device. Assuming that the
display screen has a fixed size, higher magnificatesults from reducing the size of
the raster on the specimen, and vice versa. Magtibn is therefore controlled by
the current supplied to the x, y scanning coilsther voltage supplied to the x, y
deflector plates, and not by objective lens powdr.samples must also be of an
appropriate size to fit in the specimen chamberaedyenerally mounted rigidly on a
specimen holder called a specimen stub. Severaklhad SEM can examine any

part of a 15 cm semiconductor wafer, and some ittaantobject of that size to 45°.

For conventional imaging in the SEM, specimens mbst electrically
conductive, at least at the surface, and eleclyicgtounded to prevent the
accumulation of electrostatic charge at the surfdetal objects require little special
preparation for SEM except for cleaning and mountion a specimen stub.
Nonconductive specimens tend to charge when scabydtle electron beam, and
especially in secondary electron imaging mode, ¢hisses scanning faults and other
image artifacts. They are therefore usually coateth an ultrathin coating of
electrically-conducting material, commonly gold,pdsited on the sample either by

low vacuum sputter coating or by high vacuum evapon. Conductive materials in
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current use for specimen coating include gold, fgaliedium alloy, platinum,
osmium, iridium, tungsten, chromium and graphite. Coatingevents the
accumulation of static charge on the specimen dugtectron irradiation. Two
reasons for coating, even when there is enoughirspacconductivity to prevent
charging, are to increase signal and surface resojiespecially with samples of low
atomic number (Z). The improvement in resolutioises because backscattering and
secondary electron emission near the surface dr@nead and thus an image of the

surface is formed.

For the present work, scanning electron microgra{@tsM) were obtained with a
ZEISS EVO series scanning electron microscope (M&¥O50) Carl Zeiss SMT
Ltd. Cambridge, UK at an acceleration voltage ok¥0 A pictoral view of SEM is
shown inFig. 2.11 All samples were plasma coated with a thin lagegold to

provide electrical conduction and reduce surfa@gihg.

L LPRET

L

Figure 2.11. A pictoral view of SEM instrument (EVC50)
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2.4. Results & Discussion

2.4.1. Curing behaviour

DSC is a useful tool to investigate the curing peodf epoxy resin, both neat and
after adding filler. Fig. 2.12 shows the typical DSC thermograms of neat

epoxy/anhydride system and that of ICAs with deéfdrconcentrations of PANI filler.
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Figure 2.12. DSC thermograms of epoxy resin and epg/ PANI composites

The exothermic peak of epoxy/anhydride system appeat 138°C, depicting the
complete cross linking reaction of the epoxy systénrsingle exothermic peak is
observed for different concentrations of PANI inogp matrix indicating that the
basic curing profile of the epoxy system is notetféd by the addition of PANI. It is
observed that with the increase in concentratiorPANI in the ICAs, the peak
maximum is slightly shifted to higher temperatunel @also curing time is increased as
indicated by widening of the peak. AlsdH decreases with increase in PANI conc.

These changes may be attributed to the fact thdi the increase in PANI conc,
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epoxy conc decreases proportionately, i.e., peagentof cured component is
decreased. It is obvious that PANI particles haggaificant influence on the curing
process of the epoxy system as the cured comp@datreased. These results are in
accordance with observations reported in literaty2®]. ICA with PANI
concentration of 25% shows a flattening of peak laigtierAH value. This conc was
difficult to mix as there was a drastic increaseigtosity while mixing this conc with
epoxy resin and the mixture became dry. It maydluded that the percentage of
cured component falls beyond an optimum level arftlence of PANI over the

curing process becomes too significant for an iefficcure.

Glass transition behaviour for the ICAs was detagdiby cooling the samples after
DSC measurement to room temperature and then texpehe cured samples up to
250°C at the same rate. Theg Value of neat epoxy system is around 115°C.
Interestingly, even a 5% PANI conc has a visibléeaf on glass transition

characteristics as depictedRig. 2.13

g
=
2
[
-
©
@
I

T
150 200 250
Temperature (°C) Universal V4 5A TA Instruments

Figure 2.13. Variation of glass transition temperatire with increase in PANI content
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Similarly, incorporation of higher amount of PANh iepoxy matrix leads to a
significant shift of § range, indicating that the quality of cross-linkeetwork is

substantially influenced. It can be observed fradm overall cure behaviour of the
ICAs that they cure at a very low temperature caegao Sn/Pb solder reflow
temperature. It makes them suitable for attachiegt lsensitive components and

substrates. Also, they were cured rapidly, whiahsave the time and lower the cost.
2.4.2. Thermogravimetric analysis

TGA thermograms of ICAs with different PANI conceations are shown iRig. 2.14

v T - - - T v v v T v - -
300 500 600
Temperature (°C) Universal V4.5A TA Instruments

Figure 2.14. TGA thermograms of epoxy resin and epgy/PANI composites

Neat epoxy shows a small weight loss before 150thvmay be due to loss of
volatiles and then undergoes a complete degradatioound 600°C. TGA
thermograms show that as the PANI is incorporatedre appears a weight loss
around 150°C which increases as the conc. of PAdieases. This may be attributed
to loss of moisture and oligomers and is charastiesi of PANI phase. All the

samples showed stability upto 350°C and thereste@p weight loss till 450°C which
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is the general feature of epoxy system. Henceevealed that cured ICAs with
different concentrations of PANI tend to maintae tstability of the epoxy matrix at

higher temperatures.
2.4.3. Electrical Conductivity

Variation of electrical conductivity with the in@se in PANI conc in ICAs is shown
in Fig. 2.15 The conductivity of the ICAs increases with therease in PANI conc

from their typical insulating value of T¢to ~ 10°* Scm" for 25% PANI conc.
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Figure 2.15. Electrical conductivity as a functiorof PANI conc.

It occurs due to the formation of conducting chédsiri®y the distribution of PANI
particles inside the epoxy matrix. The percolatioreshold (taken at 108cnt) i.e.,

the minimum amount of PANI which has to be addedrsd an infinite cluster of
particles is formed throughout the sample which gaoduce conductivity, is
achieved by adding about 10% of PANI. For smallencentrations of PANI, the

conductivity remains low, but even 1% PANI increagbe conductivity of the
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insulating matrix appreciably. This can occur doeshcapsulation of the dispersed
PANI from the epoxy matrix or by the formation aimcontinuous conductive paths

because of low filler conc [29].
2.4.4. Moisture absorption

ICAs may be exposed to various environmental candhtduring their service life.
Moisture is commonly present in service environmemtd is one of the critical
factors for determining the long-term reliability adhesive bonded joints. Polymer
systems are susceptible to warm; moist environmamtiscan considerably alter the
performance of the adhesives. Moisture absorbes polymer matrix can lead to a
wide range of effects, both reversible and irreddes including plasticization by
weakening the intermolecular interactions amongfainetional groups of the chains.
ICA samples were subjected to highly humid cond#i@nd the observations with

respect to weight change are giverrig. 2.16

=
m©
=13}
e
k=
20
Q
3
S

100 200 300 400
Time (h)

Figure 2.16. Moisture absorption behaviour with ircreasing PANI content
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It is observed from the figure that all the samp@ekibit rapid moisture uptake during
first 100 h. This rapid gain may be due to bindofgwater by the filler particles
which are not strongly adhered to matrix networkede results are further
complimented by the fact that weight gain increas#is the increase in filler conc as
proportion of uncured part increases. Similar tsstdr HHPA cured materials are

reported earlier [43] which further supports ourrkvo
2.4.5. Drop test

As per NCMS guidelines, an adhesive on a test ddgemust pass 6 drops from a
height of 60. The samples were studied for drop performancedoprding the
number of drops required to detach the chip froopdassembly. An average of five

samples was taken for each adhesive sample arntsrasishown iffrig. 2.17

# Before aging

 After aging

% concentration of PANI

Figure 2.17. Drop test performance of ICAs
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All the samples except 25% PANI containing ICA sleowo signs of fracture after 6
drops even when observed under a simple microscbpe.ICA with 25% PANI
showed fractures at the ends aft8rdfop and detached completely after 8 drops. The
surface of the joint appeared very rough afterngufor this adhesive. This may be
due to the less proportion of curable epoxy systethis adhesive which imparts the
impact strength. Also, the agglomeration of largetiples may have prevented the
epoxy network to crosslink properly due to physicalderance. Impact distribution
during fall will be seriously affected in such cdmwhs. The abundant matrix phase
cannot absorb the impact stress and hence theieell@sperty of this sample was
poor. It was also observed that the detachmenest&om the ends of the PLCC and
there were cracks in the sample which shows thastitonly has poor adhesion but
cohesion within the material was also low. Samplesre studied for drop
performance after environmental aging at 85°C/~1R6Pwntil 500 h. The results
indicate that there was no significant effect oa thhop performance of the samples

after aging.
2.4.6. Lap shear strength

Lap shear strength is another critical parameteinipact performance of ICAs. Five
specimen of each ICA sample were studied. As showig. 2.18 lap shear of
adhesives decreases with increase in PANI cone.i$hiue to hindrance caused by
filler particles in adhesion of matrix network athecrease in transmission of
mechanical energy from the matrix to the fillertBue bond between the matrix and
filler particles is strong enough to impart theides impact strength to ICAs. Test
coupons with ICA having PANI conc 25% broke whikary fitted in the grips of
UTM even before they could be pulled apart. Hetlee results of the same were not

reported. It seems that at such a high conc of RAlMIr particles disallow the
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effective formation of matrix network. The fractugerface of the test coupons clearly

showed that the test coupons broke by witherindp@iap coupons rather than by
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Figure 2.18. Lap shear strength of ICAs with diffeent concentrations of PANI

breaking of adhesive material. The etched coppdacse does not undergo effective
wetting hence the adhesion at that surface isrleSgesurface cracking was observed
on the adhesive material and toughness of the 1G& wmtact. After aging at
85°C/~100%RH until 500 h, samples show a smalletes® in lap shear strength, thus
these adhesives do not show a significant dampiregllesive strength under harsh
environmental conditions. Although, epoxy matrixnst affected by moisture, filler
particles loosely adhered to matrix network mayoabsvater and detach causing
voids and crack propagation under impact. The eftécaging on lap shear also
shows an increasing trend with increase in PANIceoiration. Hence, proper
formulation and dispersing of filler particles isportant for good environmental

stability of ICAs.
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2.4.7. Scanning electron microscopy

The surface morphology of ICAs along with the negbxy was studied using
scanning electron microscogylg. 2.19shows a SEM micrograph of the neat epoxy
matrix with smooth contour-less surface. This semmwas transparent with

characteristic sheen on surface.

EHT = 20.00 k¥ WD = 27.0 mm Signal A = SE1 Mag= 1000 KX Photo No. = 3676 Date :24 Oct 2008 Time :10:06:10

Figure 2.19. SEM micrograph of neat epoxy matrix

Fig. 2.20 is the micrograph of the PANI powder synthesizeg dhemical
polymerization using HCI as dopant. It is clearBp@tted that the particles are non
uniform in shape and size with uneven surface. éagglomeration is also evident.
Fig. 2.21shows the fractured surface of conductive adhesiveaining 20% PANI
conc. It can be observed that PANI particles aspetised within the epoxy matrix,
yielding a conducting composite. There is no prqpease boundary between PANI
particles and the epoxy matrix. This implies thhe tPANI particles are well

distributed within the matrix and there is a stromgraction between the matrix and
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the filler. These observations show that the cotidecfiller was smoothly
incorporated inside the matrix using the hand dispry method employed in this
work. The strong interaction between the two phasegplains the improved

conductivity characteristic and the good impactiperties of the ICAs produced.

