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Cansu AKARSU DÜLGAR
(515102001)

Polimer Bilim ve Teknolojisi Anabilim Dalı

Polimer Bilim ve Teknolojisi Programı
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Prof. Dr. B. Filiz ŞENKAL ..............................
Istanbul Technical University

Prof. Dr. Tarık EREN ..............................
Yıldız Technical University

Date of Submission : 21 November 2017
Date of Defense : 22 December 2017

v



vi



To my family,

vii



viii



FOREWORD

I would like to express my deepest appreciation to my advisor, Prof. Dr. İ.
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SYNTHESIS OF LOW NOISE, FAST DRYING PACKAGING TAPE
ADHESIVE VIA EMULSION POLYMERIZATION

SUMMARY

Adhesives are defined as materials used to bond other materials, mainly on their
surfaces through adhesion and cohesion. Pressure sensitive adhesives (PSAs) are
ensure instantaneous adhesion by application of a light pressure and can be organic
solvent- or water-based (dispersions), or in a solvent-free form as in the case of hot
melt . Water-borne adhesives comprise acrylics, natural and synthetic rubber latexes,
and ethylene vinyl acetate dispersions. As known, the interest in aqueous acrylic
dispersions PSA grew with the need to solve solvent emission problems [1–6]. The
most common applications for water based pressure sensitive adhesives are tapes
and labels. The packaging tape market is a growing worldwide industrial market.
Developments in dispersion polymer chemistry have largely converted this market
in a safe waterbased polymer dispersion user. Improvements on the application
machine techniques have led to significant productivity gains. Although there are a few
dispersion adhesives in the marketplace, still improvements are needed in the polymer
side to reduce undesired noise levels when unwinding the tapes at the packaging line
as well as increase drying fastness for the coating on higher speed machines. The
importance of viscosity control at high shear rates is a very well known phenomena and
the particle size is the key for the control on rheology. Small particles are less affected
at high shear rates which increase the importance of polymodal or broad particle size
distribution [7].

Although both solvent- and water-borne acrylic PSAs are derived from the same
monomers, the adhesive and cohesive properties of emulsion PSAs are different. A
likely explanation for this inferiority is given as the more heterogeneous morphology
of waterborne materials [3]. As mentioned in several resources, PSA must be soft
and tacky. Thus, its glass transition temperature (Tg) should be low, ranging from
-20 ◦C to -60 ◦C. Polymers with low Tg are from alkyl acrylates such as poly (butyl
acrylate) and poly (2-ethylhexyl acrylate). They are inherently soft and tacky but do
not possess adequate shear strength. Polar monomers are used in copolymerization in
order to improve the adhesives’ mechanical properties such as cohesion which gives
an improved shear strength. Their presence increases the Tg and this may be explained
by increasing dipole interaction, or enhanced hydrogen bonding. Polar groups in
polymers increase intermolecular forces thus reduces free volume and increase Tg.
Besides Tg, these interactions mainly affect cohesive properties. -COOH groups
support intermolecular dipole dipole interactions and they are able to form hydrogen
bonds with hydroxy groups which helps to increase the shear strength [8, 9].

In this study, synthesis of acrylic copolymers by emulsion polymerization for the
application of low noise, fast drying pressure sensitive adhesives has been described
and especially the effect of stabilizing monomers on noise level has been studied.
It has been focused on the comparison between the adhesive performance of poly
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(BA-co-MMA-co-AA), poly (BA-co-MMA-co-MAA), poly (BA-co-MMA-co-AAm)
and poly (BA-co-MMA-co-MAAm) by using different amount of polar co-monomers.
Relatively lower noise has been obtained by MAA and MAAm. To balance the
performance properties of MAA including copolymers, instead of MMA, several
monomers with different Tg and polarity have been used such as EA, ACN, AAm,
GMA and VAM. The performances of different polar co-monomers have been detailed
on high and low surface energy substrates. An additional property such as flame
retardancy has also been investigated by synthesizing copolymers containing boron
acrylate and multi- functional boron methacrylates which also provides hydrophobicity
and relatively higher performance on non-polar surfaces [10–14]. The materials
used for this research were the monomers mentioned above as butyl-acrylate (BA),
methyl meth acrylate (MMA), acrylic acid (AA), methacrylic acid (MAA), acrylamide
(AAm), meth-acrylamide (MAAm), acrylonitrile (ACN), vinyl acetate (VAM), ethyl
acrylate (EA), hydroxyl ethyl methacrylate (HEMA), glycidyl methacrylate (Gly-MA),
boron acrylate, multi-functioal boron methacrylate; surfactants; ammonium persulfate,
NaHCO3 and deionized water. Solid content, pH, viscosity, surface tension, free
monomer, particle size and rheology analysis have been performed by dispersion, on
the other hand, swelling, Tg and performance analysis have been done by polymer
film. The aim of the study is not only to investigate the influence of polar monomers
on PSA performance, but also to develop an acrylic polymer for low noise packaging
tape adhesives for high speed coating machines.
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EMÜLSİYON POLİMERLEŞMESİ İLE HIZLI KURUYAN, SESSİZ KOLİ
BANDI İÇİN YAPIŞTIRICI SENTEZİ

ÖZET

Yapıştırıcılar bir malzemeyi diğer bir malzemeye yüzeylerinden adhezyon ve kohezyon
yoluyla bağlarlar. Basınca hassas yapıştırıcılar ise hafif bir basınç yardımıyla bu
yapışmayı sağlamaktadırlar. Basınca hassas yapıştırıcılar su bazlı, solvent bazlı veya
sıcak eriyik halinde olabilirler. Su bazlı yapıştırıcılar kendi içinde akrilikler, doğal ve
sentetik kauçuklar, etilen vinil asetat dispersiyonları olarak ayrılabilir. Su bazlı akrilik
dispersiyonlar solvent emisyon sorununa bir çözüm olarak doğmuşlardır.

Üretim verimliliğini arttırmaya yönelik makine hızlarını arttırmaya yönelik gelişmeler,
buna uygun su bazlı polimerlerin de geliştirilmesini gerekli kılmıştır. Artan makina
hızlarında homojen bir film oluşturabilmek için polimerin yüzeyi ıslatması, hızlı
kuruması ve yüksek hızda çalışabilmeye uygun reolojiye sahip olması gerekmektedir.
Yüksek kayma hızı uygulanan polimerlerde viskozite uygulanan kayma kuvvetinin
artmasıyla değişebilmekte bu da kaplama kalınlığının değişmesine, homojen sürüm
yapılamamasına neden olmaktadır. Yüksek kayma hızında viskozite kontrolünün
düşük tanecik boyutuyla sağlanabildiği bilinmektedir [7]. Bununla beraber hızlı
kuruma özelliğinin kazandırılabilmesi için polimerin yüksek katı madde içeriğine
sahip olması gerekir. Katı madde arttıkça viskozite artışına bağlı olarak tanecik
boyutunu düşük tutmak imkansız hale gelir. Bunu polimodal ya da geniş tanecik
dağılımıyla sağlamak mümkün olabilir. Bu projede monomodal ve geniş tanecik
dağılımına sahip, katı madde oranı %55’in üzerinde polimer sentezi hedeflenmiştir.

