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Abstract

Isotropically conductive adhesives (ICAs) are believed to be next generation interconnect
materials and a viable replacement for tin/lead soldering technology. Continued efforts since
last 15 years have resulted in the development of |CAs with improved properties, but some of
the concerns and limitations still remain. Two major drawbacks of ICAs are poor impact
performance and increase in contact resistance under elevated temperature and humidity.
These drawbacks have been found to be caused by the presence of metals as conductive
fillers. The primary focus of this work is to develop ICAs with improved properties by

replacing metallic fillers with intrinsically conducting polymers and carbon nanotubes.

The first part of the dissertation focuses on the use of polyaniline (PANI) asfiller inside
an epoxy matrix. Polyaniline is synthesized by conventional chemical polymerization
technique and incorporated in the epoxy matrix prior to curing. The effect of PANI filler on
the curing property of epoxy matrix is studied by Differential Scanning Calorimetry while the
thermal degradation characteristics are observed by Thermogravimetric analysis. Bulk
conductivity of the ICAs is measured by four probe technique. In order to characterise the
ICAs for their impact properties they are subjected to drop test devised by National Centre of
Manufacturing Sciences (NCMS), USA and the Lap shear test (ASTM D3163). Since these
conductive adhesives have to be used in various service conditions, they are exposed to
elevated conditions of temperature and moisture and their behaviour with respect to moisture
uptake and loss of impact properties is studied for various time periods. Moreover, the
diffusion of filler particles within matrix polymer is analysed by Scanning Electron

Microscopy.

In the following sections, the effect of nature and dimensions of conductive fillers is studied.

Polypyrrole (PPy) is used as conductive filler because of its better conductivity and stability.



PPy formed by dispersion polymerisation using dodecyl-benzene sulphonic acid as dopant
has a very minute and uniform particle size and is thus easily diffused in the epoxy matrix.
Hence lower concentration of filler is needed to establish good conductivity and this
enhances the impact performance of ICAs. Geometric dimensions of the filler particles have a
significant effect on conductivity and impact performance of the ICAs. Nanofibres of
polyaniline are synthesized by interfacial polymerization technique and dispersed inside the
epoxy matrix. The nanofibres show better diffusion and ICAs formed have good conductivity
at lower concentration of filler. Similarly, carbon nanotubes (CNT) are incorporated as
conductive filler. CNTs possess great dimensional stability and hence impart good impact

strength to ICAs. Also, the conductivity increases appreciably at much lower filler loadings.

The experimental data shows that the ICAs formed by using these non-metallic fillers have a
great prospect of being used in electronic interconnections. The phase compatibility is greatly
increased by using polymeric fillers and also the possibility of corrosion which is responsible
for decrease in conductivity of metal filled ICAs is neglected. The filler-epoxy interfacial
adhesion is very strong and hence these ICAs have very good impact properties. Lap shear
fractures occurred by separation at the |CA-substrate interface rather than by cracking of
adhesive. Percolation threshold is established at very low filler concentration. Incorporation
of these fillers has almost negligible effect on the curing behaviour and thermal degradation
of the resin. Accelerated aging seldom causes any significant effect on the impact properties

of these ICAs.

This research provides for a comprehensive understanding of replacing metallic fillers in
currently available ICAs with conducting polymers or CNTs as fillers. These observations
will be a useful tool for designing future ICAs. The improved reliability of these ICAswill be
significant to overcome the shortcomings of available metal filled ICAs. Moreover, the use of
conducting polymers as fillers in ICAs will further expand the already established world of

conducting polymer applications.



PREFACE

Electronic interconnections have been dominatedimiead solders since decades
and they are widely used even today. However, asethvironmental awareness
increased the toxicity of lead has received unaleastention and its overall adverse
effect on human health is being closely monitoteden small quantities of Pb can
lead to damage of brain, nervous system, liverkaghoeys when ingested. Disposal of
electronic waste especially printed circuit boatdstaining lead is a major concern
globally, because lead accumulation in water sauchee to continued dumping of

this waste is severely affecting the biosphere.

Hence, world attention has been brought towartsirting or minimizing
the use of lead in electronic interconnections. idlagjon and policies have been
proposed in Europe and United States to ban ot ihmiuse 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 hazardousstautres) directive. Lead that is
commonly used in solders was among these substahtmesever, such efforts
haven't yet been effective due to lack of a suéaditernative 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-é@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 far interest in conductive adhesives
is the requirement of increasing miniaturizationd aintegration, which leads to
smaller passive components and more complex IC ooemgs. Continuing
improvement in adhesive technology has enabled E@Aplace solder in many
electronic assembly applications. ECAs offer sdvgratential advantages over
conventional solder interconnection technologyudaig finer pitch printing, lower
temperature processing and more flexible and singecessing. Also, ECAs have
greater flexibility, creep resistance and energygiag as compared to lead free
solders, which can reduce the possibility of fakithat occur in lead-free solder
interconnections. Therefore, ECAs and among theotrapically 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 ries&ance, 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 understandingha& properties like impact failure
and loss of conductivity due to corrosion has batrbuted to presence of metallic
fillers in ICAs. So, there is an immediate needriplacement of these metallic fillers
with some more reliable filler materials. This ndex$ to be addressed by identifying

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

This study identifies the already established n@tallic conductive materials
as probable fillers for developing ICAs which may used as prospective alternative
to tin/lead soldering. The main objective of thissértation is to incorporate organic

conjugated conducting polymers and carbon nanotalsefillers in an anhydride



cured epoxy matrix and study the composites so ddrior their use as ICAs. The
optimization of filler concentration and its effemt overall properties forms the core
of this research work. Incorporation of a fillergse inside the matrix decreases its
impact performance. Hence proper filler loadinggehi be used so that the resulting
impact performance of these materials is suitalsleugh for them to bind the
electronic components to the substrates. Curreatigilable ICAs use metals
especially silver as filler. Presence of this matadhase inside the matrix polymeric
phase leads to phase separation and hence adlag¢dilbler-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 polgrs inside the matrix. Since,
there is an improved compatibility between the phases, better adhesion with filler
is expected. Although, CNTs show comparativelydesompatibility, yet their effect
on impact performance is substituted by their retgctrical conductivity because of
which very small filler loadings are needed foreetive conductivity establishment.
Also, metal filled ICA bound interconnections araseseptible to oxidation or
corrosion due to the presence of dissimilar metatbe interface. It leads to decrease
in conductivity of the joints when exposed to mastvice conditions. By replacing
metals with highly stable conducting polymers andTE, 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 rilisttion of stress under impact.



PANI synthesized by conventional chemical polymaian when used as filler and it
shows difficulty in mixing due to large particlentgnsions. But in case of PPy
synthesized by suspension polymerization, the g@arsize is uniform and small.
Hence, lower filler loadings produce good condustiand the ICAs developed have
better impact properties. Similarly, when nanofiood PANI are used, conductivity
improves and impact strength is enhanced. Due tm gbmensional stability and

small size, CNTs when used as fillers impart gomadaictivity and improved impact
performance to ICAs. Hence, it is established thiatensions and uniformity of filler

particles has an appreciable impact on the ovpeafbrmance of ICAs.
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CHAPTER 1
INTRODUCTION

The research work presented in this thesis is mdodussed on the synthesis of
epoxy based composites. These composites were rpcefiy using conducting
polymers and carbon nanotubes as fillers in thexgpaatrix and explored for their
utility in electronics industry as conductive adles To understand their better
suitability, we are presenting an introduction lte tonducting polymers, epoxy and
composites in the following sections of this chaptérst 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 polyneiten 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 avithde range of applications, either
in their innate state or in combination with othperlymers as hybrid or composite

materials.
A brief history

Much like the history of other complex chemicalsganic conducting polymers had
their origin many years before their true idensifion was accomplished. Their
history represents a fascinating sequence of desgand 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 repan the synthesis of a CP. He had

5



found that oxidation of aniline in sulphuric acekulted 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 ifigant importance came only after
the revolutionary discovery in 1975. It was disa@gethat poly (sulphur nitride) an
inorganic polymeric explosive exhibited interestelgctrical properties. This material
not only possessed good electrical conductivity &sb showed superconducting
behaviour at very low temperature (0.3K). The papadshift began soon after when
Shirakawa, MacDiarmid and Heeger in 1977 reported polyacetylene which is the
simplest polyconjugated system, can be renderedumine by reaction with iodine
or bromine vapours [1]. They achieved a remarkableancement in conductivity of
polyacetylene by several orders, i.e.’ Bemi® by simple doping with oxidizing
agents like 4, AsSs, NOPF (p-doping) or reducing agents (n-doping) suchcaiusn
napthalide. Later spectroscopic studies establithedthis reaction is redox in nature
and consists of the transformation of neutral p@&ynmto polycarbocations by the
simultaneous insertion of corresponding number of Br I3 anions between the
polymer chains in order to neutralize the positttarge developed on the polymer
chain as a result of doping reaction [2]. This digry 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 ofymesviously known polymers were
reinterpreted and rediscovered. The structuremaonbus 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 propseréie well as on theoretical studies
related to their conducting properties, but sodredame 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)
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n
Polyparaphenylene {@} 100w~ 500
n
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L n
g =
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Polythiophene TQJB 10V 100
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Polydiaminonaphthalene | 10
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Figure 1.1: Structures, and conductivities of someommon conducting polymers



Conduction mechanism

Since, CPs show enhanced electrical conductivitgdmeral orders of magnitude on
doping, the mechanism of conduction in such polgmervery complex. The basic
conduction properties of CPs at room temperature @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 abibtyshow intrinsic conductivity and
hence band gap essentially determines, whethermm#h excitation can lead to
electrical conductivity. The fraction of electroescited across the band gap at any
temperature is roughly equal t&%82KT (KT=0.025 eV at room temperature) [3].
Organic polymers are generally insulators becailmse dand gap is too large.
However, like semiconductors with impurities, whenrganic polymers are partially
oxidized (p-doping) or reduced (n-doping) by mearischemical redox agents
(dopants), charge carrier density increases [1¢. ddrrier is thermally excited from a
fermi level and shifted by impurities to a condaantior valence band. But for CP
with an aggregation of disordered molecules, thedbstructure is different and is
characterized by a mobility gap, which is defingdthe energy at a boundary where
electrons or holes are not moving rapidly. So,d&eiers in the mobility gap can only
move by hopping because of strong interference blecuales. In a simple case, the
carrier moves to nearby molecule and hopping irs@eat elevated temperatures. But
at lower temperatures, the carriers cannot hogyeasd 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, characteristimetfllic conduction. This occurs
when charge density increases by doping and the rfnea path of carriers becomes

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

It is convenient to discuss electronic structurgoolfy(acetylene) (PA) to understand
the electronic properties of CPs, because PA iplesh conjugated polymer and
secondly, the understanding of electrical properté 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 gsialistortion, wherein C-C bonds
are unequal, i.e, they are alternatively shortedooger. This non-equivalence of
bonds has an important effect on electronic progeedf 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-catidg 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 relativalypetter conductor.

The concept of solitons, polarons and bipolarons been 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 @maésoliton. A charged soliton can
also be produced by charge injection due to thangopr optical excitation. If the

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



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

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

Also, when the dopant increases and two polaroadcamed on a polymer
chain, they combine to form a dication, called g®laron as shown ifig. 1. 2 A
further increase in the dopant leads to the foirnatif a bipolaron band which finally
overlaps with a valence band and a conduction lbarfdrm 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 polanat bipolarons explains how the
electric charge is injected by chemical or eledteonical doping into the

electroconductive polymers [1, 5].

Figure 1.2. Polaron and bipolaron formation Concepof doping
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CPs in their natural forms are essentially semiootidg and do not show
characteristic metallic conductivity. But after thiscovery 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 unique phenomenon as®atiaith CPs which not only
defines the main characteristic underlying theecsglty but also provides CPs their
unique distinct identity. Dopants or doping agesds 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 havirgnductivity in the range of 18

to 10° Scni' into a metal like material with conductivity oftb 10 Scmi'. 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 partidlofaglectrons 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. Oe tither hand during p-doping,
electrons get injected into the lower part of tbeduction band from the donor. This
distorts the position of carbon atoms of the mdinic of polymer and a negatively
charged polaron is formed which contributes to teteac conduction. As the doping
progresses, both positive and negative charged@uanay 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 metholds vapour phase
doping, liquid phase doping, electrochemical dopsejf doping, photo-doping and
ion-exchange doping etc. Among these only two, ete@lmand electrochemical
methods are mostly used. Chemical doping involliesdirect exposure of polymers
to dopants either oxidants or reductants. Oxidationeduction with proper electron
donors or acceptors occurs by charge transfer mexhaThis can be illustrated by

following chemical reactions [7].

p-type doping: £-polymer), + 3, ny ()— [@-polymer)” (I3)y]n
n-type doping: £-polymer) + [ Na" (CioHg) |y —> [(Nd)y (n- polymer)’], +

(CroHg)°

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

several conducting polymers achieved by dopingesented 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 solvegptbblems 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 alypmeric specimen as working
electrode and a counter electrode into an eletcgohade by dissolving the dopant as
ions in a suitable solvent and applying a suitaléage between the electrodes.
During doping by an acceptor, voltage is appliedhsd the polymer specimen has a
positive electric potential. While, during dopingdase of a donor, voltage is applied
so that it has a negative electric potential. Thiesetive processes are reversible and
the polymer can be de-doped by applying a reves#tage [6]. The voltage between
the polymer film and the counter electrode deteesinthe doping level.

Electrochemical doping can be illustrated by foliogvreactions.
p-type doping:£-polymer), + ny [Li*(BF4)]son—> [-polymer)” (BF4)y]n — nye
n-type doping: [g-polymer), + ny (Li’ (BF4)]son. + NYé — [(Li')y(n-polymer)],

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

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

Synthesis of CPs

Like the enormous diversity of CPs, their modesspfithesis too show a large
versatility. Their synthesis may involve typicalechical procedures like condensation
and addition, oxidative coupling, co-ordination yuékrization or electrochemical
methods etc. The foremost essentiality althougtihas polymerization involves the
incorporation of extended electron conjugation. Polymerization must preseahe
basic bond constitution of monomers and the sch&ingenjugation must be invoked
either instantly or in successive steps. Thus, mbar of processes have evolved
which although different by nature show a charastier feature of transforming
simple monomers into conducting polymers. The epastedure may include typical
general routes like condensation and addition petyzation, organo-metallic

coupling polymerization, oxidative coupling or somspecific routes like
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electrochemical polymerization, photochemical pdyation, metathesis
polymerization, precursor route polymerization,iddtate polymerization, plasma
polymerization, ring opening polymerization and gamir-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 sepwratel

Oxidative coupling is widely used to synthesizegéaramounts 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 commamded 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 AKd anhydrous Cuglfor 2 h at
temperatures ranging from 25 to 35°C [8]. It isidetd that reaction involves an
initial one-electron oxidation of benzene to itdical cation, followed by reaction of
radical cation with several benzene moleculesve 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 oxigatcoupling of thiophene
(Fig. 1.4 or 2,2' bithiophenes with arsenic pentafluoridesKs). Iron trichloride

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

with higher molecular weights.
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AlCl, / CuCl,
_—=
n

n+2

Figure 1.4. Proposed oxidative coupling mechanisno tpolyphenylenes

Another important technique for synthesis of CR®Imes metallic or organometallic
mediation. The simplest and earliest approach és fdtmation of polyacetylene.
Polyacetylene which represents the simplest polygaed organic polymer was first
synthesized in hexane by Natta et al as a linedggh hmolecular weight,

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

this polymer was exploited only after Shirakawa anewvorkers in 1970’s developed
a simplified approach to synthesize film sampleshefpolymer, which on treatment
with oxidizing agents, such as halogens or s/Asfhibited significant conductivity
[13-16]. This procedure continues to be of primgamance even today, although,
precursor route reported in 1980’s is gaining gigant 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 eded to polyacetylene where

and when required.

ey _M(EY,/TiOnBU), ﬂ_

- — nl2

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 gilmwhich can be essentially
amorphous, semi-crystalline or highly crystallinghaan added advantage that they

can be oriented by stretching during or prior tov@sion.

A number of CPs have been polymerized using diffecgganometallic compounds.
Organomagnesium derivatives are most widely usqubiythiophene synthesis. The
reaction of 2,5-dibromo thiophene with magnesiurd anbsequent polymerization
using a nickel catalyst was reported in 1980. dported 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 polyphenydemg&a coupling by
Grignard’s reagent has been reported enormouslygnéd coupling of di-
halobenzene in the presence of organometallicgaroc promoters has been used for

the synthesis of a range of para and meta sulestipndlyphenylenes [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 pess 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 sufhacid on a platinum electrode
[24]. The setup used for electrochemical polymeéraessentially has a single or
dual compartment cell having a standard three reldet configuration in a typical
electrochemical bath consisting of a monomer ansupporting electrolyte both
dissolved in an appropriate solvent. The processbeacarried out galvanostatically,
i.e., at constant current, potentiostatically,,iat constant voltage and potential
scanning/cycling or sweeping methods in a threetmde system consisting of a
working electrode, counter electrode and referezleetrode. The working electrode
acts as a substrate for electrodeposition of palgraed 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. Electram@ion is performed against a
reference electrode like saturated calomel eleetf@CE), Ag/AgCl electrode etc
[25]. Generally, potentiostatic conditions are maoeended to obtain thin films while
galvanostatic conditions are recommended to olkédk films [26]. Electrochemical
synthesis can be used to prepare free standing demoas and self doped films.
Polyazulene, polythiophene, polyaniline, polycaddazand many other polymers
have been synthesized electrochemically. Electroct®d synthesis of
polythiophenes has been widely used. Although, thechanism is not fully
understood, yet a general outlay proposed proce&dsoupling of two radical
cations, formed by the oxidation of monomer. Aromation 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 depdsitets oxidized conducting form
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onto the electrode, allowing the polymerization pwoceed [10]. Similarly,
electrochemical synthesis of PANI occurs througimtation of aniline cation radical
CeHsNH," through the transfer of electron from 2s energgll®f nitrogen atom to

the electrode. These radicals may then combinerto polyaniline.