=3

EHT = 20.00 kv WD = 7.0 mm Signal A = SE1 Mag = 10.00 K X Photo No. = 3681 Date

Figure 2.21. SEM micrograph of composite with 20%PANI
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2.5. Conclusion

Composite samples with different concentration® ANI in epoxy/anhydride matrix
were studied for their prospective use as isotallyiconductive adhesive. Thermal
properties of the cured ICAs were studied using B®@ TGA techniques. It was
observed from thermal studies that on adding PANFdsin, the Jrange of the
samples shifts towards lower temperature whichcates that the presence of PANI
affected the cross-linking of epoxy matrix. The T&®&rmograms were very close to
that of neat epoxy system. The impact propertigmagh affected by the PANI conc,
were substantially good as compared to ICAs wittitaméllers. These improved
impact properties are a direct consequence of usnggnic conducting polymer
fillers instead of metallic filler due to reductiom phase barrier. Electrical
conductivity showed an increasing trend with thereéase of PANI conc. Although, a
conductivity of 16¢ S cm' was obtained at 25% PANI filler concentration khis
ICA shows poor impact properties. From the intetigiien of the results presented in
this chapter, we can conclude here that it is péssio produce isotropically
conducting adhesives with improved impact propsrbg incorporating PANI in an
epoxy matrix. Low conductivity can be a constrawttich needs to be improved.
Since, composites were prepared by manual mixin Al powder with epoxy
resin, there is a possibility of uneven distribatwof filler particles to some extent. In
order to get better impact properties and conditgtiwANI particles need to be

finely dispersed in the matrix.
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CHAPTER 3

NANOCOMPOSITES OF POLYANILINE/EPOXY AS
ISOTROPICALLY CONDUCTIVE ADHESIVES

In the previous chapter, polyaniline (PANI) as pewdias used as filler for ICAs, but
the coarse nature of the PANI powder made it diffitco incorporate this filler inside
the matrix efficiently. It is an established fabat the size and geometry have a great
influence on the overall characteristic of the cosifes. In view of this trouble, nano-
fiores of PANI are introduced as filler into epoxghydride matrix to produce
isotropically conductive adhesives with improvedogerties. PANI nano-fibres
synthesized by interfacial polymerization technigg®w smooth dispersion in the
matrix. Uniformity and smaller size of nano-fibreslp in formation of strong epoxy
network with least hindrance from filler phaserdsults in better impact performance
of the ICAs and percolation threshold is compaedyivow. SEM observations have
established that there is an improved diffusiomafo PANI within epoxy matrix.
Overall the properties obtained with PANI nanoefilshow a significant improvement
when compared to PANI of macroscopic dimension®mtep in previous chapter.
The findings from the research presented in thigepaare already accepted for

publication in Journal of Adhesion Sciences & Teabgy [1].
3.1. Introduction to Nanocomposites

Reinforcing of fillers in polymers is a typical m@ss in materials science to generate
novel composites, with properties that are a sysecgcombination of the polymeric
matrix and the organic or inorganic filler partglel'ypical examples are the addition
of carbon black to natural rubber and to some ®titlelastomers, and the addition
of silica to various polymers, particularly polgsianes. In recent years, the focus has

been on such composites where at least one of hlasep has dimensions in
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nanoscale. By having their two phases interacttrgraost the molecular level, such
nanocomposites can exhibit properties (mechanida@rmal, optical, electronic,

magnetic etc) that are not obtainable from trad@lomacro-composites. Since,
having very large interfacial areas may also bertital importance, a homogeneous
dispersion of the nanoparticles in the polymer mabrecomes important. The
techniques used to prepare such nanocompositeslemsimple mechanical blending,
in-situ polymerization, polymer intercalation andfadiation, and in-situ sol-gel

processing.

Apparently, the termnanocompositeswas proposed for the first time by Theng in
1970 [2]. The definition of nanocomposite materia#s broadened significantly to
encompass a large variety of systems such as @, three-dimensional and
amorphous materials, made of distinctly dissimtlamponents and mixed at the nano
scale. Nanocomposite materials not only represergative alternative to design new
materials and compounds for academic researchalbattheir improved or unusual
features allow the development of innovative indaktapplications. There is no
doubt that these new generations of hybrid materizve opened a new world of
promising applications in many areas like in optiectronics, ionics, mechanics,
energy, environment, biology and medicine etc. Membs and separation devices,
functional smart coatings, fuel and solar celldalyats, sensors, etc. are few such

examples.

Nanostructured materials are understood to be nmerargs in the field of classical
molecular structured entities. Introduction of npawicles into a polymer matrix
ensures significant property improvements with v@nall loading levels. Traditional

micro-particle additives require much higher filleoncentration to achieve similar
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results. There are three basic reasons for changeseperties of materials when their

dimension is reduced to the nanometer level:

(1)

(2)

3)

Quantum confinement, where the energy levels of the atom, electromuaieus
change as the size of the confined region chanesyell- known particle in a
box situation. Since the quantized energy levety {&ry inversely with the size
of the box( L ), small changes ih when that size is small amounts to very large
changes in the energy levels. Small changésvitnenL is large do not result in
large shifts in the energy levels. Therefore, amgpprty which depends on the
value of the energy level, or the spacing betweeergy levels, will likely
change when you have a material structure whichamihfine those particles,

like electrons and atoms.

High interface area, where the number of atoms at an interface becomgs

large. For a polycrystalline material, when thengger of the crystals (e. g.,
grains) is of the order of microns, the fractioratdms at the interface is only of
the order of 0.5 %. As the dimension of the grairraduced, the fraction of

atoms at the interface increases quickly.

Closeness of the material lengths to the critical length scale of the property.
Every property has a critical length scale assediatith that property (e. g., the
mean free path in electrical and thermal condugtidiffusion length in atomic
transport, wavelength in scattering behavior, paten depth in absorption,
and half-life in radioactive decay processes), andterial behavior will
typically change when a material length scale be&socomparable with that

property length scale.

The main advantages associated with nanomaterals @esult of nano dimensions of

the fillers incorporated. Since, nanoparticles st@tter adhesion to polymer matrix,

132



it results in the enhanced strength of nanocomg®sielative to conventional
composite. Also, small size of nanoparticles erssreall size of pores in the case of
exfoliation of a matrix from filler particles. Itesults in the strength increase too.
Introduction of small amount of nanoparticles tdypter significantly enhance the
adhesion of polymer to different substrates as.walthough, there are some
limitations like high cost, tendency to aggregatd acreasing viscosity due to high

surface area to volume ratio.

Polymer matrix nanocomposite (PMNCS) is a novel gosite material comprising
dispersed metal, ceramic or polymer nanoparticieghé matrix of polymer. In the
area of nanotechnology, PMNCs have generated #isggit amount of attention in
the recent literature [3, 4]. It is known that wdlspersed nanoparticles in PMNCs
can significantly improve the mechanical and omogbnic properties of PMNCs.
Fabricating high quality nanocomposites becomesatlange due to the difficulty in
producing uniformly dispersed nanoparticles in pwdy matrix, significant viscosity
increases, the poor interaction between nanopastechd matrix, etc. Poor dispersion
and the weak bonding between nanoparticles andxmasgult in a deleterious effect
on the mechanical properties of the nanocompoditee incorporation of the
nanofillers has been carried out in two ways: aphysical blending with the matrix
phase (post-synthesis), b) by direct incorporatbrihe filler during the synthesis
process of matrix which allows a higher filler cemt and a more homogeneous
distribution in the composite. Since, this chaptevolves nanocomposites of
polyaniline, in the following sections differentpests related to these novel materials

will be discussed.
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PANI nanocomposites

Intrinsically conducting polymers, including polydglene, polyaniline, polypyrrole,
polythiophene, polyf-phenylene-vinylene), etc. which possess the adadtr

electronic, magnetic, and optical properties ofetahwhile retaining the mechanical
property, processability etc. commonly associatéth & conventional polymer are
more commonly known as synthetic metals [5]. Among these polymers,
polyaniline (PANI) has elicited the most interestce its electrical conductivity was
found by MacDiarmid et al. [6] in 1985, due to w&de range of conductivity from
insulating to metallic regime, unique redox tunipilgood environmental stability,
low cost, ease of synthesis, and promising appdieatin various fields, such as
metallic corrosion protection [7,8], electromagaetinterference shielding [9],
electrostatic discharge [10], sensors [11], actsa{d2], to mention just a few.
However, two major limitations of conducting polylare are an inability to process
it by conventional methods and its poor mecharpcaperties. These limitations can
be overcome by preparing conducting polyanilinentie and composites which
possess the mechanical properties of the insuldtog} matrix and the electrical
properties of the conducting polyaniline guest. Whbe host is a polymer, the
resulting system is termed as organic polyanilifendb or composite, but when the
host is a non-polymer material (e.g., metal oxiddga) it is invariably referred to as

a composite.

Conducting polyaniline composites are a novel clakgnaterials for which the
threshold for the onset of electrical conductivagn be reduced to volume fractions
well below that required for classical percolatiavhich is 16% by volume for a
conducting material dispersed in an insulating mair three dimensions. Due to a

low percolation threshold and a continuous incremse&onductivity, for volume
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fractions above the threshold, conducting polyaailkomposites can be reproducibly
fabricated with controlled levels of electrical cdmativity while retaining the desired
mechanical properties of the polymer matrix. Dispeg the PANI in conventional
polymers forms the most crucial part in designinghs materials from both the
scientific and technological point of view. Accandly, synthesis of nano-structured
PANI, on one hand, is the key step in preparindnlgiglispersed blend of PANI with
other processable polymers, and thus to improveptbeessability of PANI. On the
other hand, some special physical and chemicaleptiep differing from the bulk
material will be achieved on nano-structured PAMM awill render it for new
applications [13], such as chemical sensors, eneogyersion and storage, light-
emitting display devices, microelectronics, optisedrage, and so on. The earliest
approach used PANI nanoparticles, mainly synthdsme dispersion technique and
electrochemical method [14]. But with the advent oé&notechnology, one
dimensional nano-structured PANI, including nanerf#y nanowires, nanorods,
nanotubes, nanofibrils, nanobelts and nanoribbpnssents several advantages in
fabricating nano-devices and in preparing nanosel@etrical connections in highly
conducting polymer composites, etc. PANI composieve attracted a lot of
attention because of various, often novel, potemfplications of these relatively
new materials. Applications for such compositesvaice spread. These materials are
used for interconnections, printed circuit boardacapsulations, die attach, heat
sinks, conductive adhesives, electromagnetic mterice (EMI) shielding,

electrostatic discharge (ESD), and aerospace esgnge[15].

Conventional PANI synthesis is known to producdipalate products with irregular
shapes. Therefore, many methods have been deveiopeake PANI nanostructures

(with diameters less than 100 nm) [16]. These nuthoave been broadly divided
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into template synthesis and template free syntliegiending whether a template is

used or not [17]. The former is further dividedoiritard (physical) template or soft

(chemical) template approach according to solybdit the template in the reacting

media, while the latter is sub divided into sonaulwal synthesis, radiolytic

synthesis, rapid mixing reaction method and intaala polymerization. Other

approaches like seeding polymerization and combiseft and hard template

synthesis have also been reported.

a)

b)

Hard template synthess. The hard template synthesis method, which is
proposed by Martin et al [18-22], involves synthg®j the intrinsically
conducting polymers like PANI, polypyrrole, as weds other materials
including metals [23,24], carbons [25,26], in thergs, channels of hard
templates such as membranes [20-22], zeolites E¥jdic aluminum oxide
(AAO) [28-30], and so on. For example, PANI filanemvith diameters of 3
nm have been achieved in the hexagonal channels metoporous
aluminosilicate [27]. However, the disadvantageéhef method is that, firstly, a
rather tedious post-synthesis process is requiredder to remove the templates
[31]; secondly, the nano-structured polymers maydestroyed [32] or form

undesirable aggregated structures after beingsedetiom the templates [33].

Soft template synthesis: The soft template synthesis method, always calied t
template-free method [34-37] or self-assembly netf38] in the literature is
that in which no hard template is used, and ir@®lsynthesizing the PANI, as
well as polypyrrole [35,39], in the presence ofusture-directing molecules
such as surfactants [40,41], deoxyribonucleic adqB@NA) [42,43],
polyelectrolytes [44], thiolated cyclodextrins [4Xulfonated porphyrin [46],

liquid crystalline [47], and ethanol [48,49], whicact as templates for
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d)

production of the one-dimensional nanomaterialse Barfactants are often
complex acids with bulky side groups, such as taphthalenesulfonic acid
(NSA) [50,51], camphorsulfonic acid (CSA) [52-53Fobenzenesulfonic acid
(ABSA) [56], chiral 2-pyrrolidone-5-carboxylic ac{@PCA) [57], 2-acrylamido-

2-methyl-1-propanesulfonic acid (AMPSA) [58] etc.hel polyelectrolytes

include poly(acrylic acid), poly(styrenesulphonmd, etc. [59]. The method is
simple and cheap in comparison with the hard tetaptaethod because it omits
the use of the hard templates and therefore theiso@ae post synthesis

processing.