Basınca hassas yapıştırıcılar etiketler, bantlar gibi geniş uygulama alanına sahiptir.
Bant uygulamalarının büyük çoğunluğu koli bandı üretimini kapsamaktadır. Bunun
dışında maskeleme bandı, elektrik bantları, medikal bantlar, özel bantlar gibi uygu-
lamalar yer almaktadır. Etiket ve bant üretimlerinin yapıldığı sürüm makinalarındaki
hızın dışında bant kesme makinalarının da hızlarında artış söz konusudur. Özellikle
poliolefin filmin taşıyıcı olduğu bant uygulamalarında kesim makinalarındaki çözüm
işlemi sırasında açığa yüksek gürültü oluşmaktadır. İşçi sağlığında duyma kayıplarına
varan olumsuz etkisi söz konusudur. Çalışma ortamındaki ses seviyesi işçi sağlığını
gözetmek adına Avrupa’da çeşitli düzenlemelerle kontrol altına alınmaktadır. Geniş
endüstiyel alanda pek çok üretim tesisinin son aşaması olan paketleme hatlarında
yaygınca yaşanan bu durumu engellemek için polimerin arka yüzeyine uygulanan
ikinci korona işlemiyle sessiz koli bantları üretilmektedir. Bu tez kapsamında
polimerin kimyasal yapısındaki değişiklikler ile koronadan bağımsız olarak sesin
mümkün olduğu kadar azaltılması hedeflenmiştir. Yapılan çalışmalarda stabilite
sağlayan komonomerin hidrofobluğu arttıkça veya film yüzeyiyle yarattığı dipol-dipol
etkileşimi/hidrojen bağı azaldıkça bu ses seviyesinde de göreceli olarak bir azalmanın
söz konusu olduğu tespit edilmiştir. Genellikle akrilik asidin kullanıldığı emülsiyon
polimerlerine kıyasla %1’in altında metakrik asit ya da metakrilamid monomerlerinin
kullanıldığı durumda bu ses seviyesinde belirgin azalma gözlemlenmiştir. Ancak
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stabilite sağlayan bu polar komonomerdeki değişiklik yapışma değerlerini de
etkilemiştir. Tez kapsamında çalışmalar bant çözümü sırasında göreceli olarak daha
düşük sese sebep olan MAA ve MAAm komomonomeri yanısıra adhezyon-kohezyon
dengesini sağlamak üzere farklı polar komonomerler de kullanılarak performans
analizleri yapılmıştır.

Su ve solvent bazlı yapıştırıcılar da ortak monomer yapıları kullanılmasına ragmen
adhezyon ve kohezyon özellikleri birbirinden oldukça farklıdır. Bu su bazlı
malzemelerdeki heterojen morfoloji ile açıklanabilmektedir. Pek çok yayında
belirtildiği üzere basınca hassas yapıştırıcılar yumuşak ve yapışkandır. Tg değeri
genellikle -20 ◦C ile -60 ◦C arasında değişir. Düşük Tg değerine sahip polimerler
butil akrilat, 2-etil hekzil akrilat gibi yapışması yüksek ancak iç direnci düşük ürünler
yaratır. Polar monomerlerin varlığı bu gibi mekanik özelliklerin iyileştirilmesinde
etkin rol oynamaktadır. Dipol etkileşimleri ve hidrojen bağı oluşumu nedeniyle Tg
değerini arttırmaktadırlar. Moleküller arası kuvvetler artarken serbest hacim düşer
ve bu da Tg değerinin artmasına neden olur. Tg değerindeki değişikliğin yanısıra
hidroksi fonksiyonel grup içeren polar monomerler yüzey aktif ajan kullanımını
azaltabileceği gibi özellikle kohezyon kuvvetinin de artmasını sağlar [15]. Akriklik
asit bu kuvveti etkilen en önemli monomerdir. -COOH gruplarının moleküller arası
dipol dipol etkileşimi dolayısıyla ve bu grubun hidroksi gruplarıyla yapacağı hidrojen
bağı sayesinde kohezyon kuvveti artar [8, 9]. MMA monomerinin miktarı arttıkça
da benzer etkinin poli(BA-ko-MMA-ko-AA) yapıdaki kopolimerinde gözlemlendiği
[16] belirtilmiştir. GMA ise epoksi grupları içeren farklı bir monomerdir ve çeşitli
tepkimelerle kimyasal modifikasyon sağlar [17]. Bu monomer tanecikler arası
çapraz bağlanmış bir yapı sağlayarak içerdeki kısmın daha yumuşak kalabilmesini
sağlar. Düşük pH’ta ilerleyen reaksiyonlarda epoksi halka açılması tepkimesine uğrar.
BA/GMA kopolimerlerinin yüksek enerjili yüzeylerde daha iyi yapışma gösterdiği de
yine literatürde var olan çalışmalardandır [18].

Bu çalışmada emülsiyon polimerizasyonu ile sessiz bant uygulamalarına yöne-
lik hızlı kuruyan basınca hassas yapıştırıcı sentezi ve çeşitli yüzeylerdeki
performans testleri üzerine çalışmalar yoğunlaştırılmakla beraber, bant ses se-
viyesine yapıştırıcı polimerin kimyasal yapısının etkisi incelenmiştir. Poli
(BA-co-MMA-co-AA), poli (BA-co-MMA-co-MAA), poli (BA-co-MMA-co-AAm)
ve poli (BA-co-MMA-co-MAAm) sentezleri yapılarak AA, MAA, AAm, MAAm
monomerleri farklı oranlarda çalışılmıştır. Çalışmaların devamında ses ve yapışma
performansı anlamında optimum özelliklere sahip olarak MAA içeren baz seçilmiş
ve bunun üzerinden MMA yerine farklı Tg ve polaritedeki diğer komonomerler
denenmiştir. Bu komonomerler arasında EA, ACN, AAm, GMA ve VAM yer
almaktadır. Bunların dışında İTÜ-POLMAG grubu tarafından sentezlenen bor akrilat
türevleri ile de performans analizleri gerçekleştirilmiştir. Hidrofobitesi yüksek bu
monomer ile özellikle nonpolar yüzeylerde daha stabil performans değerleri elde
edilmiştir. Bor akrilatlar yaygın olarak geç tutuşurluk ve alev dayanımı gerektiren
uygulamalarda kullanıldığı için [10–13] elde edilen polimerler TGA ile analiz edilmiş
ve bor akrilat içeriği arttıkça bozunma hızının yavaşladığı tesbit edilmiştir. Hızlı
kuruyan ve sessiz bant uygulamasına yönelik katı maddesi % 55’in üzerindeyken
viskozite 500cps’ın altında olan yapışma performansı optimize edilmiş nihai polimer
BA/MAA/GMA/MAAM ile elde edilmiştir. Tez kapsamında sentezlenen polimerlerin
katı, pH, viskozite, koagule içeriği, yüzey gerilimi, serbest monomer, tanecik boyutu,
reoloji gibi analizleri dispersiyondan gerçekleştirilirken, asetonda çözünme/şişme, Tg
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ve performans analizleri kuru film üzerinden gerçekleştirilmiştir. BOPP film üzerine
50 mikron kalınlığında sürülen polimerler kurutulduktan sonra SS, cam, Al, PVC,
LDPE, HDPE gibi yüksek ve düşük enerjili yüzeylerde performans farkları detaylı
olarak incelenmiştir.
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1. INTRODUCTION

Adhesives are defined as materials that bond other materials, mainly on their

surfaces through adhesion and cohesion. Pressure sensitive adhesives (PSAs) are

ensure instantaneous adhesion by application of a light pressure and can be organic

solvent-borne, water-borne (dispersions), or in a solvent-free form (e.g. hot melt)

[2, 6]. Water-borne adhesives comprise acrylics, natural & synthetic rubber latexes,

and ethylene-vinyl acetate dispersions. In commercial applications, emulsion acrylic

copolymers have the fastest growth in the market share. The interest in aqueous acrylic

dispersions PSA grew with the need to solve solvent emission problems [1]. Although

both solvent and water borne acrylic PSAs are derived from the same monomers, the

adhesive and cohesive properties of emulsion PSAs are inferior to those of solvent

PSAs, due to the heterogeneous morphology of waterborne materials [3]. In several

researches, the work on PSAs has been reported by using different type of monomers

in various formulations. According to those researches, a PSA must be soft and tacky.