Using this novel technique, a variety of other QiRs polypyrrole, polyphenylene
oxide etc. have been synthesized. The most sdkamtre of this technique is that
polymerization, doping and processing take placenubaneously 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 vaoéigpplications of these materials,
such as in light emitting diodes (LED), electrochio materials, batteries,

anticorrosion coatings, chemical and biosensots etc

Ever since the first discovery of electroluminesmen(EL) in semiconducting

conjugated polymers, interest has grown rapidly amghy polymers have been
successfully used in LEDs. The polymer based LERseapecially attractive for use
in display technology. The great interest in suablymer based devices is
understandable in terms of significant advantagest these systems have in
possessing better mechanical properties and geprmessibilities 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 polythiophehbe recent demonstrations of
voltage-controlled electroluminescence colours fymstymer blends in LEDs as well

as the possibility of obtaining polarised lightrfioriented polymers in LED devices,

extend the possibilities of fabricating ‘exotic’ lpmer devices. The conducting film

19



consisting of ordered PEDOT ultrathin layers wagestigated as a hole injection
layer for organic light-emitting diodes (OLEDSs). &nesults reported showed that,
compared to conventional spin-coating PEDOT filnd ahectrostatic self-assembly
(ESA) film, the improved performance of OLEDs wastaned 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 improestnof OLED performance, leading
to the increase of charged carrier mobility in hatgection layer and the

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

Another important application of CPs gaining goodund these days is FET. A field
effect transistor (FET) is defined as a transishat 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 polymerizatiaras first used for this purpose.
In the poly (thiophene) FET, the poly (thiophenemibrane works as a channel layer
containing positive carriers and the source drairrents, § change from 100 to
1000-fold with the application of the gate voltages. However, it is not suitable for
practical applications since its carrier mobilisyais small as about 2@nf/Vs, which

is five orders of magnitude smaller than that gfractically used amorphous Si thin
film transistor, 100—-1® cnf/Vs. In order to obtain a large Value with a small ¥
value, it is absolutely necessary to develop asemductor material with large carrier
mobility. Research is now being undertaken to Idok better electroconductive
polymer materials with higher carrier mobility inrder to make the switching
frequency of a polymer transistor higher. Nano-ecmtthg polymers are emerging as

suitable materials for such applications [28].
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The use of conducting polymers as active mateinakboratory 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 pelss were not problem-free. Their
intrinsic capacity to store charge turned out torélatively low and some of their
characteristic properties could even represent rdibap in certain cases. For
instance, the insertion mechanism for p-doped cctintty polymers, the most
common and promising for this type of applicatisrradically different from that of
inorganic active materials. Conducting polymers ai@med by oxidative
polymerization and their hole doping (p) takes plagth the incorporation of anions
to their structure. But reduction of these matsrauring 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 electratiemal means onto a carbon-
fiber substrate, with the goal of preventing theslof the electroactive mass of the
disulfide and improving the electrode stability ithgr the charge/discharge cycling
process. The growth charge/mass ratio for theydniad 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 atowifjher power density but lower
energy density than batteries. Originally supercépes harnessed double-layer

charge storage on the interface between micropocat®on materials and suitable
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electrolytes in a purely electrophysical capacitimechanism, but over time a new
type of devices known as electrochemical superdapacare leading the way
towards higher specific energy systems. These asedoon redox active materials
able to cycle repeatedly between two oxidationestaind therefore represent an
approximation between traditional supercapacito laatteries. Conducting organic
polymers have also been proposed and studied iae atterials for electrochemical
supercapacitors. Polythiophene and polyparafluaoplthiophene PFPT have been
chemically synthesized for use as active matemmlsupercapacitor electrodes [32].
Three types of electrically conducting polymers HSE i.e., polyaniline (PANI),
polypyrrole (PPy) and poly (3, 4-ethylenedioxythiepe) (PEDOT) have been tested
as supercapacitor electrode materials in the fofncomposites with multiwalled
carbon nanotubes (CNTs). The energy storage in augpe of composite combines
an electrostatic attraction as well as quick fakadarocesses called pseudo-
capacitance [33]. Calcium carbide (Gx@erived carbon (CCDC)/polyaniline
composite materials were prepared by in situ chalhoikidation polymerization of an
aniline solution containing well-dispersed CCDC. eThesults show that the
CCDC/PANI composite electrodes have higher spea#pacitances than the as
grown CCDC electrodes and higher stability thandateducting polymers. Besides,
the capacitance retention of coin supercapacitoramneed 80.1% after 1000 cycles
[34]. An electrosynthesis of hydrophilic polyandin nanofiber electrode for
electrochemical supercapacitor has been descriliezl supercapacitive performance
of nanofibrous polyaniline film tested in 1 M,8l0, electrolyte showed highest
specific capacitance of 861 F'@t the voltage scan rate of 10 mV/s [35]. Comessit
of carbon nanotubes and conducting polymers have Ipeepared via chemical

synthesis, electrochemical deposition on preforedon nanotube electrodes, and
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by electrochemical co-deposition. The composites mhine the large
pseudocapacitance of the conducting polymers withfés¢ charging/discharging
double-layer capacitance and excellent mechanicalpgsties of the carbon
nanotubes. As a result they exhibit excellent edettemical charge storage properties
and fast charge/discharge switching, making theomgsing electrode materials for

high power supercapacitors [36].

All conducting polymers are potentially electrocimio, redox switching giving

rise to new optical absorption bands with simultare transport of electronic
charge and counter ions in the polymer matrix ammdcsural changes along the
polymer backbone. Electrochromic behaviour in paysasuch 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 undopedulating state and black in
the doped conductive state. Polyaniline films aeeteochromic materials which
exhibit switching among yellow—green—dark blue dtalck colours, although the
better cyclability and stability has been obserbetiveen yellow and green. The
mechanism responsible for the colour changes irv@ikotonation/deprotonation
and/or anion ingress/egress processes. Thin filmeat polythiophene are blue in
the doped (oxidised) state and red in the undopea.fA great deal of research
has been focused on the synthesis of 3-alkylthiophaerivatives which exhibit a
lower oxidation potential than the parent polyttiepe. However, the main
breakthrough in the development of electrochronuoducting polymers was the

synthesis of poly(3,4-ethylenedioxythiophene) (PEHD@ue to superior stability

23



and cyclability. PEDOT exhibits a dark-blue colotima in its neutral state and a
sky-blue colour in its doped state giving a highiogd 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 &hapectroelectrochemical
properties have been investigated. This materiabpldys multicolour
electrochromism, switching between green, violend egrey. 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-fsthiophen-3-yl-ethyl) ester
(TATE) was achieved via esterification reaction 23thiophen-3-yl-ethanol and
terepthaloyl chloride. Electropolymerisation of TBTand its copolymer with
thiophene were prepared and studied for their edebtomic properties by Yelda

et al [40].

Corrosion is deterioration of essential properiiea material due to reactions with its
environment. Electrochemically-active polymer cog$, such as those formed by
polyaniline, enable certain active-passive metals 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'sratdme oxidation state. Oxidation-

reduction chemistry between substrate metal angapdine 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 media piossible use in corrosion
protection application [49]. A ter-polymer film pfrrole, o-anisidine ana-toluidine
has been electrochemically synthesized on low ecadteel. This highly stable and
extremely thin (0.8@m) film can find application for various purposesere the
stability of polypyrrole like films constitutes aadvback [50]. Kaushik et al reported
coatings of polythiophene on mild steel as cornosprotection 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 @BQ respectively, with a
corrosion rate more than two orders of magnitusetathan that of the uncoated steel
[52]. Application of polythiophene derivatives agtiaorrosive 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. ldd@ion to that they can be easily
deposited over defined areas of electrode. Thegnéahes have made them the most
interesting entrapment materials for biosensorser@lare numerous reports reviewing
their extensive use in biosensors [2, 55-62]. Tlaggess 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 fFéa63-66]. 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-gdintarbon-paste electrode. The
sensor showed good selectivity and sensitivityhat it did not respond to a range of
common interferents such as dopamine, acetamingpinenacid and citric acid, but
was capable of the detection of ascorbic acid aermsitivity of 0.7601A mM™ or
10.75uA mM ™t cm? 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 rangetioér
conducting polymer-based ascorbate sensors and toubd comparable or superior
in terms of analytical performance [67]. A rapiddaefficient strategy to detect novel
heat shock protein 90 (Hsp90) inhibitors as amtieea agents has been recently
developed with field-effect transistor (FET) sensased on carboxylated polypyrrole
nanotubes (CPNTs). The CPNTs were covalently imhzei onto the
microelectrode substrate to maintain stable elsdtdontact between the CPNTs and
the microelectrodes in the liquid phase. Subsedyerisp90 was attached to the
CPNTs surface through condensation reactions betteecterminal amino groups in
Hsp90 amino acid residues and the carboxyl groupshe CPNTs. The Hsp90-
conjugated CPNT FET sensor provided a conveniehtsansitive method to observe
the affinity between Hsp90 to Hsp90 inhibitors @aktime. This result suggests that
the FET sensor will open up the potential applaratior new anti-cancer drug

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

There are numerous other applications reportedttike in fuel cells [69, 70], heavy
metal removal from aqueous solutions [71, 72], @dimal 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 r@sult of evolving packaging
technologies and increasing performance and enviental demands on electronic
systems. In particular, conductive adhesives haiaed 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 contpamaterials consisting of solid
conductive fillers dispersed in a non-conductivariraThe polymer matrix provides
the mechanical adhesion while the conductive §llggrovides for electrical
conduction by forming a network connecting to eather in the polymer matrix.
ECAs are gaining a lot of interest as potentialdeohg replacement materials.
Packaging of electronic circuits has been dominabgdlead based soldering
technology since decades and even nowadays, anageity of integrated circuits
are mounted on circuit boards using Sn-Pb soldergchematic illustration of

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

Interconnect
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 increased toxicity of lead has
received universal attention and its overall advexfect on human health is being
closely monitored. Even small quantities of lead lead to damage of brain, nervous
system, liver and kidneys when ingested [78]. Dssppoof 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&ihave been proposed in Europe to
ban or limit the use of lead in solders, and thatadnStates is likely to follow the
trend [79, 80]. Therefore, great efforts have bewade to develop lead free and
environmentally sound interconnect bonding techgylas an alternative to Sn/Pb
solders. The first alternative was the use of lead low melting temperature metals
and metal alloys for soldering. It was effective snme 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 faongecome brittle after reflow and

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

The other alternative is ECA. As compared to tradal 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 enwment polluting

chlorofluorocarbon solvents used to clean the texeliminated
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e They involve low processing temperature as compacedconventional

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 ¢{limguceramics, glass and

other non-solderable surfaces).
e They can be utilized for finer pitch applicatioit®Iscreen printing of PCBs etc

e |ICAs have the benefit for shorter and quicker asdgmimes, since it involves

fewer processing steps

e |CAs are essentially low cost as the volume of melttesed 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 technoledgepresented ihable 1.2

SniPb or ECAs

iR Printed circuit board (PCB)

Figure 1.7. A Schematic structure of surface mouninterconnection.

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

Characteristics Sn/Pb solder ECA
Volume resistivity 2 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 freed® interconnections [83].

Despite all these advantages, ECAs are believedtomdie a complete drop-in
replacement for soldering, at least in the neanr&tThis being a relatively new
technology comes with some limitations and shoriogs) Lower electrical

conductivity than solders, poor impact resistanaed long term electrical and
mechanical stability are some critical concerns haave limited wider applications of
electrically conductive adhesive technology. Numerostudies are conducted
worldwide to have a better understanding of the haetsm underlying these

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

ECAs have been mainly divided into two groups dejpen 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 concentratiarf 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 campnt, heat curable liquids and
pastes, and heat curable thermosetting or therstaplaims. ACAs in the form of
film or paste are interposed between the subsstafaces to be connected with heat
and pressure simultaneously applied to this asseuntll 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 egpln case of thermoplastics [84].

ACAs can be used to provide structural strengtlauit an electrical connection on

30



other areas of the device. In the global markeI80 % of all ACAs are currently
sold as films used for flat panel displays. Othppliations include flip-chip-on-
glass, smart cards and flip-chip-board, where soigecannot be applied because of

thermal sensitivity of the substrate [85].

Currently available ACA products offer a randomtiliition of conductive particles,
i.e., the particles are not distributed in an oireth manner and may come in contact
with one another or may be absent in areas whegedfe required. This creates voids
or open circuits thus limiting their use in the hignd 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. Egsxare the most prompt polymer
binders due to their ability of low temperatureicgrwhile silver is the most popular
filler used because of its moderate cost and highductivity. Some of the

applications of ICAs in electronic interconnectene shown irkig. 1.8.

31



Die-attach
Thermal Management

Passive
Le?ded Package C?m ponent (Capacitor)

Interconnection

- Ball Grid Array

Package
Interconnection

Multilayer or Double Sided
PWBE (Polyimide, FR4, BT,
Polyester)
432-PEGEE45-15

Figure 1.8. Applications of ICAs in electronic int&connections

ICAs are often calledpolymer solders [86]. These can be used as an electrical
interconnect on non-solderable substrates sucheaanics, 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 develmimdiscussed the benefits and
drawbacks of ICAs, compared them to traditional PBn/solders [90-92] and
highlighted the main technological applicationsIGAs. As an alternative to solder
technology, ICA technology has to overcome thetlhons it poses. In recent years,
there has been a lot of research going throughwmuigtobe to produce ICAs with
desirable overall properties and to overcome tinédtions 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, s} ally with comparison to solder

properties and environmental friendly manufactunprgcess [96]. These efforts to

32



modify designs and formulations have culminated iI@As with improved electrical
conductivity, contact resistance stability and éettnpact strength. Different aspects

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

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

of solvent bubbles and voids during curing.

Thermosetting epoxy resins have been used as fgm@ac matrix since the early
1950’s and are by far the most common adhesiveebindEpoxy based materials have

been widely used in engineering components beaafubeir outstanding mechanical
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and thermal properties as well as processabilitg. 0se of epoxies has been the state-
of-the-art for a long time. Epoxies have many bemafproperties like low shrinkage,
good adhesion resistance to thermal and mechasicaks, low dielectric constant
[97-100]. They also have good resistance to mastswlvents and chemical attacks
[101]. Their desirable properties may further beroved with suitable choice of
solvents, fillers, colorants, flame retardants, spddzers, curing agents and

accelerators [102].

D. Lu et al [103] described the development of n@esmductive adhesives for surface
mount applications. An epoxy based electrically cdrative adhesive system was
developed that had improved compatibility with l#ad finished components, much
lower moisture absorption, faster cure, compardhiék resistivity, comparable
adhesion strength, and higher glass transition ¢éeatpre. Michael Lantzsch [104]
studied different epoxy adhesives with solderingperties and listed the advantages
of using epoxy tacky flux. Similarly, O. Figovskyt el [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 resintias 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 polyurethadf&P{) has been developed
[107]. This class of conductive adhesives has tbhegaties of polyurethane materials
such as high toughness and good adhesion. Yarigetsented 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 tagemnas. Due to the well known
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excellent mechanical performance of the PU bassgedsant, this PU based ICAs
exhibited much better flexibility [108]. Haiyung Et al [109] published a paper about
a liquid diepoxide re-workable epoxy resin for ICAEhis material had good

mechanical properties, low moisture uptake, andva decomposition temperature
which allows the components to be detached witldarmaging the board and its
surroundings. Similarly, a multifunctional epoxysire 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 stalyilwhile retaining the mechanical
properties of the matrix polymers. Some of the cemipused 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 showp conductive filler

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

gold. While most other metals used as fillers tikpper form non-conductive oxides, after
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exposure to heat and humidity, silver oxides dismvshigh conductivity. Also, silver can be
easily precipitated into a wide range of contrddladizes 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 disjpe of the Ag flakes in the ICA [112],
rheology, and electrical conductivity of the ECALL]. A mixture of silver flakes and
particles with broad size distribution can offerpmoved conductance over narrow size
distribution [113]. Flakes can provide improved aactivity by allowing the flake-like
particles to overlap one another. On the other,lthed/oids caused by the overlapping can
be filled with the small particles. Many such sgstecontaining silver as filler were
developed to improve the performances of silveetb@enductive adhesives. Use of highly
porous Ag powder as filler material has been repdsy Kottaus, et al [114]. It was observed
that the thermo-mechanical properties of the adbesising 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-temparatassembly process using a new class
of ICAs with fusible filler particles for flip-chimterconnection 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 theerfilland 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 formedieen the silver flakes inside the ICA and

between the ICA and the nickel substrate. Due ¢ontibtallurgical connections, the ICA
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showed low contact resistance on nickel as welladse 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-gBoerarge 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 résexidation and hence makes it
suitable to be used as stable conductive fillet iBumain disadvantage lies in the
fact that it is hard and cannot be easily fabridateto optimized geometries.
Generally, isotropic nickel adhesives show bothéigfiller 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 usirgt@d particles was to reduce cost,
various types of plated particles have been spgcidésigned for specific
characteristics and end uses. Low-melting pointaieehave also been used as the
coating material of the filler particles, which pide metallurgical bonds among the
conducting particles as well as to the substratietlans lead to the enhanced electrical
and mechanical properties of the joints [118]. $rant liquid phase sintering has
been used to establish metallurgical connectionedsn 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 fillasher 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 appibos [121]. Because of their poor
conductivity, carbon-based adhesives are only dsedow conductivity applications
such as keyboards or shielding [102]. Marshall [1&%orted use of copper as
conductive filler, but Cu has a limited success tluets tendency to form a non-
conductive oxide surface layer. ECAs using surfaoeified copper fillers have recently
been developed. In particular, to overcome thelpmotassociated with the oxidation of
copper, copper nanoparticles were coated with @argaoubstance from when
nanopatrticles were made. The organic-coated coppetested 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 siivas coated with copper filler, and the
silver-coated copper was tested as a filler meétal.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 afterritig 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 demonsasignificant improvement in stability
of contact resistance. Researchers at Helsinkidgsity and IBM have developed solder
filler conductive adhesives. The basic idea wasiim metallurgical joint using adhesive
as a mechanical support and to some extent asiagflagent. The results show that good
metallurgical joint can be achieved when metaitmatof bonding surfaces are

compatible with solder filler [125].