Radiolytic synthesis. In this method, the aqueous solution of aniline and
ammonium per sulphate (APS) in HCI was irradiatetth yamma rays without
any template [60]. In case of parent solutions wythical concentration of 0.1M
aniline, 0.3M HCI, and 0.002-0.1M APS, the morplgylef the final product
was predominantly nanofibers with diameters of B®B-hm and length of 1-3
pm, though less than 5-vol.% of globular structuvese still presented. While
with APS concentrations in the range of 0.05-0.IMthe parent solution,
rodlike structures with diameters of 250-500 nm Emdjths of 5-10 um were

observed, which represent 5 vol.% of the total PANI

Rapid mixing reaction: With the solution of APS mixed rapidly with that of
aniline, rather than the conventional slow additidithe solution of APS to that
of aniline, PANI nanofibers with comparable sha@e®l sizes to those of
interfacial polymerization [61,62] method were obéal, rendering this method
the simplest one in producing PANI nanofibers [68Jwing to the even
distribution of aniline and APS molecules in theluson, all the initiator

molecules were consumed rapidly after the stathefpolymerization and the
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secondary growth of PANI was suppressed, resudtkadusive nanofibers in the
product. The growth of PANI nanofibers was relateith the polarity of the

solvents. For example, in aqueous systems, pure-fitaers were produced,
while in ethanol and isopropanol, mixture of shoanofibers attached with
irregular particles and agglomerates of 100-300panticulates were obtained,

respectively.

Sonochemical synthesis: By dropwise addition of an acidic APS solution to a
acidic aniline solution, just like the conventiorf@ANI synthesis procedure,
with the aid of ultrasonic irradiation, PANI naraes with higher polymer
yields were successfully prepared by Jing et aldb} It was stated that three
possible competitions exist in the reaction systémore aniline and APS are
present following the formation of the primary PAN&nofibers, i.e., (1) the
continuing formation of primary PANI nanofibers) the growth of the primary
nanofibers into unevenly surfaced thicker fiberad a3) the growth and

agglomeration of the thicker fibers into irregutearticles.

Electrochemical approach: Aside from the above-mentioned chemical
template-free approaches, one-dimensional nanotsted PANI was also
synthesized by electrochemical template-free amhem [66-68]. PANI
nanofibrils, as well as microfibrils or rods, haween found by Langer et al [69—
73] in electrochemically synthesizing PANI from agueous medium at pHL
without any template. The nanofibrils doped witheftene derivatives exhibited
diameters of 10-100 nm and lengths of 500-2000 Bj. [Both single
nanofibrils and their networks were obtained witmtcolled charge flows [72].
Large arrays of uniform and oriented nanowires ANPwith diameters less

than 100 nm were synthesized by Liang et al [74] lan et al [75] on a variety
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of substrates by a three-step electrochemical depoprocedure, also without

using any templates.

Interfacial polymerization: Initially, PANI or its composite films were
produced via interfacial polymerization approachwhich aniline was co-
dissolved with the surfactant [76] or polymers [1Tlthe organic phase, while
APS in aqueous acidic phase, giving rise to thasfiat the interface of the two
immiscible liquids. However, both nanofibers [78,d8d nano-patrticles [80] of
the polymer were produced recently, rendering fiig@ach one of the general
and facile among a variety to synthesize one-dimeas$ nano-structured PANI.
In a typical reaction [78,79,81-83], aniline wasdatilved in the organic phase,
which can either be one with density lower thanewauch as hexane, benzene,
toluene, etc. or be one with higher density, sushcarbon tetrachloride,
methylene chloride, etc., with different concentnas. Meanwhile, APS was
dissolved in an aqueous acid solution, coveringeatgvariety of acids such as
HCI, sulfuric acid, CSA, toluene sulfonic acid, amoothers. Now these two
solutions were gently transferred to a reactiorsgkesuch as a beaker or a vial,
generating an interface between the two layerselRANI was formed firstly
at the interface as the reaction proceeds and tedygradually into the aqueous
phase until the whole agueous phase is filled h@megusly with dark-green
PANI at last. Finally, the aqueous phase was daltbafter sufficient time of
reaction by dialysis or filtration to remove thepunities like excess dopants,
etc., yielding PANI nanofibers in the form of a watlispersion or powder. De-
doped PANI nanofibers can be obtained by furtheshivay or treating with
ammonia. In consideration of the formation mechasjsit was revealed that

interfacial polymerization suppressed effectivély secondary growth of PANI,
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h)

which occurred naturally in the conventional systbef PANI, leading thus to
the exclusive formation of nanofibers [63]. The moer and oxidant, separated
in two phases, met only at the interface and relatttere then, forming PANI
nanofibers. The nanofibers formed moved away rgdidim the interface and
diffused into the water phase due to their hydrogty.. As such, the nanofibers
were continuously withdrawn from the interfaceowaling formation of new
nanofibres at the interface. As far as the syntimggiparameters (such as the
solvents, polymerization temperature, and monomencentration) are
concerned, it was demonstrated that all aqueowsi@gystems produce similar
PANI nanofibers, whose morphology was unaffectedthe subsequent de-
doping process [78,82]. However, both the diametadsthe quality/uniformity
of the nanofibres were affected by the acids arer tboncentrations. For
example, the average diameters of the fibers sygib@ in HCIl, CSA,
perchloric acid, and other acids (such as sulfaged, nitric acid and 4-
toluenesulfonic acid) are 30, 50, 120, and 30-50 nespectively [82]. In case
of strong acids like HCI and CSA, lower the concatibn of the acid, the lower
is the fraction of nanofibers in the final produéthile in case of medium or
weak acids like tartaric acid or pyrrolidone-5-aaylic acid, the products were
mixtures of nanofibers and particles even at higimcentrations. It was
therefore stated that high concentrations of stamids favored the formation of
PANI nanofibers. The diameters of the nanofibersppred by interfacial
polymerization can be controlled by using surfactva dopants like AMPSA

or CSA, and surfactants in the aqueous phase [84].

Combined soft and hard template synthesis. In order to fabricate highly

oriented PANI nanostructures, a novel method comgirthe soft and hard
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template synthesizing technique was employed [8@bically, aniline and the
surfactant, e.g., £ABSA, was dissolved in deionized water to form a
homogenous emulsion and ultrasonicated for a whie. hard template, e.g., a
porous, hydrophilic A3, was immersed in the emulsion and ultrasonicated f
some time. Afterwards, the APS solution was addsuidty to initiate the
polymerization. With different reacting time, theemted PANI nanotubes and

nanofibers were produced within the pores of the bemplate.

i)  Seeding polymerization: By adding a small amount of various nanofibers like

the PANI nanofibers in diameter~&0 nm, the single-walled carbon nanotubes
bundles in diameter 620 nm, nanofibrous hexapeptide in diameteri# nm,
and the V205 nanofibers in diameter~d5 nm, into the reacting solution of

aniline and APS, Zhang et al [86] invented the alted “nanofiber seeding”
method for preparation of PANI nanofibers. Typigakbout 1-4 mg of these
seeding nanofibers were added firstly into a stigelution of aniline (0.14 M)
in hydrochloric acid (1.0 M), and a solution of 8.M APS was added then to
the mixture to initiate the polymerization. Theuktisg dark-green precipitate of
PANI was isolated after 1.5 h and dried under dynawacuum. The
morphology of all the seeded PANI products wasilfrwith fiber diameters

in the range of 20—60 nm.

For the current work PANI nanofibres were obtairimdinterfacial polymerization
technique. This technique provides a very simplaagch of producing nanofibres in

bulk without the use of any specific template afesttant.
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3.2. Experimental

3.2.1. Materials

Table 3.1. Specifications of material and chemicaknd their sources.

Material Acronym Source
Hexion speciality
Epon 862 DGEBF chemicals, Inc. Houston
Texas, USA
Hexahydropthalic HHPA Sigma Aldrich chemicals
anhydride Pvt. Ltd. Bangalore, Indig
- ‘ Sigma Aldrich chemicals
2-ethyl-4-methylimidazolg 2EAMZ Pwt. Ltd. Bangalore, India
. Central Drug House, New
Aniline A.R ANI Delhi_ India
. . Central Drug House, New
Hydrochloric acid A.R HCI Delhi_ India
Ammonium persulfate, APS Merck specialities Pvt.
AR Ltd. Mumbai, India
Merck specialities Pvt.
Xylene Xy Ltd. Mumbai, India

The details of chemicals except xylene being usdtie present work are reported in
the experimental section of the previous chapte,, ichapter 2. Xylene was

purchased from Merck India and used as received.
3.2.2. Synthesis

PANI particles were prepared in a single step diidgpolymerisation. The detailed
procedure of PANI synthesis is already reporteithénliterature [87] and also given in
the section 2.3.2 of chapter 2 of this thesis. PA&lo-fibres were synthesized using
interfacial polymerisation by the process repotigdHuang et al [68]. 3.2 mM aniline
was dissolved in 10 ml of xylene while ammonium godphate (0.8 mM) was
dissolved in 10 ml of 1.0 M hydrochloric acid sadut Both the solutions were kept

at low temperature (~4 °C). The aniline solutiors\tansferred to a 50 ml glass vial
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and then APS solution was carefully poured to obtai interface between the two
layers. The polymerisation reaction was allowedptoceed for 24 h at room
temperature. PANI obtained was filtered and wasteekral times with deionised

water followed by ethanol.
3.2.3. Preparation of composites

The anhydride curing agent is solid at room tentpeea was heated slightly, and
mixed with epoxy resin in proper ratio. The mixtuvas cooled and then appropriate
amount of accelerator was added and mixed propesilyg a glass rod. Different
amounts of PANI powder and PANI nano-fibres werdeatland thoroughly mixed by
glass rod to obtain different filler content compes The conductive filler
concentration was kept at 5, 10, 15, 20, and 25%véight. During mixing, it was
observed that PANI fibres are easy to mix. Samypie® cured for 1 h in a preheated

oven at 150 °C.

3.3. Characterization

Various characterization techniques used for thevalsamples have already been
discussed in detail in chapter 2 of this thesisenrsgction 2.3. These techniques have

been used in a similar manner here too.

3.4. Results and Discussion

3.4.1. Electrical conductivity

The electrical conductivity of ICA samples relateshe volume fraction of filler
particles and their particle size. Conductive béhavdepends on the creation of
conducting contacts between filler particles whespersed in the insulating matrix.
Conductivity of the cured films of samples was &ddoy four probe method using

the procedure already mentioned in section 2.38.variation of electrical
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conductivity of epoxy/PANI powder and epoxy/PANInadibres is shown iffrig. 3.1

concentration of PANI

0 1% 3% 5% 7% 10% 15% 20% 25%

1.00E-01
1.00E-03

1.00E-05 =& PANI| nano

—i—PANI| powder
1.00E-07
1.00E-09
1.00E-11

1.00E-13

—
£
o

S~

v

Rl
>

—

2

e
Q
=
o
=
o
Q
[
L=
=
ey

L* ]
=
w

1.00E-15

Figure 3.1. Electrical conductivity of ICAs as a function of the PANI conc.