Thus, its glass transition temperature (Tg) should be low, ranging from –20◦C to

–60◦C. Polymers with low Tg typically from a class of alkyl acrylates such as poly

(butyl acrylate) and poly (2-ethylhexyl acrylate) are soft and tacky but do not provide

high cohesive properties [3, 19–23].

On the other hand, polar monomers are used in copolymerization in order to vary the

chemical and physical properties of the adhesives improve the adhesives’ mechanical

properties such as cohesion. Their inclusion increases the Tg and this may be explained

by increasing dipole interaction, or enhanced hydrogen bonding. Polar groups in

polymers increase intermolecular forces thus reduce free volume and increase Tg [5].

The effect of additional monomers such as 2-hydroxyl ethyl methacrylate (HEMA)

was also studied in order to provide a significant influence on latex polymer properties

as well as PSA performance. Polar monomers imported for improving the cohesion

with a decrease on the amount of surface-active agents [15].
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In earlier studies, acrylic acid (AA) was defined as the most significant factors

affecting the shear strength and n-butyl acrylate acrylic acid copolymer showed greater

cohesive and adhesive strength than poly (n-butyl acrylate) which was explained by

the intermolecular dipole-dipole interactions due to -COOH groups. Further, n-butyl

acrylate, acrylic acid, hydroxy functional monomers showed excellent properties

indicating the significance of the hydroxyl groups and their possible hydrogen bonding

with -COOH groups [8, 9].

In another study, the cohesive effect of MMA content on adhesive properties has been

studied for poly (BA-co-MMA-co-AA) latexes. When the MMA content increased

the shear strength has also increased while the tack and adhesion decreased due to the

higher stiffness of the chains, which exerted in the wetting process of the substrate

by the adhesive [16]. GMA is another interesting monomer because of the presence

of an epoxy group, which permits a large number of chemical reactions, offering

the opportunity for chemical modification [17]. Crosslinking ability of styrene-butyl

acrylate copolymer latexes functionalized with glycidyl methacrylate was studied in

and found as when most of the GMA units are located near the surface of the particles;

this process is more rapid and causes the formation of a crosslinked honeycomb

network around the coalesced particle. Inside, the particle remains as a soft, weakly

crosslinked matrix.

The copolymer of glycidyl methacrylate and styrene was also studied for the

improvement of paper strength. It was explained as glycidyl groups react with other

polymers containing nucleophilic groups to form crosslinking between the polymers.

Glycidyl methacrylate (GMA) copolymer emulsions without carboxyl groups were

prepared in several research. The oxirane-containing latex can be modified by

a number of polymer-analogous reactions, such as hydrolysis, ammonolysis and

aminolysis and by the reaction with hydrogen sulphide in an aqueous solution, there

by yielding active compounds.

Amongst various types of adhesives, pressure sensitive adhesives (PSAs) form a

permanently tacky film after the evaporation of the liquid phase and bonding is

effective by pressing slightly the adhesive surface onto the adherend. The significance

of these adhesives has, therefore, increased for many applications and these adhesives

are also often used in preference to contact or heat sealing adhesives. Acrylate
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copolymers have gained a considerable significance over other various polymeric raw

materials because of their excellent properties, such as, ageing resistance and light

stability, good adhesion to various types of substrates, and ease of application. In a

study, acrylic copolymer emulsions containing epoxy groups were prepared to explore

the possibility of these being used as cross-linkable PSAs. With the copolymers of

2-EHA/GMA and BA/GMA obtained good PSA tapes of aluminum, tin and paper.

However, BA/GMA copolymers gave a better performance as a pressure sensitive

adhesive for higher energy surfaces like aluminum and tin. Epoxy acrylic copolymer

emulsions gave good peel strength even after curing. For a particular copolymer,

the peel strength performance (before or after curing) increased with an increase in

percentage of the GMA in the copolymer composition [18].

As it is known, adhesion is not only related to the chemical composition of adhesive

polymer. The structure of substrate and the surface has a huge impact on adhesion

properties [8]. Surface characteristics are based on physical properties such as

roughness, surface energy, mechanical properties or the chemical composition of the

surface. Good wettability of a surface is a must to provide good bonding, which is

related to the surface energy, and studied in various researches. Wetting is determined

as the spreading and contact of a liquid (adhesive) over a solid surface (substrate).

If contact is sufficiently achieved between the two phases, a physical attraction from

inter-molecular forces occurs. Influence of substrate surface free energy (SFE) on tack

the adherents with the same surface roughness [24–26]. Among SS, glass, Al and

LDPE, the poorest wettability surface is LDPE due to its low surface energy which

has critical surface tensions of wetting of about 35 mJ/m2 or less [27, 28]. Aluminum,

glass and stainless steel are mentioned as high surface energy materials with the surface

energy above 38 mJ/m2 [29, 30]. Surface energy of aluminum is around 850 mJ/m2,

glass is between 250 to 500 mJ/m2 and SS is 700-1000 mJ/m2 [31, 32].

The aim of the study is to investigate the influence of mainly polar co-monomers

on pressure sensitive adhesive performance of the resultant polymers through

measurement of shear strength, loop tack and peel strength on different surfaces such

as SS, glass, Al and LDPE. The purpose is not only to investigate the influence of

polar monomers on pressure sensitive adhesive performance of the resultant polymers

through measurement of shear strength, loop tack and peel strength, but to develop
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a new acrylic polymer for low noise packaging tape adhesives with flame retardant

properties.
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2. THEORETICAL PART

2.1 Fundamentals of Adhesion

Adhesives are substances capable of holding materials together by surface attachment.

The principal attribute of adhesives is mentioned as their ability to form strong bonds

with surfaces of a wide range of materials and to retain bond strength under expected

use conditions. As it is mentioned by R.L. Lehman in 2004, most adhesives do not have

excellent bulk properties and it is therefore important to keep adhesive films thin. The

limitations of adhesives depend on the specific adhesive and application and may cover

the necessity of surface preparation, long curing times, service-temperature limitations,

loss of properties during service, toxicity of flammability during assembly or use, and

the tendency of many adhesives to creep under sustained load [33].

In order to attach two materials, as a composite, an adhesive bond is required between

these materials which allows them to deform as one and called as continuity of strains.

The adhesive, adhesive bond and materials must be able to withstand external stresses

and strains to function as a composite. Interface is the surface forming the common

boundary between two materials in contact. Interphase is the volume around the

interface that have properties unique from the joining materials [34].

As mentioned above, adhesive bonding is a process of joining two or more solid parts

with an adhesive substance. The principle basis of adhesive bonding is called adhesion,

which is determined as a complex of physicochemical processes occurring at the

interface of two materials brought into an intimate contact, and result in formation of

an attractive force between the two materials. Adhesion is the bonding of one material

to another by forces acting between two substances, such as mechanical forces and

electrostatic forces while cohesion is defined as the internal strength of an adhesive

as a result of a variety of interactions within the adhesive, intermolecular interaction.

Figure 2.1 gives adhesion and cohesion forces present within an adhesive and between

an adhesive and substrate [35].
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Figure 2.1 : Adhesion and cohesion forces.