An ICA based on conductive polyaniline filler wasveéloped 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%heBamples had a stable
resistance although, the tensile strength of thieesitle decreased. But such an
adhesive can find a lot of applications in OLEDs&ese of its transparent nature
[126]. Similarly, development of low temperature ogessing thermoplastic
intrinsically conductive polymer which can be usedfiller in ICA was reported by

Linda et al [127].

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

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

particles as conductive fillers. ICA filled Ag nammes exhibited higher conductivity,
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micro-scaled particles

higher shear strength and low percolation threskalde than traditional ICA [133].
Different polymer pastes filled with nanoparticlesre investigated by Telychkina et
al in their study, and the possibility of obtainiraf the improved electrical
characteristics of materials using silver nanoplasi as conductive filler was shown
[134]. However, for nano isotropic conductive adhes, the dispersion of Ag
nanoparticles in epoxy compared to micron sizedesiflakes 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 ixand their electrical properties
were evaluated and an ultra low resistivity contvecadhesive was achieved. The
morphology studies showed that the decreased ivtyisesulted 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 50v&ffe 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 teatpee. The electrically conductive
adhesives filled with silver nanowires were fornmteth and characterized. The
sintering of nano-size silver in ICAs reduced thenber of contact points between
fillers and increased the conductivity of ICAs [138 a recent study, Mach et al
claimed that adhesives modified with nanoparticles/e lower sensitivity to
combined climatic ageing in comparison with adhesiwithout nanoparticles. The
reason is that the contact areas between nandesartice 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 sil\particle filler has been used to
study the effect to electrical conductivity of IGdter surface treatment. Upon surface
treatment of silver with silane-based coupling agéme treated silver filled epoxy
system demonstrated incredible improvement in ed&tt properties. The current
conductivity (DC) for treated filler was 4 Scm' compared with untreated filler with
4.54 x 10° Scm' for 5 % w filler loading [137]. ICAs with ultra-lovelectrical
resistivity & 5x10° Q.cm) were successfully created by using the conibinaof
micron sized silver flakes and nanoparticles wharediacidic surfactant was
employed. The morphology studies revealed that tlie 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 undersihentlindamental procedure for
development of conductivity inside the insulatinglymer matrix. A general
understanding is that electronic conduction throtigd two-phase metal-polymer
matrix takes place by percolation along chains ildrfparticles, but there is no
universal conclusion with regard to the conductimechanism between particles [90,
91, 139]. In case of ICAs, as the conductive filleading is progressively increased,
the electrical conductivity does not significantlycrease until the filler loading
reaches a critical value. This point where thetatsd resistance decreases abruptly is
called percolation threshold P At this point, the filler particles have estabked 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 electricatipductive, ICA pastes filled with
25-30 % of filler are not conductive unless sulgddo curing. Studies carried out by
D. Lu et al [140, 141] indicated that the estabtisimt of electrical conductivity
resulted primarily from more intimate contact bying 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 betweemtiigmerization shrinkage of epoxy
curing and the electrical conductivity finally dsliahed with the material. ICAs with
higher shrinkage showed lower resistance or beteductivity. 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 thatebistivity decreased dramatically
around a specific temperature with ramp cure aret avnarrow time range (<10 s)
with isothermal cure, they suggested the condudievelopment was accompanied
by breakage and decomposition of the tarnish, acgdain layers which cover the
silver flake surface, and by the enlargement ofatietact area between silver flakes
by thermal stress and shrinkage during the epoxg.dn thermoplastic ICA, drying
(solvent evaporation) is found to be the step inctwhhe conductive paths are
established [106]. Electrical conductivity of ICAs inferior to that of solders,

although, the conductivity is adequate for mostliappons, 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) Partie-to-particle (b) Electron
tunnelling

Although, the mechanism for producing high eleefrimonductance in particle filled
adhesives has been the basis of numerous expeainagok theoretical investigations,
the specific details regarding conduction betwesgr@st neighboring particles are not
fully understood [141, 144-147]. For this purposenadel of an ICA joint was
developed to consider the particle alignment amstridution as well as the voltage
and current distribution inside the adhesive. lis thay, the influence of parameters
like filler content, particle arrangement, and et size on the joint resistance
becomes evident. The influence of the particlertaigon and the particle aspect ratio
on the probability of interconnection was discusssthg the developed simulation
[148]. Silver flakes with surfactant stearic acate widely used as the conductive
fillers in most ICA formulations [103]. This layef organic lubricants can affect the
viscosity of conductive adhesive paste and preagglomeration of silver flakes.
Studies have showed that this layer is actualljvarssalt formed between the silver
surface and the lubricant which typically is a ya#cid [111, 149]. To improve
conductivity, the organic layer needs to be padytial 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 nupki easier for the electrons to
tunnel/transport between silver flakes. Malonicdaand adipic acid, which have
single bond short chain in between the di-carbaxytoups, increase the conductivity
of conductive adhesives greatly. Terepthalic adihwever, deteriorates the
conductivity due to the rigid benzene functionabyy in the molecule. Thus,
significant improvement of electrical properties BAs was achieved without

adversely affecting the physical and mechanicaperies of ICAs.

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

during thermal cure.

It has been observed that ICA paste has low comnyctoefore curing while
conductivity increases dramatically after curingpwias also observed that intimate
contact between conductive fillers caused by resine shrinkage is the main
mechanism for establishment of conductivity of ICAsn 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 ootidty. An ICA was cured
isothermally by a temperature increase from 3050°2, and its heat flow, storage
modulus, dimensional change, and electrical comdtycivere studied using a DSC,
rheometer, TMA and electrical multimeter respedyivd hey observed that during
non-isothermal heating, the curing and shrinkagearofCA occurred over a small
range of temperature. Similarly, during an isotheroure, the ICA cured and shrank
over a small time interval; in this interval, thencluctive particles were packed more
closely, thus decreasing resistance and estalgighin conductivity. ICAs achieved
high conductivity only when enough cure shrinkageured and ICA with higher
cure shrinkage showed higher conductivity. Sevepaly based curing systems were
used as the matrices for the ICA’s by L. Fan ef14b] and the effect of curing
process upon the resultant bulk resistivity of IGRa&s studied. With silver particles
as the conductive phase, the experimental resoticated a strong correlation
between bulk resistivity and curing temperaturecaore kinetics, which could be
explained by the mechanism of competition betwoemtcking 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, shrirkkaand thus increase conductivity
[140]. Similarly, appreciable improvement in contiuty was observed in a
thermoplastic ICA when its glass transition tempa® (T;) 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 amdiability. The main concerns are

their poor electrical and mechanical stability upogposure to environmental aging
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conditions as well as their poor impact propertiElse 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 adleesfailure in circuits connected by
ICAs has been studied extensively [93, 153-155]e Thechanical and electrical
performance of conductive adhesive joints is fotmdoe dependent on the metal
finish of the substrates. The influence of the congmt and board metallization on
the durability of ICAs was studied by Jagt et &][8n their research work, electrical
and mechanical behaviour of conductive adhesivesdigzussed for bonding R 1026
resistors with Sn/Pb or Ag/Pd terminations on lwargper, Sn/Pb or Au plated boards
before and after climate testing. They concludedt tivith the noble Ag/Pd

termination, the increase in electric resistancehef resistors in the climate was
significantly less, compared with Sn/Pb terminagiomhey 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 exgoso the 85°C/85%RH

environment has been studied. It was observed tti@atmechanical strength and
electrical performance were both reduced with iasiey aging time in the Sn37Pb
and Cu systems. They attributed these phenomettaetéormation of CxO on the

copper metallization and the formation of PbO aom 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 metallizagstem exhibited stable electrical
performance after the hot/wet humidity test. Thehamical performance of the gold
metallization system after environmental aging, éesv, was not presented in their

study [154]. It was observed in many such studies 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. fidv@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 generatiti® + 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 contagsistance increases dramatically. Many
efforts have been made to prevent or minimize antesistance shift by galvanic
corrosion. As the process needs wet conditionshaban electrolyte gets formed at
the interface which induces galvanic corrosion, $Gaith low moisture absorption
are devised to minimize unstable contact resistghdé, 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 orgarocr@sion inhibitors into the ICA
formulations [157, 158], which acts as a barrién fbetween metal and environment
by adsorbing over the metal surface [159-162]. Dabd C.P.Wong [163] developed
ICAs with stable contact resistance and studiedeffect of purity of the resins and
moisture absorption on contact resistance. Seveiférent additives (oxygen
scavengers and corrosion inhibitors) for contasistance stability under elevated
temperature and humidity ageing have been studidety observed that ICA
formulated with resins of higher purity show motabde contact resistance. Also,
conductive adhesives with low moisture absorptemdtto have more stable contact
resistance. Both oxygen scavengers and corrosiuhitiors can somewhat delay the
increase of contact resistance of ICAs on non-naie¢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 resistanf these conductive adhesives
decreased initially and then increased slowly asntietal oxide formation on metal
surface started. Further, one of the corrosiorbitn showed its best effectiveness in
stabilizing contact resistance [164]. D. Durandldi65] presented a concept of poly-
solder with good contact resistance stability vatAndard surface mount devices on
both solder-coated and bare circuit boards in apdtent. They incorporated some
electrically conductive particles that have shaipes into the ICA formulations. The
particles called as ‘oxide penetrating filler’, dee be driven through oxide layer and
held against adhered materials. This is accommlidlyeemploying polymer binders
with high shrinkage on curing. Many studies haverbeeported to improve contact
resistance stability of ICAs like by using sacidicanode material, using low melting
point alloy fillers or developing transient liquuhase sintering conductive adhesives
[117, 124, 131]. In microelectronic applicationdyes migration between electrodes
has been a major concern. A novel approach to eedilmer migration and enhance
the long term reliability of conductive adhesivesswdiscovered by using self-
assembled monolayer molecular wires. The approadharnees the long-term
reliability and durability of conductive adhesivasd enables it for high voltage
applications. In addition, the self-assembled mallrcwires help the dispersion of
conductive fillers (in particular, nanosized, i.€100 nm conductive fillers in the
polymer matrix and enhance the electrical condigtiof conductive adhesives.
Formation of surface complex between the carbogydation and a surface silver ion
reduces the solubility and diffusitivity of the@r metallization which reduces silver

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

ICA/Sn interface is shown iRig. 1.13

| Void farmation

Termimnal

Interface debondi ng

e Edge pealing

Sn plating on PWE

Figure 1. 13. A schematic representation of degradian of silver filled ICA/Sn interface

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

and showed high impact performance. This suggésiisthe 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 emplwygnprove impact strength of
ICAs. S.Macathy [169] suggested decrease in fibading to improve the impact
strength. However, such an effort can lead to @seren electrical properties of an
ICA. Vona and Tong [170] reported the developmenitGAs using resins with low
modulus so that this class of conductive adhesivayg be able to absorb the impact
energy developed during the drop. Similarly, comfar coating of surface mount
devices was used to improve mechanical strengttastdemonstrated that conformal
coating could improve the impact strength of comidecadhesive joints [171, 172].
M. Keil et al [173] reported a simple method of anbing 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 improvement ba achieved with the addition of
low weight percentages of carbon fibers into a cenunally available conductive
adhesive. On a close examination of the drop tastval data, it is found that the
success rate correlates with the (imaginary) did®ip modulus rather than with
adhesive strength [167, 174]. One way to designenad$ with high dissipation
modulus is to select polymers with glass transittemperature (J) below the
operating range, i.e., below room temperature megd [175]. Recently, D.Lu and
C.P.Wong [107] reported the development of a nesxbf ICAs which is based on
epoxide-terminated polyurethane (ETPU). This cladsICAs incorporates the
properties of polyurethane materials such as halghness and good adhesion.
However, the modulus of such adhesive can be adjust incorporating some epoxy
resins such as bisphenol-F type epoxy resins. Ti@4s showed a broad loss factor

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

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

ICAs may be subjected to various environmental g¢@m$ during their service
period. Moisture is commonly encountered in theviserenvironment, and must be
considered a critical factor in determining the daerm reliability of adhesively
bonded joints. Water can affect both mechanicataidm and electrical conduction in
ICAs. Water can degrade adhesive properties bgredbpression in glass transition
temperature, acting as plasticizer in the systengive rise to voids. This leads to
degradation of mechanical properties. Various &ffexf moisture on reliability of
ICAs have been extensively studied by various gsoampd many theories have been
suggested. There is a dramatic increase in elattesistance and decrease in shear
strength after ICA joints are exposed to moistlrgg]. After soaking the ICA joints
in deionized water for 24 hours, fatigue tests waggformed by Gomatam et al. It
was observed that the fatigue life is decreasethigiter humidity conditions as
compared to normal test conditions [177]. Dudelalesubjected the ICA joints to
85°C/85%RH conditioning and found that bulk resisg of the joints increased
substantially. They used a simplified finite elemnemdel to calculate the contact
pressure between conductive fillers. They also dotlvat due to small dimensions of
the joint, moisture diffuses rapidly to the insidethe 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 [1T8jture of the surface of

component plays an important part in moisture Btabof 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 sehepints subjected to

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

behavior of conductive adhesive joints exposedlégated 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 withtqat circuit board substrates
with metallization of Au/Ni/Cu and Cu. This studgvealed that both conductive
adhesives as well as substrate metallization ptggortant roles in the durability of
conductive adhesive joints. Moisture attack on d@kdéesive joint was divided into
three phases: displacement of adhesive from th&traib, 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 resinsgaoelp 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 whibe epoxide groups combine to

form a crosslinked polymer. This cross-linked maits of great strength and has
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excellent adhesion to a wide range of substratieis. hakes them ideally suitable to
adhesive applications in which high strength und@elverse conditions is a
prerequisite. This conversion of resin into hardusible three-dimensional network
in which the resin molecules are crosslinked togethy 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 roonpéeature the two components are
mixed immediately before use, but if the mixtureaktively inactive under ordinary
storage conditions the components are mixed togeaihd marketed as “single
package” adhesive. In some cases, the adhesivensydthough “single component”
contains resin and hardener reacted to an inteateedut 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 higtoasnder 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; sucheisvide range of possibilities with

epoxy resin formulations.

The curing that takes place when the resin andelm@rdare brought into intimate
contact, for example by melting the solid under rappate conditions, is an

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

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

technology applications, and have shown a steaokytbr

The development of epoxy resins has been direcwdrtls many different fields of
applications, one important application being adieebonding. Adhesives based on
epoxy resins are widely used for bonding metalacoete and a whole range of non-
porous materials. Although, work on epoxy resirartstl 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 striesgif the bond that they form. Since
then, epoxy resin production and sales have stestiteased, and in the last decade
the world market of epoxy resins has grown on araye by about 15 %. At least, 95
% of the epoxy resins sold is of the one basic tyme, the diglycidyl ethers of
diphenylolpropane (also known as bisphenol A) Uguaferred as DGEBA resins.
One of the important reasons for their popularityhat bisphenol A is probably the
cheapest suitable aromatic dihydroxy compound abkEl Among them most widely
used epoxy resins are the family of products preduby the reaction between
epichlorohydrin and bisphenol A. The remaining Sof#epoxy resins sold includes
the cycloaliphatics, glycidyl esters and aminegxaised olefins and the specialized
glycidyl ether resins such as brominated types thledepoxy 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. filatand electronics applications
also form a major user industry. Other uses indi@ity remain a small proportion,

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

Because of their strength, versatility, and exceledhesion to a variety of surfaces,
epoxy resin adhesives have gained wide acceptaycdiverse users. They have
revolutionized joining and fastening technologynteoof the commercially available
epoxy resins along with their important properties listed inTable 1.3 The wide

scale popularity of epoxies is a consequence gktimaportant characteristics:

1. Adhesion: Because of their epoxide, hydroxyl, amine and rofi@ar groups,
the epoxies have high specific adhesion to megédss, and ceramics. They can
be formulated to give mixes of low viscosity withproved wetting, spreading,
and penetrating action. The variety of functionabups also provides good
affinity between metals and plastics. For exampf@xies are in use for the

bonding of copper to phenolic laminate in printeéduats.

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

weaker adherends such as concrete and wood.

3. Solids: Unlike the phenolics and some other resinous adégsithe epoxies
cure without releasing water or other condensabpproducts. 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 wittbar lattices) and no volatile
solvents (as with nitrocellulose cements), the émare convenient for the

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

type adhesives such as polyesters and acrylicseqoently 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 shrinkagebsanreduced to a fraction of

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

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

nitrocellulose, and polyvinyl butyral.

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

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

Can be modified: The properties of epoxy adhesives can be change@@)b
selection of base resin and curing agent, (b) elpyhe 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 curingnégielt 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 temperatugg®xies 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 propiges

Resin Chemical type Epoxide equivalent weight Viscayg (cP at 25°C) Supplier
Low viscosity
Araldite DY026 1:4butanediol diglycidyl ether 1108 10 CIBA GEIGY
DER 732 Propylene glycol diglycidy! ethef 305-335 5-80 Dow
DER 736 Propylene glycol diglycidy! ethef 175-205 0-&0 Dow
Epikote 812 Glycerol triglycidyl ether 140-160 1000 Shell
Epikote 871 Linoleic acid diglycidyl 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 CBEIGY
Epikote 154 Epoxy novolac 176-181 35000-7000 a€C52° Shell
DEN 438 Epoxy novolac 176-181 20000-50000 at 52° 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 diéen&bme amine
curing agents are toxic. Good housekeeping is ¢s¢ ffireventive 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 adégsnust be stored at low
temperature for extended life, partially offsettindpeir advantages of

convenience and reliability.

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

of the assembled product.
Chemistry of epoxies

In the anhardened state the chemical structure @jpaxy resin (less well-known as

ethoxyline resin) is characterized by the epoxidrig.

0
R1\Wg N /11 R4
R? R3
The epoxy, epoxide, oxirane, or ethoxyline groua three 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 catalystshfomopolymerization 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 fedi 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 accompliskieel feat in 1936.

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

hydrochloric acid in the following manner.