It is observed that the maximum conductivity obt¢ginn both cases remains the
same, i.e., I Scm'. However, the percolation threshold with the PAddhofibres is
low, which indicates that the percolation threshd&bends on the morphology of
filler particles. Since, PANI nano-fibres have natimensions and high aspect ratio,
the reinforcement is obtained at very low fillentent, contrary to high PANI powder
required to achieve similar conductivity. Also, tbptimum value of conductivity is
obtained with higher filler concentrations in ca$sd®>ANI powder. For PANI powder,
a coarse dispersion level is obtained and particles large agglomerates, while in
case of PANI nano-fibres the dispersion is smoathabse the fibres are easily
dispersed in the matrix forming effective condugtahannels. It was observed while
mixing the nano-fibres in the matrix, that thederds are easily mixed and show a
uniform diffusion. The uniformity in shape and shsate helps the fibres to establish
themselves easily within epoxy matrix and form patar conduction at almost

molecular chain level. Decreasing the percolatioreghold is very important for
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conductive composites not only because it redubescbst but also because it

minimises the influence of filler on the mechaniaatl thermal properties.
3.4.2. Moisture resistance

Conductive adhesives are exposed to different tondiof humidity and temperature
during their service life, so they must show a gigant resistance towards moisture.
Moisture has been known to affect the polymeridesysand alter the mechanical
properties by weakening the intermolecular inteoacbetween functional groups of
the polymeric chains. Moisture may affect the ifaee between filler and matrix in
composites. Samples of ICAs with PANI nano-fibresl @owder were subjected to
elevated conditions of humidity and temperaturg@asthe procedure mentioned in
section 2.3.6 and the observations were recordeweaght change for different
periods of time which is shown iRig. 3.2 It is observed that although the ICA
samples show a strong resistance towards humigitya small weight gain is seen in

all cases. The comparative studies between PANdpoand PANI nano-fibre filled
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Figure 3.2. Weight gain of ICAs with respect to tine of exposure to moisture
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ICAs reveal that moisture absorption is irrespectof morphology. Most of the
weight gain occurs till 100 h, thereafter the effet moisture is almost over. This
weight gain may be due to the binding of water malles to filler particles which are
loosely adhered to the matrix network. Again, itlsarly evident that percentage of
weight gain increases with increase of filler cattewvhich points to the strong
possibility that the moisture effect may be asatibe increase in uncured filler phase

whatever the morphology may be.
3.4.3. Drop test performance

For an effective interconnection, the impact sttergf adhesives should be high by
virtue of which it is able to withstand the mecleahishocks it encounters during
handling, processing and transportation. As pernoNat Centre of Manufacturing
sciences (NCMS), USA guidelines, an ICA can be catifely used for
interconnections if it passes the drop test, assample assembly bonded by it must
not detach even after 6 drops from a height oh6rop test performance of the ICA
samples was obtained in a similar manner as reparteection 2.3.5. The results as
shown inFig. 3.3 envisage the fact that drop performance of ICAstaioing PANI

nano-fibres is far superior to the ICAs with PANivider as filler.
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Figure 3.3 Drop test performance of ICAs
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ICA with 25% PANI powder fails the drop test ance thssembly shows wearing at
the ends even in thé"Hrop. It was also observed that the surface obéreple was
very rough after curing while ICA containing samencentration of PANI nano-
fibres has a smooth surface, showing relativelydgioapact strength and is stable far
beyond the minimum requirement. The observatiomplsi point to the fact that the
uniformity in size and nano dimensions of theseeibenables them to effectively
penetrate the matrix network and hence the dampiogerty, i.e., the capacity to

dissipate energy increases.
3.4.4. Lap shear test

In order to estimate the adhesive strength of @#& $amples, they were subjected to
a fundamental lap shear test and their performamae judged with respect to
maximum load before rupture. The detailed proceddithe test is already described
in section 2.3.4Fig. 3.4shows a comparison of the performance of ICAs Wi#iNI
powder and nano-fibre fillers. Although, it is imagble that incorporation of filler
phase of any dimension is bound to decrease thie basding capacity of the
adhesive matrix, yet there seems to be an appteciaiprovement in adhesion
strength of nano filled ICAs. Filler is bound tdenfere with the adhesion of matrix

network and create hindrance in impact transmission
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Figure 3.4. Lap shear strength of ICAs with differat concentrations of PANI
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As the dimension of filler decreases, the hindragifect minimizes. Moreover, due to
uniformity of size and better dispersion, nanoefibrensure that the mechanical energy
transfer across matrix filler barrier is improvéédvas observed that ICA with PANI powder
concentration of 25% was unable to bond the twodmgpons properly and broke even
before application of force during test; while nd&aNI filled ICA of same concentration
had a smooth surface after curing and good impempepies. It may be because
agglomeration of PANI patrticles in the powder pregd the formation of effective matrix
network, while nano dimensional fibres were diftbpeoperly within the strong network of
epoxy matrix. Such an improvisation of impact proge gives a very significant advantage

to these ICAs for realising their application pan
3.4.5. Thermal characteristics

DSC was used to investigate the cure kinetics ef ItDAs filled with PANI of
different morphologies under identical conditioRgys. 3.5(a) and (b) show the DSC
thermograms of ICAs with different concentratiorfsSRANI as powder and nano-

fibres, respectively.

5
s
3
™
o
1}
I

T
150
Temperature (°C) Universal V4.5A TA Instruments

Figure 3.5(a). Curing behaviour of ICAs with PANI powder filler
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The single exothermic peak of epoxy curing is enide all samples which clearly
suggests that the basic curing pattern of the epemains unchanged. However, as
the concentration of filler increases, the exothenpeak shifts to higher temperature
in both the cases probably due to increase in wmoabte filler proportion in the
samples. An unusual behaviour is observed in th€ P&file of PANI nano-fibre
containing ICA with 10% filler concentration. Thercesponding exothermic peak is

sharp and heat flow is less.
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Figure 3.5(b). Curing behaviour of ICAs with PANI nano-filler

It may be significant because the percolation tiwtek happens to be around that
concentration. Around percolation threshold fillerticles form a definite pattern and
an optimum diffusion of filler particles is obtatheThis in turn has a definite effect
on the network formation during curing as therenigimal hindrance due to filler
particles. But such an effect needs uniformitylede and small size which has been

reported earlier [88].
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Glass transition behaviour of samples with increaseoncentration of PANI filler
was studied as per procedure reported in sect®i 2nd depicted ikigs. 3.6(a)
and (b). Both the types of ICA samples show a sirtilend of shifting of Jrange
towards lower temperature with increase in conegiotn T; of PANI. However, as
the concentration is around percolation threshold¢ase of PANI nano-fibre filled
ICAs, there is a sharp decreasgrange. This unusual behaviour was confirmed by
repeated scans but seems to be independent of eggirycuring. Such behaviour has

been reported by Barrau et al [88] for polypyrrefegxy composites.
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Figure 3.6(a). Variation of Ty of ICAs with PANI powder filler

This depression of gThas been interpreted as increase of mobility @kgmmatrix
chain segments around percolation threshold amthasacteristic of highly uniform
and minute filler dimensions. The free volume asitds to molecular motion around

percolation threshold increases due to formatioinfafite clusters of filler particles.
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Figure 3.6(b). Variation of T, of ICAs with PANI nano-filler

TGA thermograms of ICAs were conducted as per phaeediscussed earlier in 2.3.2
and used to study the thermal degradation charstater It is clear fronfigs. 3.7(a)

and (b) that the thermal degradation follows alnsashe pattern in both the cases.
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Figure 3.7(a). TGA thermograms of ICAs with PANI ponder filler
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Figure 3.7(b). TGA thermograms of ICAs with PANI nano-filler

There is a two-step weight loss characteristicpmixy systems in both the cases. First
weight loss around 150 °C is probably due to tiss lof volatiles and oligomers while
around 350°C a sharp weight loss starts due tdehgeadation of epoxy matrix. ICAs
with nano-fibres showed more defined weight lossuad 150 °C probably because
of the presence of more oligomers and volatilestdues synthesis in organic phase.

3.4.6. Scanning electron microscopy

Since major properties of the ICAs depend on tlggrekeof dispersion of filler inside
the matrix, the morphology of the samples was stlidby scanning electron
microscopy. The detailed procedure is already ttegoin section 2.3.7ig. 3.8 (a)

shows irregular morphology of the PANI particleeared by conventional one

phase polymerization. Agglomeration is clearly ewidand size of particles is large.
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Figure 3.8(a). SEM micrograph of PANI powder

Fig. 3.8 (b) shows the SEM micrograph of PANI nano-fibrespared by interfacial
polymerization. The average diameter and length=i20 nm and 200 pm,
respectively.Fig. 3.8 (c) shows the fracture surface of the epoxy PARWger

composite with distinct non uniform distributiondaagglomerate formation within
the matrix phase. However, it is difficult to loea®ANI nano-fibres in the fracture

surface of ICA with PANI nano-filler as shownfing. 3.8(d). There is no distinct
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Figure 3.8(b). SEM micrograph of PANI nano-fibres
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Figure 3.8(c). SEM micrograph of epoxy/PANI powder

agglomeration or visible phase differentiation evhfurther establishes the fact that
PANI nano-fibres are more uniformly dispersed witthe matrix, hence establishing

effective conductive channels and distributing nagotal stress uniformly.

Figure 3.8(d). SEM micrograph of epoxy/PANI nanofilves
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3.5. Conclusion

In this chapter, PANI nano-fibres were synthesiagdnterfacial polymerization and
used as filler for preparing the ICAs with an ep@xhydride matrix. It is observed
that uniformity and smaller size of PANI nano-fibreignificantly improved the
overall properties of the ICAs when compared to $CAlled with PANI of
macroscopic dimensions. Conductivity is establislaédow filler loading due to
uniform diffusion and formation of conducting chafwithin epoxy matrix. Smaller
size and high aspect ratio of nano-fibres facaéatheir proper distribution and thus
there is minimum hindrance to epoxy network foromati This in turn results in
improvement of impact and drop test performance tlod ICAs. Moreover,
interpretation of SEM micrographs confirmed tha thffusion of nano-fibres inside
the matrix polymer was very smooth and there isgglomerate formation. Hence, it
is concluded that incorporation of PANI nano-fibras filler in epoxy/anhydride

matrix improved the prospect of these compositedding used as ICAs.
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CHAPTER 4

POLYPYRROLE/EPOXY COMPOSITES AS
ISOTROPICALLY CONDUCTIVE ADHESIVES

Among the intrinsically conducting polymers, polymte (PPy) has been widely
used for various applications due to its betterdaatvity and good stability. In this
chapter, we report the use of PPy as conductilex fit ICAs in place of metals like
Sn & Pb. PPy was incorporated as filler in epoxigainide (EP) system and its
application as isotropic conductive adhesive wasdistl in detail. PPy was
synthesized by suspension polymerization using DBSAlopant. The PPy obtained
by suspension polymerization has fine particles lagnce shows better dispersion in
the epoxy matrix. The composites with varying PBgaentrations were studied for
various properties of ICAs. The composites show dgampact properties and
conductivity at very low filler concentration. SEbdbservations established that PPy
particles were dispersed in the epoxy matrix momdfoumly. The overall
characteristics of these conductive adhesives tepdrere establish that they would

be prospective ICAs.
4.1. Polypyrrole

Polypyrrole is one of the most studied conductimdymers because of its rather
straightforward preparation methods [1]. PPy isoeably stable in air, presents high
conductivity, good electrochemical properties, ther stabilty and is easily
synthesized both chemically as well as electrocbtaltyi[2]. It exhibits a wide range
of surface conductivities (I®Scm® to 100 Scrit) depending on the synthesis and
the nature of the counter ion or dopant [3]. Sorhé&soimportant properties include
electroactivity, electrochromism, environmentalbdtey and corrosion inhibitive

property. It is widely used in rechargeable batte{d-7], electrochromic displays [8-
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10], ion-exchangers [11-13], pH sensors [14], ga®sssrs [15-17], corrosion

protection [18], biomedical applications [19] eteedo its important properties.

Pyrrole is a five membered heterocyclic compourndcain be found in heme and
chlorophyll and can be synthesized by two methostscting furan with ammonia and
dehydrogenation of pyrrolodine [20]. The generauaure of PPy is a chain of
mainly 2,5 coupled aromatic unitgig. 4.1). PPy was first synthesized in 1916 by
oxidation of pyrrole as a powder known as “pyrréiack” and in 1968 it was

synthesized electrochemically [21]. As we know tR&y can be electrodeposited
under various conditions and therefore its physicla¢mical and electrical properties

can be altered using various dopants [22-24].