Adhesion is generally related to physically and chemically induce intermolecular

interactions in the interface or interface layer. The physical interactions cover the

formation of permanent dipoles (bond energy < 20 kJmol−1), induced dipoles (bond

energy < 2 kJmol−1) and London dispersion forces (bond energy <40 kJmol−1). The

bond energies for hydrogen bonds are less than 50 kJmol−1. If bond energies are

deemed, then chemical bonds between the coating and the substrate must result in

high adhesive strengths. A distinction is made between: covalent bonds (bond energy

60-700 kJmol−1), and ionic bonds (bond energy 600-1000 kJmol−1) [36].

Figure 2.2 : Physical and chemical causes for the adhesion of coatings to the
substrate.

Adhesives can be classified as thermoplastic and thermoset adhesives as claimed

in R.L. Lehman’s chapter of Materials Adhesives. Thermoplastic adhesives are

6



long-chained polymeric structures, and are capable of being softened by the application

of heat with subsequent hardening upon cooling such as hot-melt adhesives. If

the softening process is reversible for numerous cycles, that facilitates assembly

and disassembly of structures. Thermosetting adhesives are cross-linked polymeric

structures, which develop strong bonds that cannot be reversibly broken once they are

formed. Thus, the thermoset adhesives are mentioned as incapable of being softened

once solidified. Thermoplastic and thermosetting adhesives are cured, a process often

referred to as setting, by polymerization or solidification, by heat, catalysis, chemical

reaction, free-radical activity, radiation, evaporation of solvent, or another process as

governed by the chemical nature of the particular adhesive [33].

2.1.1 Wetting and surface tension

The wetting and therefore the surface tension plays an important role for adhesion.

The wetting of a surface by a liquid is expressed by the equilibrium contact angle. The

prerequisite for wetting is a contact or wetting angle of less than 90◦ [37].

Figure 2.3 : Schematic illustration of good and poor wetting.

Surface tension is an important factor that determines the ability of a coating to wet

and adhere to a substrate. Surface tension is stated as the excess force per unit length

at the surface (N/m); it is counted as positive if it acts in such a direction as to contact

the surface. The tendency of a system to decrease its surface area is the result of the

excess surface energy, because the surface atoms are subjected to different environment

as compared to those in the bulk. As claimed in “Theory of Adhesion and its Practical

Implications a Critical Review”, surface tension of liquids and polymer melts can

be measured by methods such as capillary tube, Du Nouy ring, Wilhelmy plate, and

pendent drop. The ability of a paint/coating to wet a substrate has been shown to be

improved by using solvents with lower surface tensions. Wetting may be quantitatively

defined by reference to a liquid drop resting in equilibrium on a solid surface. The
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smaller the contact angle, the better the wetting. When θ is greater than zero, the liquid

wets the solid completely over the surface at a rate depending on a liquid viscosity and

the solid surface roughness. The equilibrium contact angle for a liquid drop sitting

on ideally smooth, homogeneous, flat, and non-deformable surface is mentioned as

related to various interfacial tensions by Young’s equation [20]:

γlvcosθ = γsv − γsl (2.1)

Where γlv is the surface tension of the liquid in equilibrium with its own saturated

vapor, γsv is the surface tension of the solid in equilibrium with the saturated vapor of

the liquid, and γsl is the interfacial tension between the solid and liquid. When θ is

zero and assuming γsv to be approximately equal to γs (which is usually a reasonable

approximation), then from Equation 2.1, it can be concluded that for spontaneous

wetting to occur, the surface tension of the liquid must be greater than the surface

tension of the solid. It is also possible for liquid to spread and wet a solid surface

when θ is greater than zero, but this requires the application of a force to the liquid.

Liquids with high surface tension, such as water (73 dynes/cm), demonstrate a high

intra-molecular attraction and a strong tendency to bead up form spheres. Liquids with

low values have a weak tendency toward sphere formation that is easily overcome by

countering forces. It is therefore useful to adjust the values of surface tension in coating

in such a way that in the cured film there are similar, or rather the same, surface tensions

in relation to the substrate. Material adjustments, which meet these requirements, can

only be formulated if surface tensions of solids are known and can be measured. If the

wettability of a PSA on the substrate is poor, then the surface tension of the adhesive is

higher than the substrate’s. If the surface tensions are balanced, PSA wets the substrate

properly. If the surface tension of adhesive is smaller than the substrate, it means the

wettability is perfect [19].

2.1.2 Failure of adhesive bonding

There are three possible mechanisms of failure of adhesive bonding described by

M.J. Davis and D.A. Bond, which are substrate/structural failure and substrate failure.

Substrate failure is generally the preferred mode of failure and substrate/structural

failure is internal failure of a substrate material in a region close to the joint.

8



Table 2.1 : Surface tensions of selected substrates.

Substrate Surface Tension (mN/m)
Stainless steel 1000

Phosphated steel 34
Glass 74

Polypropylene 30-35
Polyamide 40-43

PVC 36
Polyester 40-43

Polycarbonate 37

There must be molecular enplanement for strong adhesion. Mechanical interlocking,

adsorption, Van der Waal interactions, electrostatic diffusion are the factors that affect

the adhesion [36].

Adhesive failure is an interfacial failure resulted in separation of one of the substrate

from the adhesive layer. Adhesion failures are characterized by the lack of adhesive on

one of the bonding surfaces. Failure occurs along the interface between the adhesive

layer and the substrate. It is due to hydration of the chemical bonds, which form the

link between the adhesive and the surface. Bonds between aluminum substrates usually

fail because the metallic oxide naturally converts to the hydrated form, which causes

the original substrate/adhesive chemical bonds to dissociate leading to unsticking.

Adhesive bonds that are formed on surfaces, which are resistant to hydration, will

be durable. The causes of adhesion failure are the failure to generate a chemically

active surface due to ineffective performance or contamination of a surface preparation

process during production, use of an inappropriate surface preparation technique,

which is unable to produce a chemically active surface resistant to hydration or the

adhesive, had cured before the bond was formed. Any adhesion failure, which occurs

in service, is a direct result of the manufacturing process. Other causes generally by

operating loads, fatigue, and adhesive creep may contribute to the final separation of

two components [38].

Cohesive failure is the internal failure of the adhesive layer. Mechanism of cohesive

failure is determined by cohesion - internal intermolecular attraction force holding the

material in a united form. Cohesion bond failures result in fracture of the adhesive.

They are characterized by the clear presence of adhesive material on the matching

faces of both substrates. Failure is usually by shear, but peel stresses or a combination
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of shear and peel may also cause a cohesion failure. In cohesive failures, the adhesive

typically appears in both surfaces such as in Figure 2.4 [38, 39].

Figure 2.4 : Failure mechanisms of adhesive bonding.

2.2 Pressure Sensitive Adhesive Technology

Pressure sensitive adhesives are adhesives that remain sticky even when dried or cured.

This means that they are capable of bonding to surfaces simply by the application of

light pressure. Pressure-sensitive adhesives are permanently and aggressively tacky

solids, which form immediate bonds when two parts are brought together under

pressure. Pressure sensitive adhesives are viscoelastic materials with flow properties

playing a key role in the bond forming; their elasticity plays a key role in the storage of

energy. The balance of these properties governs their time-dependent repositionability

and bonding strength and their removability. Their flow properties are useful in coating

technology and at the same time unfavorable for the converting technology. Generally,

PSAs are used as thin layers; therefore, their flow is limited by the physical and

mechanical interactions with the solid components of the laminate materials, which are

liner and faces. On the other hand, the solid components of the laminate are generally

thin, soft, viscous, and/or elastic layers, allowing a relatively broad and uniform

distribution of the applied stresses. Thus, the properties of the bonded adhesive such

as flow characteristics may differ from those of the un-bonded adhesive [6, 39–41].

Pressure Sensitive Adhesives (PSA) compositions can be segmented by the type of

base polymer; natural rubber, SBR, SIS, arcyclic, isoprene, polyurethane or silicone.