CH
/N [ °
CH;~CH—CH,ClI + HO 1; OH —=
CH,
/N ?Hg
CH— CH—CHZ—O—Q—F OH+ HCI
CH,

It reacts with additional epichlorhydrin to produee macromolecule of general

structure as given below:

CH OH
AN |’ |
CHy— CH—CH; o—@-—F—-@—O—CHZ— CH—CH;
CH,

O_®~F~©— O—CHy— 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 ihi
the most useful product for adhesive applicatigwssn 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 polylmdsing 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 tirtiie 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, tiwnmake useful modifiers of the

properties of DGEBA resins.

Other products that may be epoxidized in this wagtude dihydric and trihydric
phenols, aliphatic polyols such as glycerol, amdp$& alcohols such as butanol or
allyl alcohol. These products, especially the manofional glycidal ethers, are used
at relatively low percentages to modify properid<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 considerableeststh. The fact that these reactions
generally occur without the production of low malr weight by-products means
that shrinkage during cure is negligible. This raehi 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, bgctien of the oxirane group with
active hydrogen, and internal, by homopolymerizatiorough the oxirane oxygen.
The former is typical of cross-linking by hardenarsl the latter of catalyzed cross-
linking. Both hardners and catalysts are referrechs curing agents. The classic
epoxy curing mechanism is illustrated by the reactietween a primary amine and

an epoxy group:

/ON H
RNH, + CHZ—CH—C/\/\/\A e RN\
CHZ—FH—C/\/\/\A

OH

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

process as given below:

OH
’ |
CH,—CH— C -~~~
RN — - r

CH;— CH— C™~ CHCH—C~ N

OH

RN
CH;— PH— Cms
OH

The reaction is characteristic of hardeners havamgive 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 reacotenvigorously and produce
more cross-linked structures, while hardeners gh molecular weight tend to react
more sluggishly. Hardeners may thus be selectegréaluce highly exothermic

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

molecule will react more readily with hardenersnthill epoxy novolacs or other

62



types of epoxies in which one or more of the fun@i groups may be hindered by

the rest of the molecule.

Homopolymerization occurs readily in the preseniceatalysts, especially at elevated

temperatures.

o—
/N _BFy '
"1 CHfCH—C~—~~| &g\ f H,—CH—C——~
3

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

any cross-linking mechanism.

Epoxy resins react with hardeners in stochiomepuigntities. Thus, knowledge of the
number of reactive sites is needed in order toutstie correct ratios. For the resin,
this is given by the epoxide equivalent weight (EBEWhich 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 groupshpadecule, the EEW is thus 170.
Typically, the pure liquid DGEBA resins commercyalavailable for adhesive
applications have epoxide equivalent weight inrdrege 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 pritman molecular weight. Even
at low molecular weight, viscosity is typically axcess of 6000 cP, while at EEW

190 viscosity is usually around 12000 cP. For @gpilbns requiring low viscosity, it
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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 fromrtheuid state to highly crosslinked

state is calleaturing 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 uniqgdeeaive property and mechanical

strength. The overall property of the epoxy adhesigre an outcome of a careful

selection of various curing agents. Several clasdesuring agents each having

distinctive characteristics may be used.

1.

Aliphatic primary amines. Common examples include diethylene triamine
(DETA), tetraethylene pentamine (TEPA)p-aminoethyl piperazine, and
isophorone diamine. They give good cure at roonptxature stochiometric
ratios but have poor heat deflection temperatur@gnvenient mix ratios, high
peak exotherm, and are strongly irritant. Isopherdimmine produces very light

colored mixes with good color stability.

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 somadtating to produce easily
handle able products. Reactions proceed best @atete temperatures, where
their irritancy can be a problem. For room-tempetcures, they should be
used with catalysts of which phenols, ;Béomplexes, and anhydrides are the
best. mphenylene diamine (MPDA) and methylene dianilifndD@) are the

best examples.
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Amine adducts. Both aliphatic and aromatic amines can be addustddsmall
amounts of mono- or diglycidyl epoxies to produngree adducts of medium to
high viscosity that have decreased volatility amiiancy, more convenient mix

ratios, and often, better reactivity.

Tertiary amines: Although their primary use is as catalysts witheothardeners,
tris (dimethylaminomethyl) phenol (DMP 30) is arieetive 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 amidopolyaesi 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 deflacttemperature and chemical
resistance. Initially, amidoamines have poor coibgdéy and an induction
period is necessary to allow the reaction to sRuot.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 nggclyields a usable life in

excess of 6 months, but at elevated temperatureaats quickly.

Mercaptans: Most mercaptans on their own are unreactive, btih watalysts
produce flexible cures. Certain mercaptans in amtjan with DMP 30 provide
extremely rapid cure, with low exotherm, makingntha&eally suited to retalil

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 alonda®l 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 cuesthror to make it cheaper. The
correct choice of the types and amounts of thesdfit components of an epoxy
formulation is a fairly precise, difficult and imgant task because of the final
properties and eventual performance of the systepemt upon it. The various

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

1. Diluents: These are used primarily to reduce the viscosityhefepoxy resin
systems. Diluents can be reactive or non-reacflilie.reactive site in the former
may be an epoxide or other functional groups. Aldditphr 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 adhesage been applied to the

substrate, but before the bonding surfaces areghtdagether.

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

stresses or thermal shock, the epoxy system is freddby addition of
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flexibilizers. They enter the reaction with epoxpgp and increase the distance
between the crosslinks, thereby making the prodiestible. 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. Techniques employed to improve the fire-retardanperties
of the cured resins mostly involve the incorponmatmf bromine or chlorine
atoms into the system, usually by utilizing halcgied epoxy resins or
chlorinated curing agents. Certain fillers and eliits are also available in this

respect.

Polymeric modifiers. Various thermoplastic as well as thermosetting/pers
including elastomers have been used to modify tbpgsties of the cured epoxy
resin products. Combination of epoxies with nylphenolics, and nitrile rubber
is of major significance in case of film or tapéadives. Nylon-epoxy films are
blends containing 30 to 50% by weight of epoxieboying 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®sp@lications requiring high
shear strength at high temperatures. Nitrile-epsystems are composed of
solid epoxy resin modified with carboxy-terminatduitadiene-nitrile co-
polymer. The modification provides toughness ardtality to the cured bond
line. The film adhesives based on the nitrile-epoagnbination are widely used
in construction of commercial jet-liners. Thermagtia polyurethane modified
epoxy systems have been developed and are showossess good peel
strength and flexibility. Such systems have beesdus electrically conductive

adhesives recently.
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Table 1.4. Properties and characteristics of variosicuring agents

Curing agent Usage Uncatalyzed cure (°C HDT (°C) pplications
Aliphatic primary amines
Diethylene triamine 10-12 Ambient 80-100 Short et |
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 wif
Tris (dimethyl aminomethyl) phenagl 3-6 20-60 Polysulfide
Amides
Dicyandiamide 3-5 120-160 120 Latergaiitzlggisigsor one
Acids
Boron trifluoride monoethyamine 2-4 120-15- 175 Hesistant epoxies
Oxalic acid 5-10 120-160 60-120 Catalyst for anidel
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 rateaofion

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

aliphatic amine to increase by several orders afmbade.

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. Falérave a variety of functions but
are chiefly used to make the system cheaper andouify 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 depandurface area, oil absorption
and filler type. Chemical resistance may be impdoeemade worse, depending
on fillers selected. Highly alkaline fillers shoulie avoided, especially with
acid-cured systems, as they may retard settingleBemnt 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 fillaraist be used, an approach
towards a fully filled void-less system where tlwduwme of liquid is such as just
to fill the voids will solve the problem. Incorpdian of fine fillers, use of
pigment-dispersing aid, and where application pex;nise of thixotroping agent
will help to reduce or eliminate settlement. Depgagdn addition levels, fillers

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

usually reduced.

Reinforcements are inert, fibrous 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 anartgnt 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 ingreclie. The correct formulation of
these ingredients is a skilled task and much okgpesin technology consists in the

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

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

development of the technology of composites is ttiee combination of two

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

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

ultimate tensile strength of about 420 MN/amd a Young’s modulus of 28 GNm
The properties of a composite depend upon a nuoflfactors such as:

1. The nature of the separate constituents and dhesaon between them. The
fibrous reinforcement carries the major part ofdpglied stress in a composite,
whereas the resin matrix transmits the stress th ddore. The adhesion
between the resin and fibre is therefore the alifpoint, and if the adhesion is

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

2. The relative amounts of resin and fillers preserthe composite. In general, an
increase in resin content leads to a decreaseremgth, but an increase in
resistance to weathering and chemical attack. Aredese in resin content
imparts higher flexural and tensile strengths aleding’s moduli. The electrical
properties of epoxy-glass composites are hardigctdtl 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 natdehave a fibre
volume fraction between 0.5 and 0.8, whereas hawdpl items have a lower

fibre fraction (about 0.4).

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

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

Matrix materials for composites are not restrictedsynthetic organic polymers.
Successful composites have been fabricated fromgamic matrix materials such as

phosphate bonded oxides, ceramic-metal combinatimesmets) 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 congosihis strength also
depends upon the type of reinforcement and itsi\gemment within the matrix.
b) The specified performance of the composite inwitgking environment. The
matrix must be able to maintain its properties urgggvice conditions.
c) The fabrication process to be used. The resindhbe easy to use in the process.
d) The cost of the resulting composite in conjumciigth the use to which it will be put.
Five resins are currently used for the production composites i.e. epoxies,
polyesters, phenolics, silicones and polyimidest @fithese five, polyesters are the
most widely used, followed by phenolics. Epoxy mesprobably rank third in terms
of amounts used, followed by silicones and theryiputles. Polyesters are much
inferior in mechanical properties although they xeer in cost than epoxy resins.
Silicones are expensive low-strength resins analamsen only when their long-term
heat resistance and electrical properties are dedttgenolics offer good short-term
performance at high temperature and are low ineprfithie more recently developed
polyimides are used almost exclusively for theiorshand long term thermal
resistance properties. Generally, epoxy matricesugaed for continuous exposure to
temperature of 175°C, and polyimides for 175-31@PQx. short-term exposure, epoxy
resins are acceptable up to 230°C, whereas polgsnidn be used up to 370°C, but
imides are difficult to process as they requireighcuring 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 compounag cure,
c) Good adhesion to glass and other reinforcing mnadse

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 technologplastics reinforced with glass-
fibre is well established, and such composites lamweide variety of applications.
They have been used in rocket motor cases for thetdéman, Polaris and Poseidon
missiles, and for many secondary structural compisnef aircraft such as radomes
and fairings. Epoxy-glass is superior to metalstimength/weight characteristics, but
offers no advantages in stiffness/weight. The obsising 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 thaa@reommonly found in engineering
materials. They have high strength, low densitghh¥oung’s modulus and good
elasticity, showing only 0.5 - 1 % elongation atakeSteel, in contrast, shows a 20
% 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 thggrisr properties are needed and
the extra cost involved in using them is offsettly benefits obtained. The transport,
storage and processing of oil and oil products irequtanks and pipes that can
withstand the corrosive attack of these substacasnilar requirement exists in the
chemical, food, gas and water industries, all ofcwrhave 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 servicesh saas water, natural gas and
petroleum, but also for gas gathering, brine lined waste disposal. Epoxy-glass
composites are most sought after in electronicagtrg for their mechanical strength
and electrical resistance. Slot liners made ofdtuesnposites are used in certain large
electrical generators. Because of their low weighiny 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 applicatioms 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 repladdydcarbon fibre reinforced
epoxy panels (CFRP), an extra seven passengerd beuarried. Such composites
have also been used in manufacture of sports eguipifike skis, squash rackets,
racing oars, kayaks, canoes and cricket bat spatgsAn area where epoxy-carbon
fibore composites have great potential is in theritabion of small reciprocating
machine parts such as shuttles and other partsea¥/img machines, the revolving

parts of centrifuge and parts of internal combums@agines.

Inevitably, epoxy resin composites have becomenaporitant part of construction
industry and engineering fields as replacemennfany metals. This trend has been
accelerating with the improvement in fabricatiochi@iques of such composites as

well as change in raw materials. Epoxy resin contpesre 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 engineajppudications.

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

alternative to Sn/Pb soldering technology.
1.5 Aim

The primary focus of our research work is to depdloAs with improved properties
by replacing the metallic fillers with intrinsicgliconducting polymers and carbon
nanotubes. It is aimed that the limitations asdediavith metallic fillers mainly
limited impact resistance can significantly be sabBated by using non-metallic
fillers. The nature and dispersion of conductiier§ 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 fiher loadings.
1.6 Plan of work

This work involved development of ICAs which aresestially epoxy based

composites and was accomplished through followiegss

a) Conductive fillers, i.e, polyaniline and polypy¥e were synthesized,

b) Composites of polyaniline, polypyrrole and CNTes@prepared with epoxy matrix,

c) These composites were cured and studied for ttearmal 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 applicatiorcaiducting polymer, polyaniline
(PANI) as conductive filler for the developmentisdtropically conductive adhesives
(ICAs). ICAs are an environment and user friendleraative to traditional lead
bearing solders. Metallic fillers present in cuthgmsed ICAs have certain limitations
due to unstable contact resistance and poor impagterties. Therefore, we have
developed ICAs using protonic acid doped polyaailas the conducting filler in an
anhydride cured epoxy system (EP). Fundamentalriabtharacterization like DSC,
TGA and SEM of the ICAs was conducted to studyrthedperties. Conductivity of
these materials was measured by four probe metholeé wnpact properties were
studied by lap shear and drop tests. Samples vge@ & 85°C/~100% RH for more
than 500 h and the effects of aging were studiethd@ctivity of ICA was 16 S cm*
measured at 25% PANI filler concentration. Theseilts demonstrate the potential of
these polyaniline filled systems to function as ICHie research presented in this

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

Polyaniline (PANI) is one of the most intensivehyestigated polymers during the last
decade. Due to its ease of synthesis and processingonmental 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- grouptire 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 amiiteogens. For example, the conducting
state of PANI can be obtained in its 50% oxidizeterldine state in aqueous protonic
acids like HCI and the resulting material is a petgemiconductor [4-6]. With the extent
of doping, polyaniline can have four different catidn states [7, 8] like leucomeraldine
base (LEB), emeraldine (EB), emeraldine salt (E%#) gernigraniline (PNB) as shown

schematically ifFig. 2.1

. : = it o
Emeraldine -GHa || +gna

Pernigraniline

Figure 2.1. Various oxidation states of Polyaniline

Starting from the electrically insulating leucoealdine, electrically conducting
emeraldine can be obtained by standard chemicalestrochemical oxidation. But,
upon further oxidation a second redox process g¢ceunich yields a new insulating
material, pernigraniline. In addition to this unabkubehavior, a decrease of
conductivity by 10 orders of magnitude is obtainpst 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 leucomeraldibese 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 stateettare regions that are three-
dimensionally ordered in which the conducting elea$ are three-dimensionally
delocalized and regions where the polymer is styorgdjsordered, in which
conduction electrons diffuse through one-dimendipodymer chains that are nearly
electrochemically isolated. One dimensional lo@ian in these nearly isolated

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

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

films and better patterns electrochemical methqutederred.

The conventional method of emeraldine salt synghesithe bulk or chemical

polymerization of aniline monomer in aqueous 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 solubéammonium per sulphate with
a continuous stirring for 4 h to obtain a greencpigate. The green precipitate so
obtained is then filtered and washed with distiNeaker so as to obtain oligomer free
emeraldine salt. The factors affecting the polymsion process include the pH of

the solution, type of acids used, its concentratiefiective size, solvation and
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electronegativity of the conjugate base associaitdta given acid. Various attempts
have been made to synthesize PANI by chemical paiyation and to understand
the effect of different dopants and reaction caodg. In one such study, PANI
powder prepared in HCl (2M) using (MES;0s, KlIO3 and KCr,0O; as oxidizing
agents showed that the maximum conductivity andteactivity similar to that of
PANI prepared electrochemically indicating that @ypf oxidizing agent has little

effect on the conductivity and electroactivity [18]
Electrochemical polymerization

The electrochemical polymerization of aniline pa®s films exhibiting a well
defined morphology. This process has an advantbigeing very simple and has high
level of reproducibility. This morphology strongepends on preparation conditions
such as the type of electrolyte, the electrodethacdklectrochemical procedures used.
It is a radical combination reaction and can becisedy controlled. It results in the
formation of ordered films for specific end useseTprocess can be accomplished
galvanostatically (constant current), potentiostdly (constant voltage) or by cyclic
voltammetry. Electrochemical polymerization is eagirout usually in a conventional
three electrode electrochemical assembly contaiprggonic acid solution as an
electrolyte and monomer. The first step in polyation involves oxidation of
aniline and formation of radical cation. After thatdical formation, a coupling takes
place predominantly by 1,4 coupling of monomer sur@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 edeletisystem can be tailor made for

particular end use.
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Composites of PANI

PANI has assumed tremendous importance due taatbe humber of applications.
However, the main limitation associated with mofsthe 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 formationkdénds and composites of
PANI with processible polymers. Composites of PAMNIve found a number of
industrial applications like corrosion protectidtiyll shielding, conductive adhesives
etc. Therefore, we focus on the preparation of amsite materials based on PANI for

conductive adhesives.

The processing methods adopted for preparatiorAdfl Bomposites are essential in
determining the properties of such composites. Knowethods of producing PANI

composites can broadly be divided into two types, isynthesis based on aniline
polymerization in the presence of or inside a magtdlymer, and blending method to

mix a previously prepared polyaniline with a magddymer.

The main feature of these methods is the in-sipaision of PANI particles inside
the matrix of other polymers by synthesizing PANSide the solution or dispersion
of the matrix polymer. Many variations to this gealgghenomenon are possible. One
method involves polymerization of aniline at lovwiemperatures using an appropriate
oxidant in presence of water soluble polymers iwrtanade reactive copolymers like
poly(2-vinylpyridine-co-p-aminostyrene), PVA, poaNAvinylpyrrolidone) etc. This
technique results in sterically stabilized colldiddspersions of PANI particles of

different size and morphology. These colloids cariusther mixed with film-forming
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latex particles or with stable matrix polymer digpens 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 HQbadd to a concentrated
emulsion containing an aqueous solution of the ciomurfactant (sodium
dodecylsulfate) as the continuous phase and amigr¢@enzene) solution of the host
polymer and aniline as the dispersed phase. Theesfmnding 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 4EMBSA) as surfactant and
protonating agent. The composite films 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 oattinorganic solvents such as
cresol, chloroform, xylene etc. Therefore, suchedbPANI can be solution processed
with common insulating polymers in a proper solvektany 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 logkl by interfacial
polymerization. Composites were prepared by swellacf PAM hydrogels in a
solution containing APS dissolved in 1M HCI. The odien hydrogels were
introduced in aniline solution in hexane and polyimaion occurred inside the PAM

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

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

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

the adhesion properties are important.