N N
\ / N

Figure 4.1. General structure of PPy

n

Conductivity: One of the remarkable properties of PPy that carmbelified by
altering the dopant ion is conductivity. Condudgvof PPy can range from those of
insulators with almost no conductivity 1@o 100 Scrit [25]. Doping ions help to
decrease the band gap between the energy levelsisRBnductive because of the
ability of the electrons to hop along the polymbaios and across interchains due to
the m-conjugating bonds. By using smaller counter iomhwsoplanarity with the
polymer chains, the conductivity can be increas#g].[Dopants such as hydrogen
peroxide, polyethylene oxide, dodecylbenzenesutignaand salts containing
transition metal ions have all been used [27-30lldi®s have shown that longer
deposition times, lower plating potentials and temafures, and higher concentrations

of monomer and electrolyte are favourable for canelily and stability [31]. Other
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modifications such as increasing the roughnesfi@iptating surface, has also been
shown to increase conductivity [26]. The additidnvater into the electrodeposition
solution also produces a more conductive polymesiby because water serves as a

better proton scavenger than PPy in the soluti@h [3

Two of the most common dopants that are used fdymmrisation of PPy are
polystyrene-sulfonate (PSS) or sodium dodecylbesmdfonate (NaDBS) [33].
PSS/PPy and NaDBS/PPy polymers have been used ng agplications ranging
from actuators to neural electrode coatings to alesubstrates [34-40]. PPy's
properties make it an attractive choice for biosend41-43] and drug delivery [44,
45] applications. The ability to dope the polymeithwvarious molecules and
stimulate it electrically creates novel methodsdoug delivery. The conductivity of
PPy also creates the opportunity to sense specdiecules by monitoring changes in
the properties of PPy directly or remotely usindiodrequency (RF) technology. By
further exploring the ability to manipulate and monthe properties of PPy, more

advanced interactions with its surrounding envirentrcan be achieved.

Synthesis: PPy can be synthesized by chemical bulk polymeozatvapour phase
polymerization and electropolymerization etc. Butkemical polymerization of
pyrrole can be used to produce PPy powder eashg Monomer is dissolved in
organic solvents or doping acid solutions like DBSATSA etc. Most common
initiator used are Fegland APS. Another technique developed for produé&iRy
coatings is vapour phase deposition. In a typicat@ss, polymer containing electron
acceptor/initiators (i.e, Fe§¢ICuCh) is placed on the substrate prior to the vapour
deposition. The dip coated substrates are themglacthe presence of a dry saturated
vapour of the monomer pyrrole for varying periodgime, and PPy deposits on the

surface as film [46]. Other methods such as UV-phioduced PPy formation and
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plasma polymerized formation have also been peddrto form PPy films [83, 84].
For electropolymerisation, PPy is mixed in an agisesolution, and a potential is
applied between the working and reference electrodibe polymerisation can be
carried out by potensiostatic technique (voltagd kenstant), galvanostatic (current
is held constant), or potentiodynamic method (g#tas cycled) [47]. The polymer
gets deposited on anode as an oxidation-reduc#action occurs. The anodic
oxidation results in a flux of charge and/or nelusjgecies as the polymer forms.
Plated PPy remains on the electrode surface whlsexjuent deposition continues
which shows that PPy is conductive enough to ppdie in further monomer
oxidation. In electropolymerisation, doping invadva redox reaction as the polymer
forms. Electropolymerization usually produces tRiRy films, however, for specific
uses film thickness can be increased by longer npadization time. The film
deposited on surface is infusible and insolubleabse of strong inter- and intra-

molecular interactions and crosslinkings [48].

Charge transport: Conjugated polymers like PPy have various oxigalévels which
can be manipulated through the removal of elect(om&lation) or the addition of
electrons (reduction) by the application of a vgdtafFig. 4.2. For approximately
every three pyrrole monomers, a positive chargengoand a counter anion is
incorporated into the polymer to bring about tharge neutrality. For large dopants
such as NaDBS, when the pyrrole is reduced (a ivegabltage applied between the
polymer and reference electrode in a solution)oatifrom the solution flow into the
polymer to neutralize the charge, and the polymeands. If the dopants are smaller
anions, when the polymer is reduced the negativlerged dopants will flow out of
the polymer into the solution to equilibrate chargkis ability to change the volume

of the PPy has been used to create actuators.
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It has been proposed that the electrons move thr&Ry by two methods. The first
method involves movement of current across mobitarge carrying regions,
polarons and bipolarons. Dopants ionise a polynm@incand create a polaron. As
dopant concentration increases more polarons ansetb and eventually bipolarons
form. Electrons can then move across a single chgimovement of these charge

carrier regions. The second method occurs

Figure 4.2. Various redox forms of PPy

when polarons or bipolarons from two separate pelyohains reside in the same
plane. Electrons then travel from polymer chainpmymer chain by interchain
hopping, producing spinless conductivity [49]. Téndsvo methods, a) transfer of
polarons and bipolarons throughout a single polymieain and b) hopping of
electrons from chain to chain, account for transmdrcharge in PPy [25]. The

dominant method of charge transfer depends onyffednd the concentration of the
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dopant in the film [50]. The conjugated backboneattérnating double and single
bonds allows the charge species to move along #uekbone, resulting in an

electrically conductive polymer.
PPy/epoxy composites

Difficulty in processing of PPy is a hindrance whjarevents its effective use in many
other applications. One of the most widely usedhnepie for improving its
processing properties is by forming composites vather processable polymers.
Incorporating PPy in epoxy has many advantagesdikeother percolation curves
and low process density as compared to metaldiller fact, specific masses of the
epoxy matrix and the PPy particles are 1.23 andrgspectively [51]. Although, the
approach seems to be very viable, there are vewyréports of such composites
available. Cassignol et al reported the use of fdispersing methods to disperse
increasing amount of PPy in an epoxy matrix in ortte make it electrically
conductive. These composites were used to studyntieeostructure-conductivity
relationship [52]. A correlation between percolatithreshold and glass transition
temperature depression in PPy/epoxy resin comsosiés observed by Barrau et al
[53]. Similarly, Pomposo et al reported developmehtPPy based conductive hot

melt adhesives for EMI shielding applications [54].
4.2. Experimental

4.2.1. Materials
The materials used in this study along with thepgiers are listed ifable 4.1

Pyrrole was procured from SRL Ltd, India and DBSAsvsupplied by Himedia Labs,
India, while FeG was purchased from Merck India and used as redeiMee matrix
polymer was diglycidyl ether of bisphenol-F (DGEBEpon 862, manufactured by

Hexion speciality chemicals, and purchased fromldvliiStephenson chemical
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company, USA. The curing agent used, i.e., hexaipttialic anhydride (HHPA) and
the catalyst 2-ethyl-4-methylimidazole (2E4MZ) weretained from Sigma Aldrich
chemical company. The ratio of epoxy to curing agems 1:0.85 and the

concentration of catalyst was 1 part per hundretsed resin.

Table 4.1. List of chemicals used and their supplie

Material Acronym Source
Pyrrole (extra pure) Py SiSCOLrt?:lS,el\iL?le:m;iltigries Pwvt.
Dodecyl benzene sulphonic adid DBSA Himediﬁlﬂl?rgg;ail’t?rr‘ig; Pvt. Ltd,
Ferric chloride L.R FeGl Mem@gﬁ%g!ftiﬁz;ﬂ' Ltd.
Hexahydropthalic anhydride HHPA Sig T%Ag;i:;alc:g’n:ﬁg:z Pvt.
2-ethyl-4-methylimidazole 2EAMZ Sing:iA'E?g:gafg‘gnliﬁg:z PV

4.2.2 Synthesis of polypyrrole

Chemical polymerisation of pyrrole was done in rgkd step procedure [55]. 0.13
moles of freshly double distilled pyrrole and Orb8les of DBSA were dissolved in
100 ml of deionised Millipore water by vigorousrstig to get a dispersion system.
0.26 moles of FeGlwere dissolved in 100 ml of deionised Milliporeteaseparately.
The two solutions were cooled to0°C. Then, FeGlsolution was poured slowly
over the dispersion of pyrrole and DBSA and kept d°C. After 4 h excessive
guantity of methanol was poured into the solutiontérminate the reaction. The
resulting polypyrrole precipitate was vacuum fiddrand washed several times with
distilled water, methanol, and acetone. Finallyyds dried in oven at 80°C for 8-10
h, ground into fine powder, and stored in a desarca
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4.2.3 Preparation of composites

The resins for the ICAs were formulated as per ghecedure already reported in
chapter 2 of this thesis under section 2.2.3. \teriamounts of PPy powder were
added to the epoxy system to obtain composites yitt0, 15, 20 weight percentage

of PPy. The material was hand mixed thoroughlylitam a uniform mixture.

4.3 Characterization

Various characterization technigues have been taseldaracterise above samples in a

similar manner as in chapter 2 of this thesis uisdetion 2.3.

4.4 Results and Discussion

4.4.1 Conductivity measurements

Conductivity of the ICA samples with different cemtrations of PPy was measured
in a similar manner as reported in previous chapierorder to get consistent results,
identical conditions were maintaindgig. 4.3 shows the evolution of conductivity in

ICAs as the proportion of PPy increases.
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Figure 4.3. Variation of electrical conductivity wih increase in PPy conc.
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With respect to parent epoxy network, conductigiyws a sharp increase even with
the incorporation of 3% of PPy. Even the percotatibreshold taken at f0Scnit
comes at a lower PPy concentration, i.e., betwed®%. PPy formed by dispersion
polymerisation has a very minute and uniform plrtsize and is thus easily diffused in
the epoxy matrix forming a conductive network. A tpercolation threshold, this
network becomes continuous and an infinite clustePPy particles is formed which
ensures conduction within the insulating matrix waek. These results are in
accordance with those reported in literature [52]. SVith the increase in PPy
concentration, conductivity shows a smooth incre#lsereaches a value of T0Scni*
with a PPy concentration of 15%. Above this coneian, there was no significant
increase in conductivity, which may be due to sdton in conductive filler distribution

and formation of clusters.
4.4.2 Curing properties

The DSC thermograms of uncured epoxy/PPy compoaitasy with that of neat
epoxy/anhydride system are depicted Rig. 4.4 It is observed that a single
exothermic peak is evident in all samples irrespeadf the concentration of PPy in
the epoxy matrix. Hence, it is clear that the bamicing profile of the epoxy
anhydride system is not changed by the incorparatib PPy. Epoxy anhydride
system shows a sharp exothermic peak at about 188f@sponding to complete
cross linking of the matrix. However, with the iaase in PPy content, the peak starts
to broaden and is slightly shifted towards highemperature. This may be due to
decrease in the curable epoxy proportion in theposites and thus increase in the
curing time. ICA with 10% PPy concentration showslght shift towards low
temperature. It may be worthwhile to note that percolation threshold of the

composites is around this concentration. Below gdaton threshold the filler
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particles form indefinite clusters and thus there iwide difference in modulus, but
around threshold potential the particles form anitef pattern and thus an arranged
pattern of filler particles is formed. This in-tutras a definite effect on network
formation during curing and there is a minimal mamte due to PPy particles. This
trend is further confirmed by the sharp depressioglass transition temperaturegfT

of this composite.
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Figure 4.4. DSC thermograms of PPy/epoxy composites

After the DSC scan, samples were cooled to roonpéeature and scanned again at
the same rate to obtain glass transition tempexdfiy) of the samples. Variation of
glass transition temperature with the increaseRf Boncentrations is shown fig.
4.5. As the PPy concentration increases, there isgatsshift in Ty range towards
lower temperature, but it decreases sharply whenRRy concentration becomes
10%. This unusual behaviour was confirmed with miper of repeated scans and it
seems to be independent of epoxy resin curing. s doncentration is around
percolation threshold of the composites, there wepression of { Such type of

depression in J has also been reported by Barrau et al [53]. $t len concluded
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that the depression ingBround percolation threshold is due increase enntbbility
of epoxy matrix chain segments. The transition excplation threshold is related to
formation of infinite clusters due to which freelmme accessible to molecular motion

of epoxy chain segments is maximum.
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Figure 4.5. Variation of glass transition temperatue with increase in PPy conc.