Pressure sensitive tapes have variety of uses, such as masking, packaging, insulation,

protecting, medical and double-sided specialty tapes as well as self-adhesive labels.
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Although these applications appear outwardly similar, in fact there are fundemental

differences. With tapes the adhesive fills the major role, ensuring adequate adhesion

and requiring special properties, which may cover high dielectric strength, heat

resistance, or low toxicity. For this application, the adhesive is usually applied directly

to the backing, while label adhesives are usually applied to the release paper and

subsequently transferred to the backing [42, 43].

Packaging tapes are still the main grade produced which account for most

European tape consumption. Classic tape construction, a mechanically resistant,

non-deformable, but flexible carrier material coated with a high coating weight of

an aggressive but inexpensive adhesive, is valid for packaging tapes without special

requirements. The recent developments are low-noise, color-printable, PP-based

packaging tapes. Tapes can be subdivided according to the backing materials into

fabric tapes, paper tapes, film tapes, nonwoven fabric tapes, foil tapes, foam tapes,

and transfer tapes. Tapes can also be subdivided according to their functions into

electrical tapes, office tapes, packaging tapes, medical tapes, and masking tapes [44].

Pressure-sensitive adhesives fall into three broad product categories based on the

adhesive structure: water based, solvent based, and hot melts. Application areas tend

to overlap, and all three types can be used in most of the application areas. Common

industrial adhesives are acrylics, epoxies, polyurethanes and silicones and could be in

solvent, water or 100% solid form (hotmelt, UV curable) as mentioned previously [39].

2.2.1 Water borne pressure sensitive adhesives

Emulsions are acrylic polymer adhesives that are suspended in water. Emulsion

polymers are commonly used for packaging, labeling, and tapes. Label and packaging

materials uses emulsion adhesives extensively. The main type of emulsion, which

will be discussed in Section 2.4, is acrylic polymers. Acrylics function well in

both permanent and removable PSAs. For permanent PSAs, acrylics offer high

tack and peel strength. For removable usage, acrylic PSAs have good mechanical

stability and cohesive strength. Acrylics work across a wide variety of substrates and

surfaces. Other types of emulsions cover PVA (polyvinyl acetate) and EVA (ethylene

vinyl acetate). An unusual and interesting challenge is that of giving PSA certain

water solubility, which depends greatly on the hydrophilic properties of the groups
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incorporated into the polymer chain. The glass transition temperature Tg of the

water-soluble raw monomers is the main criterion for the adhesive properties and water

solubility of the synthesized copolymers. The preferred tackifying but water-insoluble

alkyl acrylates reduce Tg and improve the tack and adhesion properties [45, 46].

Figure 2.5 : Polymer chain scheme of water-soluble acrylic PSAs.

2.2.2 Solvent borne pressure sensitive adhesives

Solvent-based adhesives are acrylic polymers in petroleum-based solvents. The market

and technology of high performance solvent-borne acrylic pressure-sensitive adhesives

are still expanding. A growing market is the result of expansion in both current and

new application areas. Advantages of solvent-based adhesives are their strength. They

provide superior shear and peel strength to water-based adhesives. Solvent-based

PSAs tend to have better film formation, and have higher moisture resistance than

water-based adhesives.

Figure 2.6 : Scheme of the chain composition of acrylic pressure-sensitive adhesives.

The composition of acrylate polymers that are inherently pressure-sensitive is a

combination of soft (low Tg), hard (high Tg), and functional monomers in the polymer

chain. Tack and peel adhesion are imparted by soft or low glass transition temperature
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monomers such as n-butyl, 2-ethylhyxyl, and n-octyl acrylate. Harder monomers, such

as methyl and ethyl acrylate, are involved to provide cohesion. Functional monomers,

such as acrylic acid and acrylic amide, are incorporated for specific adhesion to desire

substrates and in order to provide reactive sites for crosslinking reactions [45].

2.2.3 Hotmelt adhesives

Hot-melt PSAs come in several forms and styrenic block copolymers (SBCs) are most

widely used. These require tackifiers and oil modifiers to achieve the desired adhesive

performance. 100 % solid adhesives can also fall into this category [47]. One-sided

pressure sensitive tapes usually consist of four layers and an enlarged structure is

shown in Figure 2.7 [42].

Figure 2.7 : Four layers of a typical pressure sensitive tape.

The backing layer typically provides the basic properties required for targeted

applications. For example, the backing of packaging tapes provides the strength in

keeping a box closed; the backing of electrical tapes provides electrical insulation,

and the backing of decorative papers provides visual images. The PSA layer fulfills

characteristic pressure sensitive adhesion, including the quick adhesion upon a simple

contact, the good adhesion under a light pressure without the use of solvents or heat,

the clean removal after the contact, and the repetitive stickiness to the substrate. The

primer coat layer is used for improving the bonding strength between the backing layer

and the PSA layer. Sometimes, the primer coat layer also contains a crosslinking agent

that is able to crosslink the PSA after the PSA is coated. The release coat layer is used

for facilitating the unwinding of the hot melt adhesive tapes [42, 44].

2.2.4 UV curable adhesives

UV-crosslinkable acrylic hot melt pressure sensitive adhesives are crosslinkable acrylic

hot melt PSAs (HMPSAs) that are designed to be crosslinked by a UV-lamp or

UV-laser light are now available. They are non-flammable, solvent free, advantageous
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for lower VOC and better environmental compliance. Because of needing no carrier

solvents, they dismiss the requirement of drying ovens. These products offer high

processing speeds, relatively low application viscosity at higher temperatures, high

resistance to plasticizers and solvents, aggressive tack, and very high heat resistance

after crosslinking. UV-acrylic hot melts consist of acrylic copolymers with chemically

built-in photo reactive groups. After the acrylic film for self-adhesive material

production has been coated with the UV-acrylic hot melt, the adhesive film is

crosslinked with UV radiation [45].

UV-crosslinkable 100% acrylic systems are easy to coat heavy depositions at a good

speed. Viscosity can be modified within certain limits by changing added photo

reactive diluents. The UV dose can be controlled by adjusting the power of the lamps

and the speed at which the substrate is passed under the lamps in the production

plant [48].

2.3 Tape Applications

Dr. Horace Day, a surgeon, developed the first pressure-sensitive adhesive, in 1845.

Commercial tapes were imported in the early twentieth century. Hundreds of patents

have since been published on a wide variety of formulations and constructions. PSA

tapes can be used in the home, office, industry, and institutions for a wide variety

of purposes. The tape consists of a pressure sensitive adhesive coated onto a backing

material such as paper, plastic film, cloth, or metal foil. Some have a removable release

liner, which protects the adhesive until the liner is removed. Some have layers of

adhesives, primers, easy release materials, filaments, printing, etc. made for specific

functions. The purpose of release liners is to protect the adhesive, transport the web,

and provide a surface for silicone or adhesive coating. The type and quality of release

liner can have a significant impact on PSA end-product performance. Liner varieties

cover PET films, Kraft paper and polyethylene films [49, 50].

An extensive range of materials such as films, foams, tissues, nonwovens, and

papers can be used as face stock or carriers. The selection of a particular material

depends on the needs of the application, such as requirements for conformability

and elongation, color, stiffness, solvent and temperature resistance, and dimensional

stability. Non-permeable films such as polyester (PEs) and polyethylene (PE) can
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be used as effective bacterial barriers, whereas such materials as polypropylene (PP)

nonwovens, PE films, polyester films and PE foams can offer good moisture resistance.

PE films, which are stiffer and less porous, are well suited for surgical drape tape

applications and as a bacterial barrier used in concert with drape material. Films

can provide visibility to the wound site when used for wound-care applications. For

example, polyurethane films can provide clarity as well as breathability when used

with porous adhesive systems [49].