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

acids was able to act in the thermoset composit@ronly 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 thresholitlahence improved dispersion of
PANI in the composites. The effect of PANI-DBSA the curing parameters of an
epoxy resin cured with an amine based hardenebé&as reported. It was observed
that in presence of more reactive aliphatic amiP&NI-DBSA also participated in
the curing process [36]. Effect of morphology of IH@bped PANI on electrical
conductivity of PANI-epoxy composites was investigh It revealed that composites
containing PANI wires had the lowest percolatioreiinold as compared to PANI
particles or fibres [37]. In an alternative apptoa®ligomeric polyaniline in
emeraldine base form was blended with epoxy resth the composite was cured
with aliphatic amine to form interpenetrating netloA perfect network of PANI
salts in these composites was formed and the @gimolthreshold was very low. The
interpenetrating network could be doped with pratoacids to give conductive
compositions [38]. An overview of such compositesvgs 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 présea 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 Eponafi¢h is based on diglycidyl
ether of bisphenol-F (DGEBF), manufactured by Hexspeciality chemicals, USA
and was purchased from Miller Stephenson chemioatpany, 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 Sigmaddh chemicals Pvt. Ltd.

Aniline and HCl were supplied by CDH chemicals mdiwhile ammonium

persulphate (APS) was purchased from Merck SptemliPvt. Ltd. India. All

chemicals except aniline were used as receivedlin&nimonomer was double

distilled before use.

Table 2.1. Specifications of material and chemicaBlong 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 2E4MZ Pvt. Ltd. Bangalore, Indid
Aniline AR AN Central Dru_g Ho_use, NeV
Delhi, India
. . Central Drug House, NeV
Hydrochloric acid A.R HCI Delhi, India
Ammonium persulfate, A.R APS Merck specialities Pvt.

Ltd. Mumbai, India
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2.2.2. Synthesis of polyaniline

Polyaniline was synthesized via a conventional gout agqueous 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 anilimonomer (0.2M) was added to this
solution and stirred to get aniline acid solutiowd &ept in an ice-bath to attain the
reaction temperature 0-4°C. In another beaker ae@es solution of APS (0.2 M) in
deionized water was prepared and kept at freezamgpérature till it attains the
reaction temperature. This solution was added davisp 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 trkrmthe formation of PANI. The
precipitate was filtered under vacuum, washed tiginty 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 peifaliewing procedure

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

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

c) After the mixture cooled down to room temperatuaecertain amount of
2E4MZ, i.e., 0.1 parts per hundred parts of epasinr 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 knaamounts of the precured
resin mixtures and mixed thoroughly using a glassto obtain ICAs with 5, 10, 15,
20, and 25% PANI concentrations. The conductiverfdoncentration is described as

weight percent (wt %).
2.3. Characterization

2.3.1. Differential Scanning Calorimetry

Differential scanning calorimetry (DSC) is a thermalytical technique in which the
difference in the amount of heat required to insecthe temperature of a sample and
reference are measured as a function of temperdBote the sample and reference
are maintained at nearly the same temperatureghou the experiment. Generally,
the temperature program for a DSC analysis is desliguch that the sample holder
temperature increases linearly as a function ottifhe reference sample should

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

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

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

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

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

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

to it than the reference to maintain both at theesaemperature. Whether less or
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more heat must flow to the sample depends on whétleeprocess is exothermic or
endothermic. For example, as a solid sample nelssliquid it will require more heat
flowing to the sample to increase its temperaturthea same rate as the reference.
This is due to the absorption of heat by the saraplé& undergoes the endothermic
phase transition from solid to liquid. Likewise, th& sample undergoes exothermic
processes (such as crystallization) less heat duine to raise the sample
temperature. By observing the difference in heatvflbetween the sample and
reference, differential scanning calorimeters die 40 measure the amount of heat
absorbed or released during such transitions. D&¢ afso be used to observe more
subtle phase changes, such as glass transitiosswitlely used in industrial settings
as a quality control instrument due to its applilitghin 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 integmathe 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-charaersample with known

enthalpies of transition.
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Features of a DSC curwe

Crystalization

B

Glazs transition

He atAowe (i)

Melting

Ternperature (50

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

Differential scanning calorimetry can be used tasuwe a number of characteristic
properties of a sample. Using this technique, ipassible to observe fusion and
crystallization events as well as glass transitemperaturesTy). 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 Isigiés is due to the sample
undergoing a change in heat capacity; no formalsphehange occurs. As the
temperature increases, an amorphous solid will iecless viscous. At some point,
the molecules may obtain enough freedom of motimnspontaneously arrange
themselves into a crystalline form. This is knowmnthe 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 temperaflie The melting process results in
an endothermic peak in the DSC curve. The abilty 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 chele&ir composition. Melting
points and glass transition temperatures for mbshe polymers are available from
standard compilations, and the method can showospilgle polymer degradation by
the lowering of the expected melting poift, for example.T,, depends on the
molecular weight of the polymer, so lower gradek ndve 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 amrptign peak. Impurities in
polymers can be determined by examining thermogrism&nomalous peaks, and

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

temperature.
2.3.2. Thermogravimetric Analysis

Thermogravimetric analysis or (TGA) is a type ostieg that is performed on
samples to determine changes in weight with redpeciiange in temperature or time.
Such analysis relies on a high degree of precigiothree 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 reglui

TGA is commonly employed in research and testinglétermine characteristics of
materials such as polymers, to determine degrad&imperatures, absorbed moisture
content of materials, the level of inorganic andjamic components in materials,
decomposition points of explosives, and solventdiess. It is also often used to

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

Simultaneous TGA-DTA/DSC measures both heat flod\&aight 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 tiie results. The complementary
information obtained allows differentiation betweendothermic and exothermic
events which have no associated weight loss (meglting and crystallization) and

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

The analyzer usually consists of a high-precisiatatce 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 oxigatio 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 ¢estiethods routinely reaches
1000°C or more, but the oven is so greatly insdldtat an operator would not be
aware of any change in temperature even if standiregtly in front of the device.
After the data is obtained, curve smoothing an@mtperations may be done to find

the exact points of inflection.

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

off to a fourier-transform infrared spectrophotoendb analyze composition.

For the current work, TGA thermograms of the conitpesvere recorded using TGA
instrument (model Q50) of TA instruments, New astDelaware, 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 analydisSA for

control and result analysis.
2.3.3. Conductivity measurement

Conductivity was measured by four point probe témpe on 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 semicondwt@onventional four point probes
are millimetre sized devices with spring loadedctetales of tungsten carbide or
similar hard materials. The four metal tips aret phlan auto-mechanical stage which
travels up and down during measurements. The me@asuts are performed by four

separate electrical connections to a sample, anthglran electrical current through
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two of these connections while monitoring the cepanding electrical potential at
the two other connections. The four electrodesafigmed in a row (as shown kig.
2.5, and a current (I) is driven through the outexcebdes, 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 comparedht® 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 measurememssemiconductors, 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@rathe resistivity can be

calculated using the equation

_ E[EJ
P =\ 7

From these resistivity values, conductivity is cédted 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 @glihe 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° atigéeadhesive was squeezed into the
space. The cover slip rides on the tape and preadeniform film of the adhesive of
about 3 p thickness. The tape was removed and lass 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 thiesg slide as thin films using a
doctor’s blade. The films were dried in oven angtkéor one day before the

conductivity test.

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

semiconductor characterization system of Keithtestruments 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 filme weratched using flint paper

before measurements to ensure proper contact. &rage of 12 measurements was

taken for each sample.

Figure 2.7 Keithley 4200 resistivity measurement ag&mbly

2.3.4. Lap shear test

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

bonded together with adhesive so that the overtgpia 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 pridiotading with the adhesive to be tested.
The adhesive was applied between etched panetdanged in place. The thickness was
maintained using end strands of a lead wire of eien0.1 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/naind peak stress was determined. This
instrument is depicted iRig. 2.9 Two groups of specimens were prepared. In eawhpgr
five samples were prepared for every kind of ICAe@roup was tested after cure, second

was tested after conditioning for 200 h at 85°C0O%0RH.
2.3.5. Drop test

Drop tests were based on the standard establishedNdtional Center of
Manufacturing Sciences (NCMS). Forty-four inputfautt (I/O) plastic leaded chip
carriers (PLCC) are used in drop test to evalubeeimpact performance of ICA
samples. Two strips of tape, 150 um thick, arequlacn 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 (U™ model 3369) of Instron, UK
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A conductive adhesive paste is dispensed onto dlaedbbetween the strips of tape
with a doctor’'s blade, so that the thickness of dadbesive layer before cure is the
thickness of the tape. Then the PLCC is placedhenadhesive layer carefully with
tweezers and is gently pressed onto the patchhesaek. The tape strips are removed
and the assembled specimen is cured. Almost 72ten afire, each specimen is
dropped repeatedly from a height ot'@Q.5 m approx.) onto a vinyl coated concrete
floor. The number of drops required to detach th&® from the substrate is
recorded. An in house drop test channel was maderiduct the measurements and
the sample assemblies were allowed to drop fronréqaisite height of 60 For an
ICA to be used for solder replacement, it has tvige 6 drops without the test
assembly being detached. Drop test were perfornyedraypping the test assembly
through the channel on to concrete floor ensurag it falls vertically. A schematic

of drop test set up is shownhig. 2.10Q

_Test device

L

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 wasrexed. 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 eacheadle were laid on a standard
glass cover slip and cured for 1 h at 150°C ineheated oven. The cured samples
were weighed on a Mettler instruments, Greifen&eitzerland balance (AE-240)
and placed on a plastic mesh above the water iexa&etemperature controlled water
bath. Selected samples were periodically removedvaighed at ageing times. The
water bath was maintained at 85°C and tightly alosgcept when samples were
removed for testing so that the relative humidityhe water bath chamber was nearly
100%. Unfortunately, no attempt was made to detemwhether 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-endregam of electrons in a raster
scan pattern. The electrons interact with the atin@ismake up the sample producing
signals that contain information about the sampletsface topography and

composition etc.

The types of signals produced by SEM include seapnélectrons, 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 signals. The
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signals result from interactions of the electroarbewnith 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-kggmn 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 yiejdia characteristic three-
dimensional appearance useful for understandinguhiace 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 500,0@fes, 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 mide the characteristic X-rays.
Characteristic X-rays are emitted when the electream removes an inner shell
electron from the sample, causing a higher enelaptren to fill the shell and release
energy. These characteristic X-rays are used tatifgfehe 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 speciméeractions was performed by
Manfred von Ardenne in 1937, who produced a Brifstent but never made a
practical instrument. The SEM was further developgdProfessor Sir Charles Oatley
and his postgraduate student Gary Stewart and bearkBrst in 1965 by the

Cambridge Instrument Company as the "Stereoscahé flrst instrument was

delivered to DuPont.

In a typical SEM, an electron beam is thermionicalinitted 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 farction emission, and because of its
low cost. Other types of electron emitters includathanum hexaboride (LaB
cathodes, which can be used in a standard tundaement SEM if the vacuum
system is upgraded and field emission guns (FEGiglwmay be of the cold-cathode
type using tungsten single crystal emitters or ttiermally-assisted Schottky type,
using emitters of zirconium oxide. The electronrbeavhich typically has an energy
ranging from a few hundred eV to 40 k eV, is foalbg 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 electmoiumn, 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 repeatgibm scattering and absorption
within a teardrop-shaped volume of the specimennknas 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 landirergy, the atomic number of the
specimen and the specimen's density. The energyaage between the electron
beam and the sample results in the reflection gh-einergy electrons by elastic
scattering, emission of secondary electrons byastil scattering and the emission of
electromagnetic radiation, each of which can beatetl by specialized detectors. The
beam current absorbed by the specimen can alscetaetdd and used to create
images of the distribution of specimen current.citenic amplifiers of various types
are used to amplify the signals which are displagedsariations in brightness on a
cathode ray tube. The raster scanning of the CRlali is synchronised with that of
the beam on the specimen in the microscope, andethdting image is therefore a

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

cathode ray tube, but in modern machines is digitzdptured and displayed on a
computer monitor and saved to a computer's hai Msagnification in a SEM can

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

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

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

For conventional imaging in the SEM, specimens mbest electrically
conductive, at least at the surface, and eleclyicgfounded to prevent the
accumulation of electrostatic charge at the surfetal objects require little special
preparation for SEM except for cleaning and mowntion a specimen stub.
Nonconductive specimens tend to charge when scabydte electron beam, and
especially in secondary electron imaging mode, ¢hisses scanning faults and other
image artifacts. They are therefore usually coamngih 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, feliadium alloy, platinum,
osmium, iridium, tungsten, chromium and graphite. alBw prevents the
accumulation of static charge on the specimen dusgtectron irradiation. Two
reasons for coating, even when there is enoughirspacconductivity to prevent
charging, are to increase signal and surface résnjiespecially 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 microgrgj@tsM) were obtained with a
ZEISS EVO series scanning electron microscope (M&d50) Carl Zeiss SMT
Ltd. Cambridge, UK at an acceleration voltage ok¥) A pictoral view of SEM is
shown inFig. 2.11 All samples were plasma coated with a thin lagkgold to

provide electrical conduction and reduce surfa@ghg.

PR

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 deéfg@rconcentrations of PANI filler.
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Figure 2.12. DSC thermograms of epoxy resin and ep@/ PANI composites

The exothermic peak of epoxy/anhydride system agpat 138°C, depicting the
complete cross linking reaction of the epoxy systémrsingle exothermic peak is
observed for different concentrations of PANI inogp matrix indicating that the
basic curing profile of the epoxy system is noeetféd 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 temperatuné also curing time is increased as
indicated by widening of the peak. AlsélH decreases with increase in PANI conc.

These changes may be attributed to the fact thédit 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 hagegaificant influence on the curing
process of the epoxy system as the cured compandatreased. These results are in
accordance with observations reported in literaty2®]. ICA with PANI
concentration of 25% shows a flattening of peak laigther AH value. This conc was
difficult to mix as there was a drastic increas&istosity while mixing this conc with
epoxy resin and the mixture became dry. It maydieciuded that the percentage of
cured component falls beyond an optimum level arfthence of PANI over the

curing process becomes too significant for an iefficcure.

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

characteristics as depictedHig. 2.13
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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 T range, indicating that the quality of cross-linkeetwork is

substantially influenced. It can be observed frédm 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, whiah save the time and lower the cost.
2.4.2. Thermogravimetric analysis

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

T T T T T T T T T T T T T
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 1501&hvmay be due to loss of
volatiles and then undergoes a complete degradatioound 600°C. TGA
thermograms show that as the PANI is incorporatbdre appears a weight loss
around 150°C which increases as the conc. of PAdteases. 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 theresieep 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 mainteie stability of the epoxy matrix at

higher temperatures.
2.4.3. Electrical Conductivity

Variation of electrical conductivity with the inase 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 ¢to ~ 10° Scni* for 25% PANI conc.

% concentration of PANI

0 1% 3% 5% 7% 10% 15% 20% 25%
1.00E+00 ———+——+ ———

00E-13
00E-14
‘00E-15

Figure 2.15. Electrical conductivity as a functiorof PANI conc.

It occurs due to the formation of conducting chadsn® the distribution of PANI
particles inside the epoxy matrix. The percolatioreshold (taken at 10Scni) i.e.,

the minimum amount of PANI which has to be addedhrsd 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 daeshcapsulation 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 camdtduring their service life.
Moisture is commonly present in service environmerid is one of the critical
factors for determining the long-term reliability @adhesive bonded joints. Polymer
systems are susceptible to warm; moist environmamiiscan considerably alter the
performance of the adhesives. Moisture absorbesl pplymer matrix can lead to a
wide range of effects, both reversible and irrelpdes including plasticization by
weakening the intermolecular interactions amongfainetional groups of the chains.
ICA samples were subjected to highly humid condgi@nd the observations with

respect to weight change are giverfrig. 2.16
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Figure 2.16. Moisture absorption behaviour with ircreasing PANI content
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It is observed from the figure that all the samgekibit 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 increagitls the increase in filler conc as
proportion of uncured part increases. Similar tsstdr HHPA cured materials are

reported earlier [43] which further supports ourkvo
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 performancedaprding the
number of drops required to detach the chip froopdaissembly. An average of five

samples was taken for each adhesive sample antsraseishown irfrig. 2.17
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Figure 2.17. Drop test performance of ICAs
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All the samples except 25% PANI containing ICA skeowo signs of fracture after 6
drops even when observed under a simple microscope.ICA with 25% PANI
showed fractures at the ends aft8rdBop 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 caiw@hs. The abundant matrix phase
cannot absorb the impact stress and hence theieell@sperty of this sample was
poor. It was also observed that the detachmertedténom the ends of the PLCC and
there were cracks in the sample which shows thabtitonly has poor adhesion but
cohesion within the material was also low. Samplesre studied for drop
performance after environmental aging at 85°C/~1R6Pantil 500 h. The results
indicate that there was no significant effect oa tlhop 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 shiowig. 2.18 lap shear of
adhesives decreases with increase in PANI cone.i$ldue to hindrance caused by
filler particles in adhesion of matrix network atelcrease in transmission of
mechanical energy from the matrix to the filler.t Bwe bond between the matrix and
filler particles is strong enough to impart theicesimpact strength to ICAs. Test
coupons with ICA having PANI conc 25% broke whikry fitted in the grips of
UTM even before they could be pulled apart. Hettoe results of the same were not

reported. It seems that at such a high conc of PAlMIr 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 witherintp@fap coupons rather than by

m Before aging

5% 10% 15% 20%

Figure 2.18. Lap shear strength of ICAs with diffeent concentrations of PANI

breaking of adhesive material. The etched coppdace does not undergo effective
wetting hence the adhesion at that surface isreNlgesurface cracking was observed
on the adhesive material and toughness of the IG& wtact. After aging at
85°C/~100%RH until 500 h, samples show a smallebes® in lap shear strength, thus
these adhesives do not show a significant dampiraglioesive strength under harsh
environmental conditions. Although, epoxy matrixnist affected by moisture, filler
particles loosely adhered to matrix network mayodbsvater and detach causing
voids and crack propagation under impact. The efédcaging on lap shear also
shows an increasing trend with increase in PANIceotration. Hence, proper
formulation and dispersing of filler particles isiportant 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 microscopyig. 2.19shows a SEM micrograph of the neat epoxy
matrix with smooth contour-less surface. This se@mmpas transparent with

characteristic sheen on surface.