4.4.3 Thermogravimetric analysis

Thermal stability of the samples was studied by T&walysis. All the samples
essentially show two-step transition as depicte&igh 4.6 Epoxy system shows a
slight weight loss around 150°C which can be duleds of volatiles and is stable till
around 400°C after which it shows a steep changeh@rmogram due to the
degradation. By incorporation of PPy, the basic rdégtion characteristics are
essentially same with a sequence of two step dagioad But, with the increase in
PPy content, the weight loss around 150°C increddas is probably due to loss of

volatiles and oligomers and is characteristics BY Bhase. All the samples showed
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stability till 350°C and then undergo a sharp ddgtian till 450°C which is
essentially the characteristic of epoxy system.ddeiit can be concluded from the
results obtained that PPy incorporation does nok ha significant effect on the

thermal degradation of epoxy systems.

T T T T T T T T T T T T T T T T
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Figure 4.6. TGA thermograms of PPy/epoxy composites

4.4.4 Moisture absorption

Resistance to moisture is a very important parantgtlCAs. Moisture present in the
service environment can degrade the impact pre@seofi the adhesives, giving rise to
swelling stresses in the system. This may leathéddrmation of voids or growth of
already present voids. Water may also affect tbetetal properties of the adhesives
and form oxides on the surface of metal fixtureackted by them. Hence, good ICAs
should have very low moisture pickup capacity. Mais absorption data obtained
after 85°C/~100%RH aging is presented as perceighivgain inFig. 4.7. It can be
observed that even cured ICAs show moisture absorput the weight gain is very
small. Moisture uptake of samples was more durirgg 100 h. This may be due to
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water attached to the filler particles which areé nompletely adhered within the
epoxy matrix network. PPy has known affinity towatdimidity. This is attributed to
the presence of heteroatoms and disordered steuabdfir PPy which favours
penetration of small atoms like water. These mdéscare free or may be linked by

hydrogen bonds to NH groups [51].
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Figure 4.7. Moisture uptake of ICAs

In all the samples, there is almost saturation bdyb00 h. These results are further
complimented by the fact that as the percentageRof increases, the weight gain
increases which indicates that the moisture upiskieie to increase in proportion of
PPy with respect to the cured epoxy matrix. Howetrex results are indicative of the
fact that even under harsh conditions of tempeeaaind humidity, ICAs showed

phenomenal stability and the weight gain was toalsaven after 500 h of exposure

to hot and moist conditions.
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4.4.5 Drop test performance

High impact strength forms a very important paranedf high performance
conductive adhesives. ICA joints have to absorlzlkshauring assembling, handling
and throughout their service life and thus needexhibit extremely good impact
properties. Impact performance of any material ddpeon the effective damping
property, i.e., the capacity of a material to gase energy. The impact performance
of ICAs was determined using a drop test deviseBlBMS, USA. For an ICA to be
used for solder replacement, it has to survivedpsifrom a height of 60without the
test assembly being detached. In this study, d¥sipwere performed by dropping the
test assembly through a channel on to concrete #asuring that it falls vertically.

An average of five tests was taken and the reaudtshown irFig. 4.8

w
o
o
S
©
e
5]
S
@
o
=
E
=

Minimum
number of
drops

15%
Concentration of PPy

Figure 4.8. Drop test performance of ICAs

Since the powder of PPy formed was smooth andgaize is small, the impact
performance of epoxy is not affected significantly.can be observed that chips

bound by ICAs containing 5 and 10% were stable efeer 25 drops and the trend
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was not changed by aging the samples R€86100%RH for 500 h. Although, all the
sample assemblies after aging continued to betitdag after the minimum 6 drops
required. But with the increase in PPy concentmatirop performance decreased
slightly. This again leads to the fact that moistabsorbed by partially free PPy
particles leads to void propagation and thus deesedahe impact performance.
Although, drop performance decreases with incréadePy concentration yet these
ICAs are far more stable and can withstand the kshewen after exposure to very

harsh service environment.
4.4.6 Lap shear strength

Representative data on lap shear strength are simokg. 4.9 In all the cases, there
was a drop in lap shear strength with the incorpmraof PPy inside the epoxy
matrix. However, it is significant to note thateafa sharp decrease in lap shear at 5%
PPy concentration, there is only a slight changlapnshear thereatfter. It is indicative
of the fact that since the particle size of PPyngorm and small, there is an even

diffusion of particles within the epoxy network twatut formation of agglomerates.
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Figure 4.9. Lap shear strength of the ICAs
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In most of the composites, there was almost nacedfeaging on lap shear properties.
When the PPy concentration increased beyond 154aghshear decreased. There is
probably a hint of PPy phase domination beyond twicentration and hence

moisture might be enhancing the crack or void pgagan leading to decrease in lap
shear. Overall, we can say that these composita®tishow a damping of adhesive

strength under adverse environmental conditions.
4.4.7 Scanning electron microscopy

The microstructure of PPy incorporation was obsgrigy scanning electron
microscopy.Fig. 4.10(a) shows the surface of the epoxy/PPy compositeowi any
distinct agglomeration of PPy particles. Some pladiappear on the surface while few
appear partially embedded inside the matrix. It rhayobserved that the smooth and

well textured surface of epoxy matrix has developaatours due to PPy patrticles.
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Figure 4.10(a) SEM micrograph of epoxy/PPy compositsurface

The distribution of these PPy particles in the hgpdxy matrix is a bit difficult to be

observed through SEM. An image of a peel fractu@Al film, Fig. 4.10(b) shows a
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cluster of PPy particles which have a strong irdenection of epoxy matrix and the

particles seem to be well connected without a defphase separation.

Figure 4.10(b) SEM micrograph of epoxy/PPy compost

When the fractured surface of these samples was\@asunder very high magnification
(3000 kX), PPy particles were very difficult to thstinctly identified and appeared to be

deeply embedded inside the cross-linked epoxy xmasgrshown irfrig. 4.10(c).

Time :12:32:34
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Figure 4.10(c) SEM micrograph of epoxy/PPy compogtat very high magnification
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4.5. Conclusion

Composites of PPy with epoxy anhydride system spowspect of being used as
ICAs, although conductivity needs further improvemePPy particles are easily
dispersed within the epoxy matrix without affectitgbasic properties. Conductivity
shows a smooth increasing trend and reaches a wdlu®® Scm' with a PPy

concentration as low as 15%. No further increaseowmiductivity was observed on
increasing the concentration of PPy. The thermaperties and curing profile of the
composites are very close to that of neat epoxtesysHowever, a depression ig T
was observed close to percolation threshold duedeased mobility of polymeric

chains around that concentration. Impact propedfespoxy matrix are affected but
are still good enough for an ICA. Moisture showsegligible effect on the overall
properties of ICAs studied. Hence, incorporation Ry in epoxy matrix forms
composites which may be used as ICAs in electrimtérconnections. The composite
with 15% PPy showed the best properties and cambst suited in electronic

application. This work has already been publisimgdurnal of adhesion [56].
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CHAPTER 5
CARBON NANOTUBE FILLED CONDUCTIVE ADHESIVE

In this chapter, we have used carbon nano-tubed $LCHs conductive filler in the
epoxy matrix for producing ICAs. It is observedtie previous chapters that the high
filler loading required for obtaining desirable cugtivity in ICAs can be a problem
in achieving good impact properties. Due to higéceical conductivity of CNTSs,
conductivity was established at a very low filleatling. Also, because of their high
strength to weight ratio, the impact propertieshef formulated ICAs are very good.
SEM results confirmed that CNTs are uniformly diseel in the epoxy matrix. These
nano-composites with very low filler loadings shawae great prospect of being used

as ICAs.

5.1 Carbon Nanotubes

Carbon nanotubes have attracted an intense intEogstthe scientific community
and can be regarded as the most exciting new ralt¢oi have been discovered in the
past 30 years. It started with the publicationhef tesearch paper by Sumio lijima in
Nature in 1991 [1]. lijima was using high resolumimansmission electron microscopy
(HRTEM) to examine carbon produced by the arc eratmn of graphite in an
atmosphere of helium. About a year earlier, it hadn shown that this method could
be used to produceggand other fullerenes in high yield, so it seemkdly that
other novel forms of carbon might be formed atsame time. It was while studying
the hard deposit which formed on the graphite adghollowing arc evaporation that
lijima made his discovery: the central part of tdeposit contained large numbers of
tiny tubules of graphitic carbon, consisting of centric graphene cylinders, typically

about 10 nm in diameter, with fullerene-like engsaAlthough tubes of carbon,
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produced catalytically, had been known for decades, structures discovered by
lijima were far more perfect than any that had bessn before, and promised to have
exceptional properties [2]. In subsequent work, graups showed that single-walled
nanotubes could be produced in a similar appaiatughich one or both electrodes
contained cobalt, nickel, or some other metal [3Bhese single-walled tubes
generally have smaller diameters than the multadaihanotubes (typically of the
order of 1-2 nm dia.). It was reported in 1996 tbaigle walled nanotubes, like

multiwalled nanotubes, can be produced catalytidall

Among all carbon products, carbon nanotubes haga bégreat interest, both from a
fundamental point of view and for potential applieas. Their mechanical and
unique electronic properties open a broad range applications including

nanoelectronic devices, composites, chemical sensmosensors and many more.
Carbon nanotubes can be classified as single-wati@dotubes (SWNTs) and
multiwalled nanotubes (MWNTSs). SWNTs consist ofyéindrical single sheet with a

diameter between 1-3 nm and a length of severatommeters. They possess a
cylindrical nanostructure formed by rolling up aagle graphite sheet into a tube.
MWNTSs consist of a coaxial arrangement of concerdingle nanotubes like rings of
a tree trunk separated from one another by 0.34Tim@y usually have a diameter of
about 2-20 nm. The production of SWNTs or MWNTsghighly dependent on the
synthesis process and conditions [6]. However, tise of CNTs in practical

applications has been restricted due to their pmocessability since they are
insoluble and infusible [7, 8]. In order to improtheir processability, they have been
combined with many polymers to form nano compositaterials with improved

properties. Carbon nanotubes possess high fleyiblow mass density, and large

aspect ratio (typically ca. 300-1000) [9, 10]. CNAave a unique combination of
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mechanical, electrical, and thermal properties thake nanotubes excellent
candidates to substitute or complement the corweatinanofillers in the fabrication
of multifunctional polymer nanocomposites. Gengratlanotubes are stronger than
steel, lighter than aluminum, and more conductivent copper. Because of these
extraordinary properties of isolated carbon nanegulgreat enthusiasm exists among
researchers around the world as they explore thmemse potential of these
nanofillers [11]. The first report of a polymer memomposite using CNT as filler was
given by Ajayen et al [12]. Since then, there heen many papers dedicated to
processing and resulting mechanical and/or eledtpioperties of fabricated polymer
nanocomposites. However, as-grown CNTs are normalixtures of various
diameters, and lengths, not to mention the presehampurities and other defects.
Furthermore, CNT aggregation has been found to aliaally hamper the mechanical
properties of fabricated nanocomposites. Finallye tb their small size, CNTs are
normally curled and twisted, and therefore indnadGNTs embedded in a polymer
only exhibit a fraction of their potential. Thusetsuperb properties of CNTs cannot

as yet be fully translated into high strength afthess finished products [13].

In view of above mentioned demerits of CNTs theagenbeen numerous efforts for
producing CNT nano-composites with improved prapsrt One of the most
important pre-requisite is that the CNTs must bepprly dispersed inside the
polymer matrix so that the stress propagation igotm and proper conductive
channels are established. As is already estalliskggregation of CNTs inside the
polymer matrix leads to inferior properties. Sorfaajority of processing methods use
low filler content to achieve proper dispersion Buth materials may not have the
best mechanical properties while they may be usedléctrical applications. Various

processing techniques have already been testedffamts are on to incorporate high
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volume ratios of CNTs. Another important area ofegach is the establishment of
strong chemical affinity between CNTs and surrongdpolymer matrix. Various
methods of CNT chemical modification have been esftd in improving
thermodynamic wetting of polymer matrix [14]. Whgt®lymer moeities may be
attched or grafted into CNTs to improve their iatgion with polymer matrix [15,
16]. Combining CNTs with organic conducting polysé€CPs) has also been tested

where CP either functionalizes CNT or CNT dopesGRs [17].