Pressure-sensitive adhesives consist essentially of polymers synthesized through

emulsion or solution polymerization or in bulk. The most common polymer classes

are acrylates, styrene-diene copolymers, polyisoprene and their derivatives. However,

pressure-sensitive adhesives are generally mentioned as classified not by how they are

produced, but by their supply form. Accordingly, they are subdivided into dispersions,

solvent-based systems and hotmelts. While other applications for pressure-sensitive

adhesives, such as adhesive labels, are dominated by dispersions and hot melts because

of their economic and ecological advantages, on the other hand, specialty tapes

are the large market share represented by solvent-based systems. The most needed

technical requirements in terms of adhesion/cohesion balance and stability to heat and

weathering are still matched by solvent-based systems. Moreover, these applications

that are of particular economic interest, it is attractive to develop dispersions for them.

It should be noted that the adhesive properties are not determined by either the polymer

solution or the dispersion, but by the coated, dried polymer film. Intrinsic differences

between films, derived from either solutions or dispersions are emphasized in the next

section. They provide a starting point for the successful development of products based

on acrylate dispersions [50].

A PSA construction is a combination of layers including a facestock (label) or backing

(tape), an optional primer coat, an adhesive, and a silicone release coating on a

protective liner. The PSA construction - whether a label, tape or transfer adhesive -

is manufactured through several coating and laminating steps, including liner-release

coating, adhesive coating/drying/curing, optional facestock or backing primer coating,

and lamination of the facestock or backing to the liner [50]. Since this thesis project is

focused on tapes, detailed types for tape applications are as given in the following:
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Single-sided tapes allow bonding to a surface or joining of two adjacent or overlapping

materials. Double-sided tapes have adhesive on both sides of a backing material

and allow joining of two items. Double-coated systems feature a carrier coated on

both sides with a PSA. A release liner coated with silicone on both sides in turn

protects the adhesive. Carrier materials can cover plastic films, tissue, nonwovens,

PE foams, and so forth. The carrier offers ease of handling and slitting, and can

serve to reduce over lamination on porous materials. Another advantage of a carrier is

the ability to use different adhesives on each side, which enhances product flexibility

and allows for permanent/removable-type designs for such medical applications as

suture-clip holders and instrument-holding devices used in the operating room. Typical

uses of double-coated constructions also cover surgical drapes, medical packaging,

wound-care products, and electro medical devices [49].

Specialty tapes are often used to create a permanent bond between very different

materials, e.g. in the automotive, furniture and construction industries. The bond

life is therefore determined by the life of the final article, e.g. vehicle or item

of furniture, so that a bond is often required to last for years. High coat weights

can help to achieve good adhesive effects even under adverse conditions (e.g. dust,

rough surfaces and different substrates). Despite the many different types of specialty

tapes, the developer of pressure-sensitive adhesives regularly confronts the same

essential problem of achieving a balance between the adhesive power (adhesion)

and load-bearing capacity (cohesion) of the bond. A pressure-sensitive adhesive can

attract considerable interest if it provides both high adhesion – especially on poorly

wettable surfaces such as open-porous foams – and high bond strength. Further

desirable technical properties that should not be overlooked are the stability of the

bond at elevated or high temperatures and the resistance to weathering and water.

Common requirements are good adhesion to critical substrates, stability against heat,

and stability against moisture [51].

Transparent office tape has a transparent film backing and an acrylic or synthetic

rubber based adhesive. It is used for sealing envelopes, repairing torn paper products

and general holding. Duct tape usually has a plastic-coated fabric backing and a

strong adhesive. Originally designed for sealing ammunition boxes from moisture and
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re-purposed for civilian use, it is commonly used by people needing a strong, versatile

utility tape that is easy to tear by hand [51].

Figure 2.8 : Several tape samples.

Packaging tapes are used to seal the boxes and are clear or opaque. They are made

of a polypropylene or polyester backing and will be explained more detailed in next

section because it is the main application for this study. Masking tapes are used to cover

areas that should not be painted. They usually have a paper backing and an adhesive

designed to remove from surfaces within a time. Electrical tapes or insulating tapes

stretch to conform to irregular objects, and are made of materials like vinyl that do

not conduct electricity. The various colors available can be used to identify wires in a

circuit. Surgical tapes are the adhesive bandages used to hold a dressing on a wound.

Adhesive transfer tapes do not have a backing material. Instead, they are sandwiched

between two removable layers of a double-sided coated release liner. Transfer tapes

offer superior conformability to irregular surfaces for applications such as test strips,

surgical drapes, and medical packaging [51].

The PSA industry is in the process of unifying the several standards presently

in use. The most active organizations are ISO (International Organization for

Standardization); ASTM (ASTM International has several Technical Committees,

which write standards related to pressure-sensitive tape); PSTC (Pressure Sensitive

Tape Council); TLMI (Tag & Label Manufacturers Institute); AFERA (European

Association for the Self Adhesive Tape Industry); FINAT (Féderation INternationale

des fabricants et transformateurs dÁdhésifs et Thermocollants); JATMA (Japanese

Adhesive Tapes Manufacturers Association). In this study, Finat standarts have been

used in order to test the adhesion and cohesion forces.
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2.3.1 Packaging tapes

Packaging tapes are the most widely used pressure sensitive adhesive tapes with global

production in excess of 10 billion sq. meters per year. Their primary application

is carton closure. Acrylate-based polymers have long been used to manufacture

pressure-sensitive adhesives tapes. The technical requirements for pressure-sensitive

adhesive packaging tapes can be very challenging. The requirements for bond

durability and coat weight can vary considerably, depending on the application. The

coating weight is generally given between 15-40 gsm for packaging tapes and the

application life can be extended up to a year [50].

These tapes are produced in coating lines by coating the adhesive onto backing

film/papers. The coating line speeds are rapidly increasing in order to increase the

productivity and efficiency regarding the consumer demands. In case of packaging

tapes, the BOPP roll is loaded in the coating machine and adhesive applied on one side.

The coated roll is loaded in the slitting machine and the slit tapes wound in the paper

core of required width automatically. The paper core of required width is obtained from

the automatic core-cutting machine by cutting from the long paper core. Increasing the

machine speed causes higher noise especially during unwinding, which is undesirable

due to causing hearing disorder and legislated in Europe. Regarding to provide a

healthy environment for workers and reducing the undesirable noise while packaging,

developing low noise water based acrylic adhesive polymer is very important. This

low noise property of water borne adhesives could also be gained by additional light

corona treatment on the backside of the carrier tape, which has a handicap of requiring

renewing the treatment by time. In case of hot-melt adhesives, a release coating could

be applied on backing of the tape. This project will focus on the chemical structure of

water-based acrylic adhesive in order to reduce the noise level during unwinding the

tape.

Application factors for PSAs are price target; application method of product; expected

usage (volume); condition of substrates; final performance of tapes; materials to

be joined; texture of substrates; manner of processing; temperature at application;

migratory components of substrate; temperature during use; product life expectancy;
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Figure 2.9 : Setup of roll on mandrel.

exposure to UV/light; existing specifications; exposure to solvents; previous problems

encountered; sterilization methods [49].

2.3.2 Coating methods

There are different methods of how a PSA layer is coated from the liquid raw

material. Common techniques are mayer bar, roll coaters, gravure systems and curtain

coating. The objective of adhesive coating is simply to uniformly deposit a pressure

sensitive adhesive onto a web substrate. Two principal PSA coating techniques are

direct coating in which the pressure-sensitive adhesive is coated directly onto the

facestock or backing material, and transfer coating in which the adhesive is first coated

onto a release coated liner and transferred to the facestock or backing during the

facestock/backing-to-liner lamination process.