EHT = 20.00 kv WD = 27.0 mm Signal A = SE1 Mag = 10.00 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 cleargpitted 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 aspeatfised within the epoxy matrix,
yielding a conducting composite. There is no prgpease boundary between PANI
particles and the epoxy matrix. This implies thhae tPANI particles are well

distributed within the matrix and there is a stramigraction between the matrix and
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the filler. These observations show that the cotideicfiller was smoothly
incorporated inside the matrix using the hand dispg method employed in this
work. The strong interaction between the two phasgplains the improved

conductivity characteristic and the good impaciperties of the ICAs produced.

EHT - 2000 kY _WD— 7.0 mm _ Signal A— SE1___ Mag— 10.00 K X Photo No. - 3681 Date :
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Figure 2.21. SEM micrograph of composite with 20% RNI
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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 @ TGA techniques. It was
observed from thermal studies that on adding PANFdsin, the §range of the
samples shifts towards lower temperature whichcateis 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 propertg®magh affected by the PANI conc,
were substantially good as compared to ICAs withaiéllers. 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 theéase of PANI conc. Although, a
conductivity of 100 S cmi* was obtained at 25% PANI filler concentration bhis
ICA shows poor impact properties. From the inteigdien of the results presented in
this chapter, we can conclude here that it is ptessio produce isotropically
conducting adhesives with improved impact propsrbg incorporating PANI in an
epoxy matrix. Low conductivity can be a constrawtiich needs to be improved.
Since, composites were prepared by manual mixingAifll powder with epoxy
resin, there is a possibility of uneven distribatiof filler particles to some extent. In
order to get better impact properties and condiigtiPANI particles need to be

finely dispersed in the matrix.

126



2.6. References

10.

11.

12.

13.

14.

15.

16.

17.

18.

Mir IA, Kumar D. Int J Poly Mater 2010;59:994.

Shimano JY, MacDiarmid AG. Synth Met 2001;123:251

Cao Y, Andretta A, Heeger AJ, Smith P. Polyme8390:2305.
Chiang JC, MacDiarmid AG. Synth Met 1986;13:193.
Cadenas JL, Hu H. Solar Energy Mate Sol Cell8E®105.
MacDiarmid AG, Chiang JC, Richter AF. Synth M88%;18:317.
Green AG, Woodhead AE. J Chem Soc 1912;101:1117.
Green AG, Woodhead AE. J Chem Soc 1910;97:2388.

Cao Y, Andretta A, Heeger AJ. Polymer 1998;673L86

Kricheldorf HR. Handbook of Polymer Synthesisarbtl Dekker, New York,

1992.p.1390.
Xie HQ, Xiang Q. Euro Polym J 2000;36:507.
Mau I, Ziong M, Sebenik A. Synth Met 1999;101771

MacDiarmid AG, Chiang JC, Halpern M, Huang WSy BL, Somasiri NL, Wu

W, Yangier Sl. Mole Cryst Liqu Cryst 1985;121:173.

Austrias GE, MacDiarmid AG, Epstein AJ. SynthtN1889;29:E157.
Armes SP, Miller JF. Synth Met 1985;12:85.

Vijayan M, Trivedi DC. Synth Met 1999;107:57.

Kang ET, Neoh KG, Tan KL. Synth Met 1995;68:142.

Rodrigues MA, De Paoli MA. Synth Met 1991;41:295

127



19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

Abe M, Ohtani A, Umemoto Y, Akizuki S, Ezoe Mjgdchi J, Nakamoto K,

Okuno A, Noda Y. J Chem Soc Chem Commun 1989;28.173

Yasuda A, Shimidzu T. Polym J 1993;25:329.

Ruckenstein E, Yang S. Synth Met 1993;53:283.

Pan W, Yang SL, Li G, Jiang JM. Eur Polym J 2002127

Araujo PLB, Aquino KAS, Araujo ES. Inter J Lova&2007;4:149.
Zhang L, Long Y, Chen Z. Adv Func Mater 20046P8.

Segal E, Haba Y, Narkis M. J Polym Sci Part &y Phys 2001;39:611.
Roselena F, Robert HS, Marco AD. Eur Polym 228824509.

Paul RK, Pillai CK. Eur Polym J 2001;80:1354.

Afzal AB, Akhtar MJ, Nadeem M, Hassan MM. Cup@Phys 2010;10:601.
Tsotra T, Friedrich K. Synth Met 2004;143:237.

Khalid M, Mohammad F. Synth Met 2009;159:119.

Dai T, Qing X, Wang J, Shen C, Lu Y. Comp Saif2009; In press.
Chen Y, Kang ET, Neoh KG, Wang P, Tan KL. Syvi#t 2000;110:47.
Chen Y, Kang ET, Neoh KG, Tan KL. Eur Polym 0@@36:2095.

Laasko J, Osterholm JE, Jarvinen H. US Pates2&383:1997.

Jia W, Tchoudakov R, Segal E, Joseph R, NarkiS&gmann A. Synth Met

2003;132:269.

Moreira VX, Garcia FG, Soares BG. J App Polym2806;100:4059.

Jia QM, LiJB, Wang LF, Zhu JW, Zheng M. Mat &aig A 2007;448:356.
Yang X, Zhao T, Yu Y, Wei Y. Synth Met 2004;182:

128



39.

40.

41.

42.

43.

Kumar D. and Chandra R. Ind J Eng Mat Sci 20Q0%&

Watson, O'neill E, Michael J. U.S. Patent 3,288;1966.

Wunderlich B. Thermal Analysis. Academic Préésw York 1990.p.137.
Xu S, Dillard DA, Dillard JG. Int J Adhes Adh2803;23:235.

Tan F, Qiao X, Chen J, Wang H. Int J Adhes Adt@36;26:406.

129



CHAPTER 3

NANOCOMPOSITES OF POLYANILINE/EPOXY AS
ISOTROPICALLY CONDUCTIVE ADHESIVES

In the previous chapter, polyaniline (PANI) as pewdas used as filler for ICAs, but
the coarse nature of the PANI powder made it diffito 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 cosies. In view of this trouble, nano-
fibores of PANI are introduced as filler into epoxyhydride matrix to produce
isotropically conductive adhesives with improvedogerties. PANI nano-fibres
synthesized by interfacial polymerization technicg®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 compasyitow. SEM observations have
established that there is an improved diffusiomafo PANI within epoxy matrix.
Overall the properties obtained with PANI nanocefilshow a significant improvement
when compared to PANI of macroscopic dimension®mteg in previous chapter.
The findings from the research presented in thisepaare already accepted for

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

Reinforcing of fillers in polymers is a typical pr@ss in materials science to generate
novel composites, with properties that are a sysgctgcombination 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 polysitines. 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 interacttrgiraost the molecular level, such
nanocomposites can exhibit properties (mechanidarmal, optical, electronic,

magnetic etc) that are not obtainable from trad@lomacro-composites. Since,
having very large interfacial areas may also beribical importance, a homogeneous
dispersion of the nanoparticles in the polymer matecomes important. The
techniques used to prepare such nanocompositeslesimple 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 materiaés broadened significantly to
encompass a large variety of systems such as emwg, three-dimensional and
amorphous materials, made of distinctly dissimilamponents and mixed at the nano
scale. Nanocomposite materials not only representative 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 matgrizdve 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 nerardgs in the field of classical
molecular structured entities. Introduction of npawticles 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 changeeperties of materials when their

dimension is reduced to the nanometer level:

(1)

(2)

3)

Quantum confinement, where the energy levels of the atom, electromuateus
change as the size of the confined region charibesyell- known particle in a
box situation. Since the quantized energy levety (fary inversely with the size
of the box( L ), small changes ib when that size is small amounts to very large
changes in the energy levels. Small changéswhenL is large do not result in
large shifts in the energy levels. Therefore, argpprty which depends on the
value of the energy level, or the spacing betweeergy levels, will likely
change when you have a material structure whichasihfine those particles,

like electrons and atoms.

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

large. For a polycrystalline material, when thenu#er 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 grainmdduced, 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 beseomparable with that

property length scale.

The main advantages associated with nanomaterals esult of nano dimensions of

the fillers incorporated. Since, nanoparticles st@ier adhesion to polymer matrix,
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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 tdypeer significantly enhance the
adhesion of polymer to different substrates as .walthough, there are some
limitations like high cost, tendency to aggregatd ancreasing viscosity due to high

surface area to volume ratio.

Polymer matrix nanocomposite (PMNCS) is a novel posite material comprising
dispersed metal, ceramic or polymer nanoparticieghe matrix of polymer. In the
area of nanotechnology, PMNCs have generated #isagnn amount of attention in
the recent literature [3, 4]. It is known that welspersed nanoparticles in PMNCs
can significantly improve the mechanical and opobnic properties of PMNCs.
Fabricating high quality nanocomposites becomesatienge due to the difficulty in
producing uniformly dispersed nanoparticles in pamdy matrix, significant viscosity
increases, the poor interaction between nanopastahd matrix, etc. Poor dispersion
and the weak bonding between nanoparticles andxwasult 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 incorporabdrithe 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 differentpexts related to these novel materials

will be discussed.
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PANI nanocomposites

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

electronic, magnetic, and optical properties ofetahwhile retaining the mechanical
property, processability etc. commonly associatéith & conventional polymer are
more commonly known as synthetic metals [5]. Among these polymers,

polyaniline (PANI) has elicited the most interesice 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 tuniyilgood environmental stability,
low cost, ease of synthesis, and promising apicatin various fields, such as
metallic corrosion protection [7,8], electromagaetinterference shielding [9],
electrostatic discharge [10], sensors [11], actsa{d@2], to mention just a few.
However, two major limitations of conducting polylare are an inability to process
it by conventional methods and its poor mecharpecaperties. These limitations can
be overcome by preparing conducting polyanilinentdée and composites which
possess the mechanical properties of the insuldiogg matrix and the electrical
properties of the conducting polyaniline guest. Whbe host is a polymer, the
resulting system is termed as organic polyanilirend) or composite, but when the
host is a non-polymer material (e.g., metal oxidégsa) it is invariably referred to as

a composite.

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

low percolation threshold and a continuous incremseonductivity, for volume
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fractions above the threshold, conducting polyaaitomposites can be reproducibly
fabricated with controlled levels of electrical dotivity 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 preparindnliyigiispersed blend of PANI with
other processable polymers, and thus to improveptbeessability of PANI. On the
other hand, some special physical and chemicalegptiep differing from the bulk
material will be achieved on nano-structured PANI awill render it for new
applications [13], such as chemical sensors, eneagyersion and storage, light-
emitting display devices, microelectronics, optistdrage, and so on. The earliest
approach used PANI nanoparticles, mainly synthdsime dispersion technique and
electrochemical method [14]. But with the advent o&notechnology, one
dimensional nano-structured PANI, including nanefdy nanowires, nanorods,
nanotubes, nanofibrils, nanobelts and nanoribbprssents several advantages in
fabricating nano-devices and in preparing nanoseketrical connections in highly
conducting polymer composites, etc. PANI compositese attracted a lot of
attention because of various, often novel, potempplications of these relatively
new materials. Applications for such compositesveitke spread. These materials are
used for interconnections, printed circuit boardacapsulations, die attach, heat
sinks, conductive adhesives, electromagnetic mtence (EMI) shielding,

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

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

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

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

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

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

synthesis, rapid mixing reaction method and inteala 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 synth#g) the intrinsically
conducting polymers like PANI, polypyrrole, as wels other materials
including metals [23,24], carbons [25,26], in thergs, channels of hard
templates such as membranes [20-22], zeolites fE¥jdic aluminum oxide
(AAO) [28-30], and so on. For example, PANI filarntemvith diameters of 3
nm have been achieved in the hexagonal channels mesoporous
aluminosilicate [27]. However, the disadvantagehef 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 beingsedefiom the templates [33].

Soft template synthesis: The soft template synthesis method, always calied t
template-free method [34-37] or self-assembly metf38] in the literature is
that in which no hard template is used, and ine®lsynthesizing the PANI, as
well as polypyrrole [35,39], in the presence ofusture-directing molecules
such as surfactants [40,41], deoxyribonucleic adi@NA) [42,43],
polyelectrolytes [44], thiolated cyclodextrins [45ulfonated porphyrin [46],

liquid crystalline [47], and ethanol [48,49], whichct 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) [52-53obenzenesulfonic acid
(ABSA) [56], chiral 2-pyrrolidone-5-carboxylic aci@PCA) [57], 2-acrylamido-

2-methyl-1-propanesulfonic acid (AMPSA) [58] etchel polyelectrolytes

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

processing.

Radiolytic synthesis: In this method, the aqueous solution of aniline and
ammonium per sulphate (APS) in HCI was irradiateith yamma rays without
any template [60]. In case of parent solutions wyfFical concentration of 0.1M
aniline, 0.3M HCI, and 0.002-0.1M APS, the morplgyl®f the final product
was predominantly nanofibers with diameters of ®®-hm and length of 1-3
pum, though less than 5-vol.% of globular structuvese still presented. While
with APS concentrations in the range of 0.05-0.XMthe parent solution,
rodlike structures with diameters of 250-500 nm mdjths 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 addittdnhe solution of APS to that
of aniline, PANI nanofibers with comparable sha@esl sizes to those of
interfacial polymerization [61,62] method were ob&al, 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 relaveith the polarity of the

solvents. For example, in aqueous systems, pure-fiflzers 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 conventiorANI synthesis procedure,
with the aid of ultrasonic irradiation, PANI nanafes with higher polymer
yields were successfully prepared by Jing et aJgbl It was stated that three
possible competitions exist in the reaction systémmore 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 nancotstad PANI was also
synthesized by electrochemical template-free amhesm [66—68]. PANI
nanofibrils, as well as microfibrils or rods, haveen found by Langer et al [69—
73] in electrochemically synthesizing PANI from agueous medium at pHL
without any template. The nanofibrils doped witheikene derivatives exhibited
diameters of 10-100 nm and lengths of 500-2000 B]. [Both single
nanofibrils and their networks were obtained witmtrolled 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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9)

of substrates by a three-step electrochemical dépogrocedure, 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 [#iTlthe organic phase, while
APS in aqueous acidic phase, giving rise to thadfiat the interface of the two
immiscible liquids. However, both nanofibers [78,d8d nano-patrticles [80] of
the polymer were produced recently, rendering figg@ach one of the general
and facile among a variety to synthesize one-dineas$ nano-structured PANI.
In a typical reaction [78,79,81-83], aniline wasdtilved in the organic phase,
which can either be one with density lower thanewvauch as hexane, benzene,
toluene, etc. or be one with higher density, sushcarbon tetrachloride,
methylene chloride, etc., with different concentnag. Meanwhile, APS was
dissolved in an aqueous acid solution, coveringeatgvariety of acids such as
HCI, sulfuric acid, CSA, toluene sulfonic acid, amgoothers. Now these two
solutions were gently transferred to a reactiors@kesuch as a beaker or a vial,
generating an interface between the two layerselGRANI was formed firstly
at the interface as the reaction proceeds and tedygradually into the aqueous
phase until the whole aqueous phase is filled h@megusly with dark-green
PANI at last. Finally, the aqueous phase was deltbafter 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 furtheshiway or treating with
ammonia. In consideration of the formation mechanisit was revealed that

interfacial polymerization suppressed effectivélg secondary growth of PANI,
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h)

which occurred naturally in the conventional sysieef PANI, leading thus to
the exclusive formation of nanofibers [63]. The mo@r and oxidant, separated
in two phases, met only at the interface and relatitere then, forming PANI
nanofibers. The nanofibers formed moved away rgdim the interface and
diffused into the water phase due to their hydriagty. As such, the nanofibers
were continuously withdrawn from the interfaceoaiing formation of new
nanofibres at the interface. As far as the syntiegiparameters (such as the
solvents, polymerization temperature, and monomencentration) are
concerned, it was demonstrated that all aqueowsiargystems 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 arelr tboncentrations. For
example, the average diameters of the fibers sgizb@ in HCIl, CSA,
perchloric acid, and other acids (such as sulfatd, nitric acid and 4-
toluenesulfonic acid) are 30, 50, 120, and 30-50 nespectively [82]. In case
of strong acids like HCl 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-aaxylic acid, the products were
mixtures of nanofibers and particles even at higimcentrations. It was
therefore stated that high concentrations of stemmngds 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 combirthe soft and hard
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template synthesizing technique was employed [B&bically, aniline and the
surfactant, e.g., $£ABSA, was dissolved in deionized water to form a
homogenous emulsion and ultrasonicated for a white. hard template, e.g., a
porous, hydrophilic AOs3;, was immersed in the emulsion and ultrasonicated f
some time. Afterwards, the APS solution was addmupidly to initiate the
polymerization. With different reacting time, theemted PANI nanotubes and

nanofibers were produced within the pores of thre bamplate.

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 diameterXf 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. Typigathbout 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 &.M APS was added then to
the mixture to initiate the polymerization. Theukisg dark-green precipitate of
PANI was isolated after 1.5 h and dried under dymawacuum. The
morphology of all the seeded PANI products wasilf@srwith fiber diameters

in the range of 20—-60 nm.