The preparation method of CNT/polymer nano-comgssis crucial in deciding its
overall properties. Various methods have been debté solution blending, bulk
mixing, melt blendingjn-situ polymerization etc are mainly used. Solution blegd
is the most common method which invloves threesste@., dispersing nanotubes in a
solvent, mixing it with polymer and finally recoweg the composite by precipitation
or solution casting. Dispersion of nanotubes invesalis is achieved by high-power
ultrasonication. Another approach uses surfactdikes triton X100 to improve
dispersion [18]. But this approach is limited fageuin polymers which dissolve in
common solvents. Milling is used intensely these/sdéo produce bulk nano-
composites. This method has been used to shorten lehgths of carbon
nanostructures. Similarly, high energy ball millwgs used to incorporate CNTs into
polymer matrices [19]. In case of thermoplasticypmdrs, CNT composites can be
made by melt mixing. This is particularly usefuf feolymers which are not easily
soluble and hence cannot be used in solution mixihgs procedure involves mixing
of CNTs under intense shear forces using variotlsigues like extrusion. However,
increase in viscosity with higher filler loadingsrncbe constraint in using this process.
Polymerization of vinyl polymers in presence of Ci¥Ta classical example of-situ

polymerization method. The main advantage of thethmd is that homogenity is
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better and higher weight percent of filler can heorporated. Furthermoren-situ
polymerization methods enable covalent bonding betwfunctionalized nanotubes

and the polymer matrix using various condensatactions.

CNT/epoxy nano-composites have been prepared byneer of research groups
[20-22]. Infact, the earliest CNT nano-compositevedeped was based on epoxy
matrix [12]. In their study, purified nano-tubesr@embedded in epoxy to study the
cross-sectional images of nanotubes. Since there moch composites have been
reported mostly usingn-situ polymerization. Martin et al dispersed MWNTSs in an
epoxy system based on bisphenol A and studiednfheence of AC and DC electric
fields on alignment of conductive networks [23].j@oet al tried to use calendaring
for dispersing CNTs in a viscous epoxy matrix [24]depression in glass transition
temperature of conducting composites obtained bpdihg CNTs with epoxy resins
has been observed by Barrau et al near the pamoltireshold [25]. From the
studies of Zhou et al on CNT/epoxy composites,naai damage model has been
combined with the weibull distribution function &stablish a constitutive equation
for neat and nano-phased carbon/epoxy [26]. Silpjldti et al used MWNT of
various aspect ratios to develop conductive adbedur aerospace applications [27].
Composites with very high conductivity have beemealeped through resin transfer
moulding technique recently [28]. In view of theoab reports, it is seen that no
systematic studies were carried out on CNT fillE&$, therefore, we present various

properties of such ICAs in this chapter.
5.2. Experimental
5.2.1. Materials

Multi walled carbon nanotubes (CNT) used had a di@mof 40-70 nm and length of

100 um. The ultrasonicator from Accumax India, Dethodel USB-2.25 was used
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for dispersion of CNT in HHPA. All the materialsagsalong with their suppliers are

listed inTable 5.1

Table 5.1. List of materials used with their source

Material Acronym Source

Hexion speciality chemicals,

Epon 862 DGEBF Inc. Houston, Texas, USA

Hexahydropthalic Sigma Aldrich chemicals Pvt.

HHPA

anhydride Ltd. Bangalore, India
- ‘ Sigma Aldrich chemicals Pvt.
2-ethyl-4-methylimidazolg 2EAMZ Ltd. Bangalore, India
Multiwalled carbon CNT Cheap tubes Inc. Brattleboro
nanotubes VT, USA

5.2.2 Preparation of carbon nanotube/epoxy composis
Pre-cure composites were formulated as per thewaolg procedure

a) Curing agent (HHPA) which is solid at room temperatwas heated slightly to
melt it. Calculated amounts of CNTs were addedgieatamounts of HHPA so
that the final concentrations of CNTs in composiik be 0.1, 0.2, 0.3, 0.4 and
0.5%. The CNT concentration is described as wepghtent. Each sample was

sonicated in an ultrasonicator for 30 min at 405@btain dispersion.

b) The dispersion was cooled down to room temperatdrethereafter an
appropriate quantity of epoxy resin was added abttie epoxy/hardener was in
a ratio of 1:0.85. A certain amount of 2E4MZ, i@] parts per hundred parts of

epoxy resin was added and mixed thoroughly.

c) The mixture was stirred by a glass rod with heétnecessary, until a
homogenous mixture was formed. The mixture wasuetlisturbed for some

time to remove air bubbles before further use.
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These samples have been characterized by varichrigeies as reported earlier in

chapter 2 under section 2.3.
5.3 Results & Discussion

5.3.1 Conductivity measurement

Epoxy matrix is highly insulating with conductivitf the order of 1&* Scm'. When
the conductive filler is incorporated, the insuigtimatrix is traversed by the conductive
filler which forms clusters. When these clustergrathemselves throughout the matrix,
they form conductive channels due to contact betvaghgacent particles. Composites
containing conductive filler in insulating polymel®come electrically conductive
when the filler content exceeds a critical valugwn as gercolation threshold The
percolation threshold is characterized by a shamppjin the conductivity by many
orders of magnitude which is attributed to the fation of a three-dimensional
conductive network of the fillers within the matrikig. 5.1 shows the electrical

conductivity of the CNT/epoxy composites as a fiamcof CNT concentration.
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Figure 5.1. Electrical conductivity as a function ®CNT concentration
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There is a sharp increase in conductivity arouddconcentration which is due to
high conductivity of CNT. The percolation thresholtthese composites taken at®10
Scri® is around a very low filler concentration of 0.2%his very low percolation

threshold is due to high aspect ratio and nano-aém@s of CNTs. These findings
were consistent with the previous reports of sudhr&poxy composites [29-31].

After this value, conductivity showed a gradual rease till it almost became
saturated at I0Scmi’. These results are highly significant compareduo studies

with conducting polymer fillers, where high filldsadings were required to produce
the same effect. The smooth propagation of condticindicates that the dispersion
of CNTs inside the matrix is uniform and proper doctive channels have been
formed. No serious effort was taken to align CNirsch might have increased the

conductivity values.
5.3.2. Curing behaviour

DSC thermograms of neat epoxy and CNT/epoxy cortgmare shown iRkig. 5.2.
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Figure 5.2. DSC thermograms of neat epoxy and CNTpexy composites
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The exothermic peak of epoxy/anhydride system appeat 138°C, depicting the
complete cross linking reaction of the epoxy systAmsingle curing peak is observed
in all the samples, which depicts that the basidnguprofile of epoxy remains

unaffected by the presence of CNTs. With the ireeem CNT content, the peak
maximum slightly shifts towards higher temperatufhis is due to an increase in
uncured part in the matrix. However, as comparedutoprevious observations with
conducting polymer fillers, peaks are sharp. Thakpeorresponding to the sample
with 0.2% CNT concentration shows high# characteristics. It is worthwhile to
note that percolation threshold of the compositearound this concentration. The
reason may lie in depression ipWhich will be discussed in next section. The sampl
with 0.4% CNT concentration was viscous during ngxiwhich indicates that the
cured part i.e., epoxy had decreased substantidiigt is why it shows a broadening
of cure peak and lessaH values. All the results clearly show that dusiaaller size

and high aspect ratio of CNTs they provide leastdi@nce to cross-linking or
formation of network in epoxy/anhydride systems.isitof great value for such

composites as the mechanical properties of thedomaay be retained to maximum.

Glass transition values for the composites wererdghed by cooling the samples to
room temperature and then heating the cured samplés 250°C at the same rate.
The Ty value of neat epoxy system was found to be arodddC The CNT-content
dependence of theyTs presented ifrig. 5.3.1t can be observed that Values are
affected in almost all samples, however, sampléa @i2% CNT concentration shows
an unexpected behaviour. There is a sharp depresdidy corresponding to this
concentration. This behaviour was confirmed withesed scans and seems to be
independent of epoxy curing. The concentrationr@aiad percolation threshold and

such behaviour has been observed by Barrau et 5l |2 is interpreted that
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conduction percolation is associated with a pakdicaonfiguration of the conducting
particles in the matrix. At the percolation threlshparticles align themselves in
definite infinite patterns, while before that theyist in finite size clusters. In the
percolation range, the free volume accessible @éanblecular motion of epoxy chain

segments is maximal.
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Figure 5.3. Variation of glass transition temperatue Vs CNT conc.

5.3.3. Thermogravimetric analysis

The weight loss Vs temperature curveFg. 5.4 shows that the overall degradation
characteristics of epoxy system are retained. Ther@ characteristic two-step
transition. TGA thermogram of neat epoxy shows alsmeight loss before 150°C
which may be due to loss of volatiles and themitlargoes a complete degradation
around 600°C. It is observed that the concentrativom 0.1 to 0.3% show little
variation in weight loss characteristics, while beg that conc. weight loss increases

around 150°C. An increase in weight loss may betduge loss of volatiles or some
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moisture embedded. Hence, it can be concluded fhene the results obtained that
CNT incorporation does not have a significant dff@c the thermal degradation of

epoxy systems.
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Figure 5.4. TGA thermograms of CNT/epoxy composites

5.3.4. Moisture absorption

Resistance to moisture present in the service @mvient is an important property of
ICAs. Moisture may decrease their adhesive propartgause corrosion to metallic
component joints. CNT/epoxy composite samples walgected to 80°C/~100% RH
aging and the effect was studied as weight gairr avperiod of time. The results
obtained are plotted against time and presentdéign5.5. It is observed that the
samples are almost unaffected by the moisture exs isethe figure. There is a slight
increase in weight till first 100 h and thereafieis almost stable. The moisture
absorbed may be bound to filler particles not cetgly adhered to epoxy network. It
is evident from the results obtained that themoiseven 1 % increase of weight in the

samples. Thus, these composites are highly staolerienvironment aging. CNT due
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to their small size and lower loading levels araltp engulfed inside the matrix and
hence do not bind water molecules. Although, asdN& concentration increased to
0.4%, moisture absorption increased. But considetie overall effect, it is pretty

clear that these ICA samples can withstand extr@mnditions of heat and moisture.

200 300

Time in hours

Figure 5.5. Moisture absorption behaviour with increasing CNT content

5.3.5 Drop test

The samples were studied for drop performance tyrding the number of drops

required to detach the chip from drop assemblythedesults are shown kg. 5.6

#“ Before aging

i Afteraging

M inim um
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drops

Number of Drops

% concentration of CNT

Figure 5.6. Drop test performance of ICAs
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Due to good impact properties, the drop performaateall the samples was
extraordinarily good. There was no visible effecer after 20 drops. The contacts
formed had a smooth surface and no cracks have foee@d even under a simple
microscope. However, assemblies joined by sampthd Wi4% CNT show little
weathering at the edges after 20 drops. These\a@iges are a direct consequence of
retention of maximum impact properties of strong»gpmatrix as evidenced by lap
shear studies. The small size and uniform dimessidrCNTs had a very little effect
on network formation of the epoxy matrix. When thep assemblies were subjected

to 80°C/~100% RH aging, drop test performance shawsignificant change.