The production of PSAs is principally the coating and laminating process. Primary

coating and laminating is achieved on a coating line and produces an adhesive
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sandwich. PSA coaters are typically tandem coaters on which the two separate

substrate webs (facestock/backing) and liner are processed simultaneously prior to

laminating them together. Processing of the liner often covers application and drying

of the release coating. Processing of the facestock/backing may cover application

and drying of a primer coat. Actual adhesive coating may be done through direct

application to the facestock/backing or by transfer application to the liner. The

facestock/backing and liner webs are then laminated together to form the PSA

sandwich [50].

Water borne coating is environmentally safe coating process suitable for large volumes

but unpleasant odor is still mentioned as a problem. Drying water out of high coating

weights at high speed is a challenge and requires long drying ovens and sophisticated

oven techniques. In this case, temperature profile, nozzles and air velocity are the

important parameters [52]. In the following, coating methods and their schematics

have been given from the web site source of Technical Coating International [53].

Knife Over Roll is given as one of the earliest known coating methods, which is a

simple, relatively inexpensive adhesive coating method that is most often used to coat

both solution and emulsion PSAs, but is also suitable for coating hot-melt PSAs.

As with wire rod coating, KOR adhesive coating may display adhesive streaking

and adhesive void problems (Figure 2.10), especially when coating lower viscosity

pressure-sensitive adhesives at higher coating speeds. This method is, therefore,

usually limited in its use to opaque facestock/backing materials and lower-performance

applications.

Figure 2.10 : Knife-Over-Roll Coating.

This process relies on a coating being applied to the substrate which then passes

through a ’gap’ between a ’knife’ and a support roller. As the coating and substrate
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pass through, the excess is scraped off. This process can be used for high viscosity

coatings and very high coat weights, such as plastisols and rubber coatings. There are

innumerable variants of the relatively simple process which is rugged, hard-working

and somewhat inaccurate.

Figure 2.11 : Air Knife Coating.

A simple process where the coating is applied to the substrate and the excess is ’blown

off’ by a powerful jet from the air knife (Figure 2.11). This procedure is typically used

for aqueous coatings and is particularly noisy.

In this coating process, an excess of the coating is deposited onto the substrate as it

passes over the bath roller. The wire-wound metering rod, sometimes known as a

Meyer Rod (Figure 2.14), allows the desired quantity of the coating to remain on the

substrate. The quantity is determined by the diameter of the wire used on the rod. This

process is remarkably tolerant of non-precision engineering of the other components

of the coating machine.

Figure 2.12 : Metering Rod (Meyer Rod) Coating.

Reverse-roll coating (Figure 2.13) is a pre-metered adhesive coating method using

several rolls to pick up pressure-sensitive adhesive, meter the adhesive amount and

apply the adhesive to a facestock or backing web. The actual adhesive supply may

be from a pan for lower viscosity PSAs or from a nip formed by two rolls for higher
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viscosity adhesives. This coating method is usually used to coat solution and emulsion

PSAs, but it may also be used to coat hot-melt PSAs from a heated pan. Reverse roll

coating is quite common in the United States, though it is less popular in Europe.

Figure 2.13 : Reverse Roll Coating.

In this procedure, the coating material is measured onto the applicator roller by

precision setting of the gap between the upper metering roller and the application roller

below it. The coating is ’wiped’ off the application roller by the substrate as it passes

around the support roller at the bottom. The diagram illustrates a 3-roll reverse roll

coating process, although 4-roll versions are common.

Gravure Coating is also a pre-metered coating method that offers very accurate

adhesive coat weights at high coating speeds (Figure 2.14), but is one of the costliest

adhesive coating methods available. Gravure coating covers reverse gravure, direct

gravure and offset gravure. Gravure is usually limited to low-viscosity pressure

sensitive adhesives and the application of low adhesive coating weights. It is

commonly associated with emulsion PSAs, but is also useful for applying solution

PSAs and release coatings. Gravure coating produces an extremely smooth coating

profile and, as such, is very suitable for coating PSAs on clear film facestocks. Pattern,

or zone, coating of PSAs is often accomplished using specially engraved cylinders.

The gravure coating process relies on an engraved roller running in a coating bath,

which fills the engraved dots or lines of the roller with the coating material. The excess

coating on the roller is wiped off by the Doctor Blade and the coating is then deposited

onto the substrate as it passes between the Engraved roller and a Pressure Roller.
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Figure 2.14 : Gravure coating.

In gravure coating, the coating weight does not depend on the material being coated.

Coating in geometric shapes such as points rhombuses, squares are possible with this

method.

Figure 2.15 : Slot Die (Slot, Extrusion) Coating.

In the Slot Die process (Figure 2.15), the coating is squeezed out by gravity or under

pressure through a slot and onto the substrate. If the coating is 100% solids, the process

is termed ’Extrusion’ and in this case, the line speed is frequently much faster than the

speed of the extrusion. This enables coatings to be considerably thinner than the width

of the slot.

In this simple process, the substrate is dipped into a bath of the coating, which is

normally of a low viscosity to enable the coating to run back into the bath as the

substrate emerges. This process is frequently used on porous substrates (Figure 2.16).
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Figure 2.16 : Immersion (Dip) Coating.

Figure 2.17 : Curtain Coating.

In the Curtain Coating process (Figure 2.17), a bath with a slot in the base allows

a continuous curtain of the coating to fall into the gap between two conveyors. The

object to be coated, such as a door, is passed along the conveyor at a controlled speed

and so receives the coating on its upper face.

In this thesis, lab scaled polymer dispersions were generally coated by lab coater.

However, some of them were coated by using pilot coater showed in Figure 2.18 in

order to test the unwinding force and noise levels in packaging tape form. The coater

in Figure 2.20 produces 30 cm width coated rolls and then those rolls are cutted into

5cm width tapes. Reverse roll gravure method has been applied.

2.3.3 Corona treatment

Surface treatment promotes wettability and subsequently the potential for entangle-

ment which promotes strong adhesion. Corona treating increases the surface energy

of plastic films, foils and paper to improve wettability and adhesion of inks, coatings

and adhesives. Corona treating increases quality and productivity through improved

print quality, faster press speeds and less scrap. Polymer films have chemically inert
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Figure 2.18 : Pilot coater.

and non-porous surfaces with low surface tensions causing them to be non-receptive to

bonding with substrates, printing inks, coatings, and adhesives [53].

Pretreated films, are the films that have been surface treated at the time they were

produced, show a higher surface energy that is crucial to producing quality printed,

coated or laminated products. Film that is not treated at the time of production will

not accept printing, coating or lamination well. However, if film is treated at the time

of production, it will not guarantee that printing, coating or laminating will be easily

accomplished at any future time. Each film type has an inherent surface energy (dyne

level) that can be increased through corona treatment at the time of production. This

level of treatment diminishes over time [54].

A corona treating system which consists of two major components such as power

supply and treater station, is designed to increase the surface energy of plastic films,

foils and paper in order to allow improved wettability and adhesion of inks, coatings

and adhesives. As a result, the materials treated will demonstrate improved printing

and coating quality, and stronger lamination strength. In case of packaging tape

production, corona treatment helps to reduce the noise during unwinding in order to
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produce low noise adhesives. The power supply component of corona system accepts

standard 50/60 Hz utility electrical power and converts it into single phase, higher

frequency (nominally 10 to 30 kHz) power that is supplied to the treat station. The treat

station applies this power to the surface of the material, through an air gap, via a pair of

electrodes at high potential and roll at ground potential to supports the material. Only

the side of the material facing the high potential electrode should show an increase in

surface tension [54, 55]. If treatment is applied to the other side of the material it is

referred to as backside treatment which is especially used during the unwinding of a

low noise tape.