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

bulk without the use of any specific template arfattant.
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3.2. Experimental
3.2.1. Materials

Table 3.1. Specifications of material and chemicalnd 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 Pvt. Ltd. Bangalore, Indig
- Central Drug House, New
Aniline A.R ANI Delhi. India
Hydrochloric acid A.R HCI Central Drug Hquse, New
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 usetié present work are reported in
the experimental section of the previous chaptey,, ichapter 2. Xylene was

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

PANI particles were prepared in a single step diidgoolymerisation. The detailed
procedure of PANI synthesis is already reportetthénliterature [87] and also given in
the section 2.3.2 of chapter 2 of this thesis. PA&Hho-fibres were synthesized using
interfacial polymerisation by the process repoligdHuang et al [68]. 3.2 mM aniline
was dissolved in 10 ml of xylene while ammonium spdphate (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 solutiorswansferred 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 wasbexkral times with deionised

water followed by ethanol.
3.2.3. Preparation of composites

The anhydride curing agent is solid at room tenmpeea 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%vdight. During mixing, it was
observed that PANI fibres are easy to mix. Sampie® 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 thesiseurséction 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 whispersed in the insulating matrix.
Conductivity of the cured films of samples was sddy 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
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Figure 3.1. Electrical conductivity of ICAs as a function of the PANI conc.

It is observed that the maximum conductivity obtdinn both cases remains the
same, i.e., 16 Scn'. However, the percolation threshold with the PAtghofibres is
low, which indicates that the percolation threshd&pends on the morphology of
filler particles. Since, PANI nano-fibres have natimensions and high aspect ratio,
the reinforcement is obtained at very low filleméent, contrary to high PANI powder
required to achieve similar conductivity. Also, thetimum value of conductivity is
obtained with higher filler concentrations in casd®ANI powder. For PANI powder,
a coarse dispersion level is obtained and partidles large agglomerates, while in
case of PANI nano-fibres the dispersion is smoahabse 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 shste helps the fibres to establish
themselves easily within epoxy matrix and form pafbr 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 tiondiof humidity and temperature
during their service life, so they must show a sigant 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 if#ee between filler and matrix in
composites. Samples of ICAs with PANI nano-fibresl powder were subjected to
elevated conditions of humidity and temperatur@asthe procedure mentioned in
section 2.3.6 and the observations were recordedeaght 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 humygitya 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 effe€ moisture is almost over. This
weight gain may be due to the binding of water mwlles to filler particles which are
loosely adhered to the matrix network. Again, itlsarly evident that percentage of
weight gain increases with increase of filler comtewhich 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 stteraf adhesives should be high by
virtue of which it is able to withstand the meclwahishocks it encounters during
handling, processing and transportation. As peroNat Centre of Manufacturing
sciences (NCMS), USA guidelines, an ICA can be otffely used for
interconnections if it passes the drop test, aessample assembly bonded by it must
not detach even after 6 drops from a height ohn6@rop test performance of the ICA
samples was obtained in a similar manner as raparteection 2.3.5. The results as
shown inFig. 3.3 envisage the fact that drop performance of ICAst@ioing PANI

nano-fibres is far superior to the ICAs with PANIvpder 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 ana tassembly shows wearing at
the ends even in thé"Sirop. It was also observed that the surface ob#mple was
very rough after curing while ICA containing samencentration of PANI nano-
fibres has a smooth surface, showing relativelydgiogpact strength and is stable far
beyond the minimum requirement. The observatiomplyi point to the fact that the
uniformity in size and nano dimensions of theseeBbenables 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 performamag judged with respect to
maximum load before rupture. The detailed procedditbe test is already described
in section 2.3.4Fig. 3.4shows a comparison of the performance of ICAs WifiNI
powder and nano-fibre fillers. Although, it is imagble that incorporation of filler
phase of any dimension is bound to decrease thie lbésding capacity of the
adhesive matrix, yet there seems to be an appfeciaiprovement 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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300 i m PANI nano fibres
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Figure 3.4. Lap shear strength of ICAs with different concentrations of PANI
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As the dimension of filler decreases, the hindragifiect minimizes. Moreover, due to
uniformity of size and better dispersion, nanoefibrensure that the mechanical energy
transfer across matrix filler barrier is improviédvas observed that ICA with PANI powder
concentration of 25% was unable to bond the twocdmspons properly and broke even
before application of force during test; while naaNI filled ICA of same concentration
had a smooth surface after curing and good impempegies. It may be because
agglomeration of PANI particles in the powder pregd the formation of effective matrix
network, while nano dimensional fibres were diftuigeoperly within the strong network of
epoxy matrix. Such an improvisation of impact prope gives a very significant advantage

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

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

fibres, respectively.
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Figure 3.5(a). Curing behaviour of ICAs with PANI powder filler
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The single exothermic peak of epoxy curing is ewide 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 moabte filler proportion in the
samples. An unusual behaviour is observed in th€ Pf®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 tiwkes happens to be around that
concentration. Around percolation threshold fijrticles form a definite pattern and
an optimum diffusion of filler particles is obtagheThis in turn has a definite effect
on the network formation during curing as theremisimal hindrance due to filler
particles. But such an effect needs uniformityltdge and small size which has been

reported earlier [88].
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Glass transition behaviour of samples with increiaseoncentration of PANI filler
was studied as per procedure reported in sect®ri 2nd depicted ifrigs. 3.6(a)
and (b). Both the types of ICA samples show a sintilend of shifting of Jrange
towards lower temperature with increase in conegiotn Ty of PANI. However, as
the concentration is around percolation thresholdase 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 polypyrrefeixy 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 @kgpmatrix
chain segments around percolation threshold amthdasacteristic 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 Ty of ICAs with PANI nano-filler

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

and (b) that the thermal degradation follows alnsashe pattern in both the cases.

T
300
Temperalure (°C) Universal V4.5A TA Instruments

Figure 3.7(a). TGA thermograms of ICAs with PANI pavder 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 tlss laf volatiles and oligomers while
around 350°C a sharp weight loss starts due tdegeadation 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 tlgreteof dispersion of filler inside
the matrix, the morphology of the samples was stlidby scanning electron
microscopy. The detailed procedure is already itepoin section 2.3.7ig. 3.8(a)

shows irregular morphology of the PANI particleegared by conventional one

phase polymerization. Agglomeration is clearly evidand 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-fibresgared 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 PANWger

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

surface of ICA with PANI nano-filler as shownfing. 3.8(d). There is no distinct

M = 50.00 K X Photo No. = 4956 Date :25 Fe!

. - ]

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 ethfurther establishes the fact that
PANI nano-fibres are more uniformly dispersed witthe matrix, hence establishing

effective conductive channels and distributing naedteal 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@xyydride matrix. It is observed
that uniformity and smaller size of PANI nano-fisraignificantly improved the
overall properties of the ICAs when compared to $CAlled with PANI of
macroscopic dimensions. Conductivity is establiskédow filler loading due to
uniform diffusion and formation of conducting chafwithin epoxy matrix. Smaller
size and high aspect ratio of nano-fibres facésatheir proper distribution and thus
there is minimum hindrance to epoxy network formatiThis in turn results in
improvement of impact and drop test performance tlod ICAs. Moreover,
interpretation of SEM micrographs confirmed that 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 compositebdéing used as ICAs.
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CHAPTER 4

POLYPYRROLE/EPOXY COMPOSITES AS
ISOTROPICALLY CONDUCTIVE ADHESIVES

Among the intrinsically conducting polymers, polymle (PPy) has been widely
used for various applications due to its betterdoetivity and good stability. In this
chapter, we report the use of PPy as conductiler fiht ICAs in place of metals like
Sn & Pb. PPy was incorporated as filler in epoxiainide (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 lagdce 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. SEbbservations established that PPy
particles were dispersed in the epoxy matrix momafoumly. The overall
characteristics of these conductive adhesives tegdrere establish that they would

be prospective ICAs.
4.1. Polypyrrole

Polypyrrole is one of the most studied conductidymers because of its rather
straightforward preparation methods [1]. PPy iso@ably stable in air, presents high
conductivity, good electrochemical properties, mhmar stability and is easily
synthesized both chemically as well as electrocbeltyi[2]. It exhibits a wide range
of surface conductivities (I8Scm™ to 100 Scrt) depending on the synthesis and
the nature of the counter ion or dopant [3]. Sormé@soimportant properties include
electroactivity, electrochromism, environmentalbdtty 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®ssers [15-17], corrosion

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

Pyrrole is a five membered heterocyclic compoundcan be found in heme and
chlorophyll and can be synthesized by two methostscting furan with ammonia and
dehydrogenation of pyrrolodine [20]. The generauaiure 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 “pyrréack” and in 1968 it was

synthesized electrochemically [21]. As we know tR&y can be electrodeposited
under various conditions and therefore its physiclaémical 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 cammbeified by
altering the dopant ion is conductivity. Condudgivof PPy can range from those of
insulators with almost no conductivity #@o 100 Scnt [25]. Doping ions help to
decrease the band gap between the energy levelsisRIBnductive because of the
ability of the electrons to hop along the polymbaios and across interchains due to
the n-conjugating bonds. By using smaller counter iothwtoplanarity 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 [27-3@)idi&s have shown that longer
deposition times, lower plating potentials and terapures, and higher concentrations

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

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

Two of the most common dopants that are used fdynmmrisation of PPy are
polystyrene-sulfonate (PSS) or sodium dodecylbesmdionate (NaDBS) [33].
PSS/PPy and NaDBS/PPy polymers have been used ng amplications ranging
from actuators to neural electrode coatings to alesubstrates [34-40]. PPy's
properties make it an attractive choice for bioserjg1-43] 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 speodiecules by monitoring changes in
the properties of PPy directly or remotely usindioarequency (RF) technology. By
further exploring the ability to manipulate and ritonthe properties of PPy, more

advanced interactions with its surrounding envirentrcan be achieved.

Synthesis: PPy can be synthesized by chemical bulk polymeomatvapour phase
polymerization and electropolymerization etc. Bukemical polymerization of
pyrrole can be used to produce PPy powder eashg. monomer is dissolved in
organic solvents or doping acid solutions like DBJATSA etc. Most common
initiator used are Fegland APS. Another technique developed for produétiRy
coatings is vapour phase deposition. In a typicat@ss, polymer containing electron
acceptor/initiators (i.e, Feg€ICuC}) is placed on the substrate prior to the vapour
deposition. The dip coated substrates are themrglacthe 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 agqsesolution, and a potential is
applied between the working and reference elecsiodibe polymerisation can be
carried out by potensiostatic technique (voltagle benstant), galvanostatic (current
is held constant), or potentiodynamic method (\gdtés cycled) [47]. The polymer
gets deposited on anode as an oxidation-reduceaction occurs. The anodic
oxidation results in a flux of charge and/or neuspecies as the polymer forms.
Plated PPy remains on the electrode surface whhlsexjuent deposition continues
which shows that PPy is conductive enough to ppdie in further monomer
oxidation. In electropolymerisation, doping invodva redox reaction as the polymer
forms. Electropolymerization usually produces tRiay films, however, for specific
uses film thickness can be increased by longer npardization 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 oxidakivels which
can be manipulated through the removal of elect{orglation) or the addition of
electrons (reduction) by the application of a vodtafig. 4.2. For approximately
every three pyrrole monomers, a positive chargengomand 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 megabltage applied between the
polymer and reference electrode in a solutionjocatifrom the solution flow into the
polymer to neutralize the charge, and the polymeaeds. If the dopants are smaller
anions, when the polymer is reduced the negativledyged dopants will flow out of
the polymer into the solution to equilibrate charghis 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 threlRy by two methods. The first
method involves movement of current across mobiarge carrying regions,
polarons and bipolarons. Dopants ionise a polynmaincand create a polaron. As
dopant concentration increases more polarons ameefb and eventually bipolarons
form. Electrons can then move across a single cbgimovement of these charge

carrier regions. The second method occurs

=

N M
H H

IZ

Figure 4.2. Various redox forms of PPy

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

dominant method of charge transfer depends onyffeednd 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 #ekbone, resulting in an

electrically conductive polymer.
PPy/epoxy composites

Difficulty in processing of PPy is a hindrance whjrevents its effective use in many
other applications. One of the most widely usedhnepe 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 andréspectively [51]. Although, the
approach seems to be very viable, there are vewyréports of such composites
available. Cassignol et al reported the use of fdigpersing methods to disperse
increasing amount of PPy in an epoxy matrix in ortte make it electrically
conductive. These composites were used to studymticeostructure-conductivity
relationship [52]. A correlation between percolatithreshold and glass transition
temperature depression in PPy/epoxy resin com@osites 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 thepiers are listed ifable 4.1

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

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

concentration of catalyst was 1 part per hundretbd resin.

Table 4.1. List of chemicals used and their supplie

Material Acronym Source
Pyrrole (extra pure) p Sisco research laboratories P\t.
y P y Ltd, Mumbai, India
Dodecyl benzene sulphonic agid DBSA Himedia Iaborqtone; Pvt. Ltd,
Mumbai, India
. . Merck specialities Pvt. Ltd.
Ferric chloride L.R FeGl Mumbai. India
Hexion speciality chemicals, Ing¢.
Epon 862 DGEBF Houston, Texas, USA
. . Sigma Aldrich chemicals Pvt.
Hexahydropthalic anhydride HHPA Ltd. Bangalore, India
- Sigma Aldrich chemicals Pvt.
2-ethyl-4-methylimidazole 2EAMZ Ltd. Bangalore, India

4.2.2 Synthesis of polypyrrole

Chemical polymerisation of pyrrole was done in agka step procedure [55]. 0.13
moles of freshly double distilled pyrrole and Oh8les of DBSA were dissolved in
100 ml of deionised Millipore water by vigorousrstig to get a dispersion system.
0.26 moles of FeGlere dissolved in 100 ml of deionised Milliporeteaseparately.
The two solutions were cooled t0o0°C. Then, FeGlsolution was poured slowly
over the dispersion of pyrrole and DBSA and keptd1°C. After 4 h excessive
guantity of methanol was poured into the solutiontérminate the reaction. The
resulting polypyrrole precipitate was vacuum fitérand washed several times with
distilled water, methanol, and acetone. Finallyyas dried in oven at 80°C for 8-10
h, ground into fine powder, and stored in a desaca
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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. \(eriamounts of PPy powder were
added to the epoxy system to obtain composites byitt0, 15, 20 weight percentage

of PPy. The material was hand mixed thoroughlyliam a uniform mixture.
4.3 Characterization

Various characterization techniques have been taseldaracterise above samples in a

similar manner as in chapter 2 of this thesis useéetion 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 chaptierorder to get consistent results,
identical conditions were maintainefeig. 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, conductigiows a sharp increase even with
the incorporation of 3% of PPy. Even the percofatibreshold taken at f0Scm'
comes at a lower PPy concentration, i.e., betwedi9%. PPy formed by dispersion
polymerisation has a very minute and uniform plersize and is thus easily diffused in
the epoxy matrix forming a conductive network. Aetpercolation threshold, this
network becomes continuous and an infinite clustePPy particles is formed which
ensures conduction within the insulating matrix week. These results are in
accordance with those reported in literature [53]. 3Vith the increase in PPy
concentration, conductivity shows a smooth incregisereaches a value of 0Scm’
with a PPy concentration of 15%. Above this coneiun, 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 compoaitsy with that of neat
epoxy/anhydride system are depicted Riy. 4.4 It is observed that a single
exothermic peak is evident in all samples irrespeatf the concentration of PPy in
the epoxy matrix. Hence, it is clear that the basicing 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 inase 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 thepaosites and thus increase in the
curing time. ICA with 10% PPy concentration showsl@ht shift towards low
temperature. It may be worthwhile to note that gercolation threshold of the

composites is around this concentration. Below g@aton threshold the filler
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particles form indefinite clusters and thus theraiwide difference in modulus, but
around threshold potential the particles form anitef pattern and thus an arranged
pattern of filler particles is formed. This in-tulras 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 temperaturegT

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 tempexdflyy of the samples. Variation of
glass transition temperature with the increaseRyf Boncentrations is shown fig.
4.5. As the PPy concentration increases, there isgatsthift 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 epression of { Such type of

depression in J has also been reported by Barrau et al [53]. $t tgen 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 freelwme 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@&malysis. All the samples
essentially show two-step transition as depicte#ign 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@armogram due to the
degradation. By incorporation of PPy, the basic rdegtion characteristics are
essentially same with a sequence of two step datjoad 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 Phase. All the samples showed
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stability till 350°C and then undergo a sharp ddgt@n till 450°C which is
essentially the characteristic of epoxy system.dderit can be concluded from the
results obtained that PPy incorporation does nek ha significant effect on the

thermal degradation of epoxy systems.
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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 paransftlCAs. Moisture present in the
service environment can degrade the impact praseofi the adhesives, giving rise to
swelling stresses in the system. This may leatiéddrmation 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 fixtur¢ackted by them. Hence, good ICAs
should have very low moisture pickup capacity. Nlaie 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 alisorput the weight gain is very
small. Moisture uptake of samples was more durirgy 100 h. This may be due to
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water attached to the filler particles which ard nompletely adhered within the
epoxy matrix network. PPy has known affinity towatrdimidity. This is attributed to
the presence of heteroatoms and disordered steuabfir 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 percentageRyf increases, the weight gain
increases which indicates that the moisture upiskieie to increase in proportion of
PPy with respect to the cured epoxy matrix. Howgtrex results are indicative of the
fact that even under harsh conditions of tempeeaturd humidity, ICAs showed

phenomenal stability and the weight gain was toalkaven 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 absorlzkhauring assembling, handling
and throughout their service life and thus needthibit extremely good impact
properties. Impact performance of any material ddpeon the effective damping
property, i.e., the capacity of a material to ¢iaseé energy. The impact performance
of ICAs was determined using a drop test devisetlGMS, USA. For an ICA to be
used for solder replacement, it has to survivedpslifrom a height of 60without the
test assembly being detached. In this study, drsipvwiere performed by dropping the
test assembly through a channel on to concrete #osuring that it falls vertically.