5.3.6 Lap shear strength

Lap shear strength is another critical parametechvtiefines the binding strength of
ICAs. Fig. 5.7shows that the lap shear strength of ICAs of adkssilecreases with

increase in CNT concentration.
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Figure 5.7. Lap shear strength of ICAs

This is the outcome of proliferation of filler pleamto matrix network and decrease in

transmission of mechanical energy from the mawithe filler. But the decrease is
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very small and the shear strength is far great@n the desired impact strength for
ICAs. The detached test coupons show that theuraaiccurred at the interface of
adhesive and metal surface of the test couponsrraitian in the adhesive itself. It
means that the observed values of lap shear aerldsan the actual impact strength
of the adhesives. The etched copper surface ddasdergo effective wetting hence
the adhesion at that surface is poor. No crackiag wbserved in the adhesive
material and toughness of the ICA was intact. Aiging at 85°C/~100%RH until

500 h, samples show a small decrease in lap sheamgth. These adhesives do not
show a significant damping of adhesive strength euntiarsh environmental

conditions. Although, epoxy matrix is not affecteglmoisture, filler particles loosely

adhered to matrix network may absorb water andctietausing voids and crack
propagation under impact. The effect of aging gm #hear also shows a slight
increasing trend with increase in CNT concentratidlence, proper dispersion of
filler particles and high aspect ratio of CNTs Isignificantly improved the impact

performance of ICAs.
5.3.7 Scanning electron microscopy

To understand the dispersion of CNTs within epoxatrir the surface morphology
was studied using SENFig. 5.8 shows the peel fractured surface morphology of the
ICA with 0.4% CNT. The surface is rougher and CNife randomly distributed in
the matrix. It is evident that the CNTs are welhaikd to the surface, indicating that
the interface was strong. Strong filler/matrix nfiéee is another reason for good
impact performance of these composites. No disaggiomeration is evident, so the
dispersion of CNTs in the curing agent HHPA is Hicient method of preventing re-
agglomeration. All these observations clearly dsthbthat CNTs are easily

distributed within epoxy matrix and there is notidist phase separation. This is the
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reason for good impact properties because thessgessily propagated through filler
moieties. Also, because of the smooth distributionductivity is established at lower
filler concentrations due to the formation of coative channels which act as paths

for charge propagation.

Figure 5.8 SEM micrograph of CNT/epoxy surface

5.4. Conclusion

Carbon nanotubes were used as filler in epoxy/amihydystems and studied for their
application as ICAs. From this study, it was obedrwhat the small size and
uniformity of dimensions plays an important role defining the suitability of a
material for being used as filler in ICAs. CNTs &aawgh impact strength and good
aspect ratio; hence a higher percentage of theyegbrar strength is retained.
Conductivity is established at a very low filleatting and conductivity value as high
as 10° Scm' was obtained at a filler concentration of only%.3rhe ICAs so formed
not only show a good adhesion but also show leHistteof aging. The surface

characteristics show that there is a strong interfaetween matrix and filler phases,
197



which defines the worth of an efficient composigstem. Hence, it is concluded that
incorporation of CNTs as filler inside the epoxytmaproduces ICAs with high
electrical conductivity, great impact strength atwlow filler loadings. The overall
properties of these ICAs establish their use assl@4 electronic interconnections.
However, the properties may further be improveddbyising some other methods

like increasing the aspect ratio of CNTs which nrayrease the impact performance

further.
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FINDINGS FROM THE PRESENT RESEARCH WORK

The primary focus of our research work was to dgvelCAs with improved

properties by replacing the metallic fillers withtrinsically conducting polymers and
carbon nanotubes. It was aimed that the limitatiassociated with metallic fillers
mainly corrosion and limited impact resistance samificantly be substantiated by
using non-metallic fillers. The nature and dispansof conductive fillers is of prime

importance in deciding the final properties assedavith such ICAs.

1. Due to its ease of synthesis and processing, pitilyanvas selected as the first
filler. PANI powder was synthesized by conventioma¢thod like chemical
polymerization. Composite samples with differenn@entrations of PANI in
epoxy/anhydride matrix show properties characterisf an ICA. Thermal
properties of the cured ICAs show that the basi;mguprofile of epoxy remains
unaffected. There is a single curing peak in ewase although the sharpness
of the peak decreases and curing temperature sesedightly with increase in
PANI conc. It was also observed from thermal stsidieat on adding PANI to
resin, the Jof the samples decreases which indicates thatrds=pce of PANI
affected the cross-linking of epoxy matrix. The T@&#fermograms were very
close to that of neat epoxy system. The impact gntegs although affected by
the PANI concentration are substantially good @©A$. The sample with 25%
PANI showed a sharp deterioration in impact propertes. The lap shear test
could not be conducted for the sample with PANIcoof 25% as the test
coupon broke prior to application of force in a UTEimilarly, drop test
assembly joined by this sample showed cracks aetids even after"5drop
and got detached aftef"8&Irop. Electrical conductivity showed an increasing
trend with the increase of PANI concentration. Aligh, a conductivity of 19
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Scm' was obtained at 25% PANI filler concentration this ICA shows poor
impact properties. Moisture absorption of samphesaased with the increase of
PANI concentration but the overall effect was tatlel It seems that the
moisture absorption is a characteristic of filldrape. SEM images show that
PANI powder was not uniformly dispersed in the gpoxatrix due to
agglomeration and large particle size. Thus, it psssible to produce
isotropically conducting adhesives with improved paot properties by
reinforcing PANI in an epoxy matrix. Low conductivican be a constraint
which needs to be improved. In order to get beitgpact properties and

conductivity, PANI particles need to be finely dasped in the matrix.

It is an established fact that the size and geonudtfiller have a great influence
on the overall characteristic of the compositesview of this nano-fibres of
PANI were introduced as filler into epoxy/anhydrideatrix to produce
isotropically conductive adhesiveBANI nano-fibres were synthesized by
interfacial polymerization technique. Nanofibres developed by this technique
show smooth dispersion in the matrikie uniformity and smaller size of
PANI nano-fibres significantly improved the overall properties of the ICAs
when compared to ICAs filled with PANI of macroscojic dimensions.
Conductivity is established at low filler loadingelto the uniform diffusion and
formation of conducting channels within epoxy matn this case. Although,
the maximum conductivity obtained in case of PANMWder and nanofibres
remains same, but the percolation threshold is bksted at a lower
concentration in case of PANI nanofibres. Decran$ie percolation threshold
is very important for conductive composites notydmcause it reduces the cost

but also because it minimises the influence oeffilbn the mechanical and
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thermal properties. Smaller size and high aspea od nano-fibres facilitates
their proper distribution and thus there is minimbimdrance to epoxy network
formation. This in turn results in an improvemerit impact and drop test
performance of these ICAs. Drop test performancel@As with PANI
nanofibres as filler is far better as compared2ad with PANI powder as filler.
ICA with 25% PANI powder had failed the drop teadahe assembly showed
wearing at the ends even in tHedfop. But ICA containing same concentration
of PANI nano-fibores has a smooth surface, showatively good impact
strength, and is stable far beyond the minimumireqent. The uniformity in
size and nano dimensions of these fibres enableseth to effectively
penetrate the matrix network and hence the dampingoroperty, i.e., the
capacity to dissipate energy, increasesThe ICA with PANI powder
concentration of 25% is unable to bond the twodagar test coupons properly
and broke even before application of force duriest;twhile nano PANI filled
ICA of same concentration had a smooth surface afteng and good impact
properties. Such an improvisation of impact prapergives a very significant
advantage to these ICAs for realising their apgibcepotential. Curing profile
of the ICAs does not show any appreciable changetdwnano dimensions of
filler. Although, curing peaks were sharper thariNPAowder filler composites.
TGA thermograms show a characteristic two step mdass of epoxy system,
however in case of PANI nanofibre filled ICAs thésemore weight loss around
150°C, probably due to presence of more volat#aM observations confirmed
that the diffusion of nanofibres inside the mapolymer was very smooth and
there is no agglomerate formation. It is concludleat incorporation of PANI
nano-fibres as filler in epoxy/anhydride matrix moped the prospect of these

composites for being used as ICAs.
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Polypyrrole was synthesized by suspension polyragoz using DBSA as
dopant in the present work. The PPy obtained bgenson polymerization has
fine particles and hence shows better dispersiomh@é epoxy matrix. The
composites with varying PPy concentrations werdistufor various properties
of ICAs. Conductivity shows a smooth increasingutr@and reaches a value of
10° Scmi* with a PPy concentration as low as 15%. No furiherease of
conductivity was observed on increasing the coma&ah of PPy. The thermal
properties and curing profile of the composites &gy close to that of neat
epoxy system. However, a depression jnwhs observed close to percolation
threshold due to increased mobility of polymericaiols around that
concentration. The depression ig dround percolation threshold is interpreted
as increase in the mobility of epoxy matrix chaagments. Since, PPy powder
was smooth and patrticle size was small, the impadbrmance of epoxy is not
affected significantly. It is observed that the pgemassemblies bound by ICAs
containing 5 and 10% were stable even after 25ga the trend was not
changed by aging the samples in’@B-100%RH for 500 h. However, it is
significant to note that after a sharp decreaselapm shear at 5% PPy
concentration, there is a slight change only indagar thereatfter. It is indicative
of the fact that since the particle size of PPyn#orm and small, there is an
even diffusion of particles within the epoxy netwowithout formation of
agglomerates. In most of the composites, therealvagst no effect of aging on
lap shear properties. When the PPy concentration imaeased beyond 15%,
the lap shear strength decreased. Moisture showsghgible effect on the
overall properties of ICAs studied. Thus, incorpiora of PPy in epoxy matrix

forms composites which may be used as ICAs in e interconnections.
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The composite with 15% PPy showed the best pr@seaind can be most suited

for the application.

In addition to CPs, CNTs show a bright prospectbeing used as fillers.
Replacing metallic fillers in ICAs with CNTs havéet potential benefits of
being lead free, corrosion resistant, high mecl@ngtrength and electrical
conductivity etc. So, new ICAs are being formulated dispersing CNTs as
filler in epoxy/anhydride matrix. Composites werada by dispersing different
loadings of CNTs in epoxy hardener and then mixingvith epoxy resin.

Conductivity of these composites was extremely gabda very low filler

concentration. Conductivity values of 4Bcm' were observed at a filler
concentration as low as 0.3%. This is attributeddod electrical conductivity
of CNTs as well as high aspect ratio which allohent to form definite patterns
and continuous conductive channels even a low carat@n. Curing profiles

of the ICAs show that CNTs had a very little effect cure pattern of epoxy
matrix. TGA results show a characteristic two dtgmsition and least effect of
filler. Drop test performance of samples show OAITs are effective in stress
propagation and hence energy dissipation occuesctefely. Thus, there is a
very negligible effect on the drop characteristiith increase in filler

concentrations. A similar trend is reported for Bipear test. Concentrations
above 0.4% filler loading showed decrease in lapashstrength. These
observations lead to the fact that optimum filleading is achieved at around
0.4% CNT loading. Composite with 0.5% CNT concemrawas difficult to

mix and had high viscosity before curing. CNTs aeey well dispersed inside
the matrix as is evident from SEM images. CNTsratigemselves in the tough

epoxy matrix which is the reason for good impaal aonducting properties.
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Environmental aging characteristics of the sampleswed that although a
slight weight gain was observed but the overalkeetffof moisture was found
negligible. Drop test and lap shear characterisilse show a small impact of
aging. All these points indicate that the incorporaof CNTs inside the epoxy

matrix produces ICAs with extremely good properties

The main achievement of this research work lies ithe fact that new filler
materials for ICAs have been identified. The fillerloadings in all the ICAs were
lesser as compared to metal filled ICAs. Compatihily increased as evidenced by
the improved impact properties. The main advantageof using organic
conducting polymer fillers or CNTs is that the corosion related to metallic filler
is neglected. Further, it is established that the prphology and dimensions of
filler particles have a strong effect on the overalproperties of ICAs. High aspect
ratio of nanofibres resulted in increase in impact properties and high
conductivity at lower filler loadings. Hence, it isconcluded that there is a great
prospect of using conducting polymer and CNTs as Ikers in ICAs. Small
dimensions and uniform dispersion of filler partickes makes them more suitable

for finer pitch applications.
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FUTURE WORK

The ICAs studied in this research work are actualhew beginning in this area. So, a
lot of research work can be initiated on this theidew matrices can be identified
which can withhold impact properties at much higtilésr concentrations, so that the
limitations with conductivity can be eliminated.sal matrix polymers which require
low or no temperature for curing can be an addedhmtdge. This will ease the
processing and save time. Most of the adhesiveicaatare thermosets and hence are
not easily reworkable. Hence, new matrices maythdiexd which can be used to
make re-flowable ICAs. It will not only ease thendéing but will help in detaching

the components during disposal.

There is a prospect of studying more conductingernas as fillers in ICAs. More
conducting polymers or their derivatives can belistal for their application as fillers.
This study has identified that morphology of filgplays an essential role in overall
properties of ICAs, so CPs with different sizes amokphology may be studied for
improving the properties of ICAs. Similarly, CNTstwfunctionalizations may show
varying effect on adhesive properties of the matthe identification of proper

interactions will be an important study.
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