An average of five tests was taken and the reavdtshown irFig. 4.8
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Figure 4.8. Drop test performance of ICAs

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

bound by ICAs containing 5 and 10% were stable eafear 25 drops and the trend
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was not changed by aging the samples C86100%RH for 500 h. Although, all the
sample assemblies after aging continued to betifdag after the minimum 6 drops
required. But with the increase in PPy concentmatidrop performance decreased
slightly. This again leads to the fact that moistabsorbed by partially free PPy
particles leads to void propagation and thus deeseahe impact performance.
Although, drop performance decreases with increaadePy 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 simoiig. 4.9 In all the cases, there
was a drop in lap shear strength with the incorpmmaof PPy inside the epoxy
matrix. However, it is significant to note thateafia sharp decrease in lap shear at 5%
PPy concentration, there is only a slight changlepnshear thereatfter. It is indicative
of the fact that since the particle size of PPungorm and small, there is an even

diffusion of particles within the epoxy network tdtut 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 naeffeaging on lap shear properties.
When the PPy concentration increased beyond 158dafhshear decreased. There is
probably a hint of PPy phase domination beyond twicentration and hence

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

strength under adverse environmental conditions.
4.4.7 Scanning electron microscopy

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

well textured surface of epoxy matrix has developmatours due to PPy particles.

A
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Figure 4.10(a) SEM micrograph of epoxy/PPy compostsurface

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

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

particles seem to be well connected without a defphase separation.

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

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

deeply embedded inside the cross-linked epoxy xresrshown ifrig. 4.10(c).

\s e

Figure 4.10(c) SEM micrograph of epoxy/PPy compositat very high magnification
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4.5. Conclusion

Composites of PPy with epoxy anhydride system spoespect of being used as
ICAs, although conductivity needs further improvemePPy particles are easily
dispersed within the epoxy matrix without affectitgybasic properties. Conductivity
shows a smooth increasing trend and reaches a wdli®® Scm'® with a PPy
concentration as low as 15%. No further increaseowoiductivity was observed on
increasing the concentration of PPy. The thermapgrties 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, incorporationRHy in epoxy matrix forms
composites which may be used as ICAs in electrmézconnections. 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-tubes $CBs conductive filler in the
epoxy matrix for producing ICAs. It is observedtie previous chapters that the high
filler loading required for obtaining desirable cuctivity in ICAs can be a problem
in achieving good impact properties. Due to higkcical conductivity of CNTSs,
conductivity was established at a very low filleadiing. Also, because of their high
strength to weight ratio, the impact propertieshaf 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 shalaegreat prospect of being used

as ICAs.
5.1 Carbon Nanotubes

Carbon nanotubes have attracted an intense intiogstthe scientific community
and can be regarded as the most exciting new raktéoi 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 resolutimansmission 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 seemi&dly that
other novel forms of carbon might be formed atghme time. It was while studying
the hard deposit which formed on the graphite aHollowing arc evaporation that
lijima made his discovery: the central part of teposit 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, gsoups showed that single-walled
nanotubes could be produced in a similar appaiatuwgich one or both electrodes
contained cobalt, nickel, or some other metal [3,Bhese single-walled tubes
generally have smaller diameters than the multedahanotubes (typically of the
order of 1-2 nm dia.). It was reported in 1996 tbmigle 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 appilcas. Their mechanical and
unique electronic properties open a broad range applications including

nanoelectronic devices, composites, chemical sspnsmosensors and many more.
Carbon nanotubes can be classified as single-wall@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 concerttingle nanotubes like rings of
a tree trunk separated from one another by 0.34Timey usually have a diameter of
about 2-20 nm. The production of SWNTs or MWNTshighly 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 improteir processability, they have been
combined with many polymers to form nano composiaterials with improved

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

aspect ratio (typically ca. 300-1000) [9, 10]. CNA@ve a unique combination of
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mechanical, electrical, and thermal properties thake nanotubes excellent
candidates to substitute or complement the conwealtinanofillers in the fabrication
of multifunctional polymer nanocomposites. Gengraflanotubes are stronger than
steel, lighter than aluminum, and more conducthant 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 maomposite using CNT as filler was
given by Ajayen et al [12]. Since then, there hédeen many papers dedicated to
processing and resulting mechanical and/or elettpioperties of fabricated polymer
nanocomposites. However, as-grown CNTs are normalixtures of various
diameters, and lengths, not to mention the presehompurities and other defects.
Furthermore, CNT aggregation has been found to akiaally hamper the mechanical
properties of fabricated nanocomposites. Finallye tb their small size, CNTs are
normally curled and twisted, and therefore indiadGCNTs embedded in a polymer
only exhibit a fraction of their potential. Thusetsuperb properties of CNTs cannot

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

In view of above mentioned demerits of CNTs theseehbeen numerous efforts for
producing CNT nano-composites with improved prdpsrt One of the most
important pre-requisite is that the CNTs must bepprly dispersed inside the
polymer matrix so that the stress propagation isotm and proper conductive
channels are established. As is already estalligggregation of CNTs inside the
polymer matrix leads to inferior properties. Sorfajority 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 afeaach is the establishment of
strong chemical affinity between CNTs and surrongdpolymer matrix. Various
methods of CNT chemical modification have been esfid in improving
thermodynamic wetting of polymer matrix [14]. Whod®lymer moeities may be
attched or grafted into CNTs to improve their iation with polymer matrix [15,
16]. Combining CNTs with organic conducting polys¢€CPs) has also been tested

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

The preparation method of CNT/polymer nano-compssis crucial in deciding its
overall properties. Various methods have been debtg solution blending, bulk
mixing, melt blendingjn-situ polymerization etc are mainly used. Solution blegd
is the most common method which invloves threessteg., dispersing nanotubes in a
solvent, mixing it with polymer and finally recoweg the composite by precipitation
or solution casting. Dispersion of nanotubes irvesais 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 thermoplasticypmrs, CNT composites can be
made by melt mixing. This is particularly useful foolymers which are not easily
soluble and hence cannot be used in solution mixiihgs procedure involves mixing
of CNTs under intense shear forces using varioctsigques like extrusion. However,
increase in viscosity with higher filler loadingarcbe constraint in using this process.
Polymerization of vinyl polymers in presence of CiHTa classical example of-situ

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

and the polymer matrix using various condensa@actions.

CNT/epoxy nano-composites have been prepared bynzber 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 studiedhtheence 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 pdoooltireshold [25]. From the
studies of Zhou et al on CNT/epoxy composites,naar damage model has been
combined with the weibull distribution function &stablish a constitutive equation
for neat and nano-phased carbon/epoxy [26]. Sitpjldri et al used MWNT of
various aspect ratios to develop conductive adbedur aerospace applications [27].
Composites with very high conductivity have beerai@ped 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 dt@mof 40-70 nm and length of

100 um. The ultrasonicator from Accumax India, Defthodel 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 HHPA Sigma Aldrich chemicals Pvt.
anhydride Ltd. Bangalore, India
- Sigma Aldrich chemicals Pvt.
2-ethyl-4-methylimidazole 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 theviolg procedure

a) Curing agent (HHPA) which is solid at room tengtare was heated slightly to
melt it. Calculated amounts of CNTs were addedguwakamounts 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 403@btain dispersion.

b) The dispersion was cooled down to room tempesand thereafter 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 haktpecessary, until a
homogenous mixture was formed. The mixture wasuaftisturbed for some

time to remove air bubbles before further use.
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These samples have been characterized by varioheiqees 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 conductivityf the order of 18* Scm'. When
the conductive filler is incorporated, the insulgtmatrix is traversed by the conductive
filler which forms clusters. When these clustergrathemselves throughout the matrix,
they form conductive channels due to contact betvashacent particles. Composites
containing conductive filler in insulating polymetsecome electrically conductive
when the filler content exceeds a critical valugwn as gercolation threshold The
percolation threshold is characterized by a shangpjin 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 fiomcof CNT concentration.
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Figure 5.1. Electrical conductivity as a function 6CNT concentration
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There is a sharp increase in conductivity aroudddconcentration which is due to
high conductivity of CNT. The percolation thresholtthese composites taken at®10
Scni® is around a very low filler concentration of 0.2%his very low percolation

threshold is due to high aspect ratio and nano-dsio@s of CNTs. These findings
were consistent with the previous reports of sut\T&poxy composites [29-31].
After this value, conductivity showed a gradualrease till it almost became
saturated at I9Scni’. These results are highly significant compare@uo studies

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

conductivity values.
5.3.2. Curing behaviour

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

unaffected by the presence of CNTs. With the irsweim CNT content, the peak
maximum slightly shifts towards higher temperaturais 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 hightiH characteristics. It is worthwhile to
note that percolation threshold of the composigearound this concentration. The
reason may lie in depression igwWhich 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 substantiéiigt is why it shows a broadening
of cure peak and lessaH values. All the results clearly show that dustaaller size

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

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

Glass transition values for the composites wererdehed by cooling the samples to
room temperature and then heating the cured samplés 250°C at the same rate.
The Tyvalue of neat epoxy system was found to be aroddd@. The CNT-content
dependence of theyTs presented ifrig. 5.3.1t can be observed thai; Values are
affected in almost all samples, however, samplé @i2% CNT concentration shows
an unexpected behaviour. There is a sharp depnes$idy corresponding to this
concentration. This behaviour was confirmed withesed scans and seems to be
independent of epoxy curing. The concentrationrdaiad percolation threshold and

such behaviour has been observed by Barrau et 4l |2 is interpreted that
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conduction percolation is associated with a paldicoconfiguration 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 éantblecular 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. 5.4shows that the overall degradation
characteristics of epoxy system are retained. Ther@ characteristic two-step
transition. TGA thermogram of neat epoxy shows albmeight loss before 150°C
which may be due to loss of volatiles and thenmnlargoes 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 betdube 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 dfi@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 wabgected to 80°C/~100% RH
aging and the effect was studied as weight gairmr avperiod of time. The results
obtained are plotted against time and presenteéign5.5. 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 thereafteis almost stable. The moisture
absorbed may be bound to filler particles not catgly 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 staloler.environment 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 considettre overall effect, it is pretty

clear that these ICA samples can withstand extreonditions of heat and moisture.

200 300
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Figure 5.5. Moisture absorption behaviour with increasing CNT content

5.3.5 Drop test

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

required to detach the chip from drop assemblythadesults are shown kig. 5.6

“ Before aging

" Afteraging

SR

T
Ij‘l‘l'
¥ ;I'|

M inimum
number of
drops

Number of Drops
e

it

o

% 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 effegere after 20 drops. The contacts
formed had a smooth surface and no cracks have foead even under a simple
microscope. However, assemblies joined by sampté @i4% CNT show little
weathering at the edges after 20 drops. These\#igars 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 thiep 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 parametaciwtiefines the binding strength of
ICAs. Fig. 5.7 shows that the lap shear strength of ICAs of adlesilecreases 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 mawixhe filler. But the decrease is
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very small and the shear strength is far greaten the desired impact strength for
ICAs. The detached test coupons show that theuiraciccurred at the interface of
adhesive and metal surface of the test couponsrrétian 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 crackisg 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 sheagt. These adhesives do not
show a significant damping of adhesive strength euntiarsh environmental

conditions. Although, epoxy matrix is not affecteg moisture, filler particles loosely

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

performance of ICAs.
5.3.7 Scanning electron microscopy

To understand the dispersion of CNTs within epoatrir the surface morphology
was studied using SEMFig. 5.8shows 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 nmiéee 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 Hitient method of preventing re-
agglomeration. All these observations clearly dshbthat 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.
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Figure 5.8 SEM micrograph of CNT/epoxy surface

5.4. Conclusion

Carbon nanotubes were used as filler in epoxy/amthgydystems and studied for their
application as ICAs. From this study, it was obednthat 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 bavigh impact strength and good
aspect ratio; hence a higher percentage of the yepbrar strength is retained.
Conductivity is established at a very low filleatting and conductivity value as high
as 10° Scmi* was obtained at a filler concentration of only%.3rhe ICAs so formed
not only show a good adhesion but also show letistteof aging. The surface

characteristics show that there is a strong intertaetween matrix and filler phases,
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which defines the worth of an efficient composistem. Hence, it is concluded that
incorporation of CNTs as filler inside the epoxytmaproduces ICAs with high
electrical conductivity, great impact strength atylow filler loadings. The overall
properties of these ICAs establish their use assl@A electronic interconnections.
However, the properties may further be improveddbyising some other methods

like increasing the aspect ratio of CNTs which nrayease 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 wititrinsically conducting polymers and

carbon nanotubes. It was aimed that the limitatiassociated with metallic fillers

mainly corrosion and limited impact resistance saymificantly be substantiated by

using non-metallic fillers. The nature and dispemsof conductive fillers is of prime

importance in deciding the final properties asdecdiavith such ICAs.

1.

Due to its ease of synthesis and processingapiblye was selected as the first
filler. PANI powder was synthesized by conventiomaéthod like chemical
polymerization. Composite samples with differenh@entrations of PANI in
epoxy/anhydride matrix show properties characierisf an ICA. Thermal
properties of the cured ICAs show that the basicguprofile of epoxy remains
unaffected. There is a single curing peak in evase although the sharpness
of the peak decreases and curing temperature gesesdightly with increase in
PANI conc. It was also observed from thermal stsidigat on adding PANI to
resin, the Jof the samples decreases which indicates thatrés=pce of PANI
affected the cross-linking of epoxy matrix. The T@E#ermograms 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 PANIaccoof 25% as the test
coupon broke prior to application of force in a UTimilarly, drop test
assembly joined by this sample showed cracks aetids even aftersdrop
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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Scni' was obtained at 25% PANI filler concentration this ICA shows poor
impact properties. Moisture absorption of sampiesaased with the increase of
PANI concentration but the overall effect was talel It seems that the
moisture absorption is a characteristic of filldrape. SEM images show that
PANI powder was not uniformly dispersed in the epaxatrix due to
agglomeration and large particle size. Thus, it pigssible 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 désped in the matrix.

It is an established fact that the size and gégnoé filler 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 adhesiveBRANI nano-fibres were synthesized by
interfacial polymerization technique. Nanofibres developed by this technique
show smooth dispersion in the matrikhe uniformity and smaller size of
PANI nano-fibres significantly improved the overall properties of the ICAs
when compared to ICAs filled with PANI of macroscofc dimensions.
Conductivity is established at low filler loadingealto the uniform diffusion and
formation of conducting channels within epoxy matn this case. Although,
the maximum conductivity obtained in case of PANMpler and nanofibres
remains same, but the percolation threshold isbksted at a lower
concentration in case of PANI nanofibres. Decrendie percolation threshold
is very important for conductive composites notydmtcause it reduces the cost

but also because it minimises the influence oéffilbn the mechanical and
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thermal properties. Smaller size and high aspd@i cd nano-fibres facilitates
their proper distribution and thus there is minimhimdrance 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 comparedxad with PANI powder as filler.
ICA with 25% PANI powder had failed the drop testlahe assembly showed
wearing at the ends even in tHRdop. But ICA containing same concentration
of PANI nano-fiores has a smooth surface, showatively good impact
strength, and is stable far beyond the minimumiremqment. 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 duriesf;twhile nano PANI filled
ICA of same concentration had a smooth surface afteng and good impact
properties. Such an improvisation of impact prapsrgives a very significant
advantage to these ICAs for realising their appbeapotential. Curing profile
of the ICAs does not show any appreciable changetdwano dimensions of
filler. Although, curing peaks were sharper tharlNP powder filler composites.
TGA thermograms show a characteristic two step tdmss of epoxy system,
however in case of PANI nanofibre filled ICAs thesenore weight loss around
150°C, probably due to presence of more volat#&sM 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 ioped the prospect of these

composites for being used as ICAs.
203



3.

Polypyrrole was synthesized by suspension polgakon using DBSA as
dopant in the present work. The PPy obtained bgenusion polymerization has
fine particles and hence shows better dispersionhé& epoxy matrix. The
composites with varying PPy concentrations werdistufor various properties
of ICAs. Conductivity shows a smooth increasinqiér@nd reaches a value of
10° Scm' with a PPy concentration as low as 15%. No furiiherease of
conductivity was observed on increasing the comagan of PPy. The thermal
properties and curing profile of the composites &gy close to that of neat
epoxy system. However, a depression §whas observed close to percolation
threshold due to increased mobility of polymericaios 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 particle size was small, the impadbrmance of epoxy is not
affected significantly. It is observed that the gpéarassemblies bound by ICAs
containing 5 and 10% were stable even after 25 e the trend was not
changed by aging the samples i"®B-100%RH for 500 h. However, it is
significant to note that after a sharp decreaselam shear at 5% PPy
concentration, there is a slight change only indaear thereafter. It is indicative
of the fact that since the particle size of PPyng#form 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 concentratio in@eased beyond 15%,
the lap shear strength decreased. Moisture showsglgible effect on the
overall properties of ICAs studied. Thus, incorpiora of PPy in epoxy matrix

forms composites which may be used as ICAs in ®ait interconnections.
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The composite with 15% PPy showed the best praseaind can be most suited

for the application.

In addition to CPs, CNTs show a bright prospeicto@ing used as fillers.
Replacing metallic fillers in ICAs with CNTs havéet potential benefits of
being lead free, corrosion resistant, high meclanstrength and electrical
conductivity etc. So, new ICAs are being formulatgd 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 4(Bcni' were observed at a filler
concentration as low as 0.3%. This is attributegidod electrical conductivity
of CNTs as well as high aspect ratio which allohem to form definite patterns
and continuous conductive channels even a low ctrat®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 dtamsition and least effect of
filler. Drop test performance of samples show @BITs are effective in stress
propagation and hence energy dissipation occuectafely. Thus, there is a
very negligible effect on the drop characteristisith increase in filler
concentrations. A similar trend is reported for Elgear 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 concetigrawas difficult to
mix and had high viscosity before curing. CNTs aeey well dispersed inside
the matrix as is evident from SEM images. CNTsmatigemselves 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 overakaffof moisture was found
negligible. Drop test and lap shear characterisilse show a small impact of
aging. All these points indicate that the incorpioraof 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. Compatilitly increased as evidenced by
the improved impact properties. The main advantageof using organic
conducting polymer fillers or CNTSs 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 overdlproperties 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 partices 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 higfiie@ar 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 maythdied which can be used to
make re-flowable ICAs. It will not only ease thentdéing but will help in detaching

the components during disposal.

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

interactions will be an important study.
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