Figure 2.19 : Principle of corona treatment.

In the corona system, the voltage build-up ionizes the air in the air gap and increase

the surface tension of the substrate passing over the electrically grounded roll.

Figure 2.20 : The corona changes.

The formation of polar functional groups and reactive species is the primary

mechanism for the improved surface characteristics of films. Those groups can

be peroxides and ozanides, ions, neutral functional groups, ozone, film surface

crosslinking. Excited O2 molecules become unstable and decompose into radicals, ions

and photons. The discharge generates H, OH, O and N radicals which creates ketone

aldehyde, ether, and carboxyl groups in order to increase the surface adhesion [56].
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In this study, corona treatments and all the coating applications have been done using

the pilot coater in R&D center of Organik Kimya San. Tic. A.Ş.

2.4 Emulsion Polymerization

Emulsion polymerization processes are commonly used in the industrial production

of several products such as paints, coatings, adhesives and rubbers. In emulsion

polymerization, one or more monomer is polymerized in an aqueous medium. The

reaction is typically initiated using water-soluble initiators and the stability of the

reaction mixture is usually ensured by stabilizers. Other ingredients such as buffers and

chain transfer agents can also be present [43]. The formulation of conventional (oil in

water) emulsion polymerization process contains one or more monomers and an excess

of surfactant (in quantities above the critical micelle concentration (CMC)) dispersed

in a continuous phase. Harkins was the first to demonstrate emulsion polymerization in

a batch process. The process is typically broken down into three separate and distinct

intervals (Figure 2.21). Mixing the emulsion components under moderate agitation,

(300 RPM) leads to the creation of a system containing large monomer droplets (1-10

µm), micelles (10-20 nm) and free dissolved surfactant. Water is an appropriate (but

not the only) choice for the continuous phase as it is non-toxic, has a high heat capacity

and low viscosity, all of which are good characteristics for heat transfer and also used

during the experimental work of this thesis project.

Figure 2.21 : Micelles.
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It is given that during interval I (Figure 2.22 (A)), waterborne radicals arising from

initiator decomposition propagate in the medium adding dissolved monomer units

and forming oligomers. At a certain chain length, the oligomers become surface

active and enter a micelle or continue to grow until they reach a critical hydrophobic

chain length. In the latter case, the chains precipitate forming primary particles

in the aqueous phase and are stabilized by free surfactant molecules (homogeneous

nucleation). With respect to micellar nucleation, 1 out of every ∼ 100 to 1000 micelles

are directly converted to particles; the remaining micelles disband and help stabilize

growing polymer particles, marking the end of interval I. Interval II (Figure 2.22 (B))

is characterized by a constant rate of polymerization as monomer diffuses from the

droplet reservoirs to the growing particles, through the aqueous medium. Once the

monomer reservoirs have been depleted, interval III (Figure 2.22 (C)) commences and

the concentration of monomer within the particles decreases as the polymerization

progresses [43, 57, 58].

Figure 2.22 : Emulsion Polymerization process explained in three intervals: Interval I
(A) – particle nucleation stage; Interval II (B) - monomer

diffusion/consumption stage; Interval III (C) – monomer depletion
stage.

Statistically, the predominant form of nucleation is micellar when surfactant is present

in quantities above the CMC, due to the heavy number of available micelles, followed

by homogeneous and droplet nucleation. Droplet nucleation can also occur if an

oligo radical enters the monomer reservoirs. However, in conventional emulsion

polymerization droplet nucleation is generally deemed negligible since the specific

surface area of the droplets is several orders of magnitude lower than that of the
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micelles and growing polymer particles. It will become important if the droplets are as

small and as numerous as the polymer particles [43, 57].

Emulsion polymerization is certainly the most widely used process to prepare polymer

colloids. The particle size of emulsion latexes usually ranges between 50 to 1000 nm

and the mechanism and kinetics of the reaction have been extensively studied since the

1930’s. Mini-emulsion and micro-emulsion products have particles size in the order of

50 to 500 nm and 5 to 100 nm (often less than 50 nm) respectively [58].

Figure 2.23 : Critical micelle concentration.

To produce emulsion polymers, the latex particles must be dispersed in water and

sufficiently stabilized for production and processing operations. As it is mentioned

in the article [59] this involves functionalizing the surface of the latex particles with

suitable co-monomers, e.g. by incorporating acid groups or amphiphilic protective

colloids. Emulsion polymers usually also contain salts, which are imported when

the initiator is added and the pH is adjusted which creates significant quantities of

hydrophilic components. The polymer film with its adhesive properties is formed as the

water is gradually evaporated and the latex particles first pack closely and fuse together.

The latter phase, known as coalescence, is an inter-diffusion process in which polymers

from each latex particle diffuse into adjacent particles and form a solid polymer film.

The film is heterogeneous and leaves the original structure of the latex particles largely

visible. One reason is the presence of the hydrophilic components, which gather on the

interfaces and in the voids between the latex particles. In addition, the latex particles
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generally inhibit gel which also leads to the formation of a heterogeneous polymer

film. Solution polymers do not contain particles but they are polymers dissolved in

organic solvents. Stabilization with hydrophilic components is not necessary and the

formation of film is homogeneous [59].

As known, free radical copolymerization starts with initiation, the homolytic

decomposition of an initiator, I, into the primary radicals, R, which can add monomer

1 or 2 (M1 or M2). R denotes a radical of chain length ending in monomer unit, whole

mechanism is given [43].

2.4.1 Emulsion polymerization components

The components used in the production of emulsion-based PSAs are monomers,

stabilizers, initiator, buffer, chain transfer agents, water and other additives.

2.4.1.1 Monomers

A wide variety of monomers can be polymerized by emulsion polymerization.

Example of monomers can be butadiene, styrene, acrylonitrile, ethylene, vinyl

chloride, vinyl acetate, vinylidene chloride, (meth) acrylic acid and its alkyl esters (e.g.,

methyl, butyl, 2-ethyl hexyl). The monomers are selected by the intended end-use

and desired product properties such as adhesive strength, minimum film forming

temperature). Processability of the polymer, compatibility with other latexes and

additives are also important. Pressure sensitive adhesives based on acrylate copolymers

are deemed the most competitive PSAs when the balance between end-product

properties, compatibility and processability are concerned. The predominant PSA

properties that can be tailored by proper selection of monomers are tack, peel, and

shear strength. Those properties mainly controlled by the glass transition temperature

(Tg) and viscoelastic moduli of the polymer which are determined not only by the

type of monomer but also by the distribution of the monomer length and the molecular

weight of the polymer [58–60].

Pressure sensitive adhesives are required to be fluid at the bonding and application

temperature. They must be permanently tacky and possess sufficient peel-shear

resistance. Because no homopolymer possesses the appropriate combination of these

properties, PSAs are obtained by co- or multicomponent emulsion polymerization.
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Although large numbers of monomers are reportedly used in PSAs, the most

commonly used are 2-ethylhexyl acrylate, n-butyl acrylate and ethyl acrylate. Their

homopolymers have Tg below 0 ◦C and possess inherent tackiness but lack sufficient

cohesive strength (i.e., shear strength). Thus, modifying monomers are added to

enhance shear strength. The patent literature discloses the use of monomers such as

the vinyl aromatic and vinyl ester monomers mentioned earlier, as well as ethylene

and acrylamide. Monomers with functional groups are also added as modifying

monomers. They act as cross-linking sites, thus improving peel and shear strength

while simultaneously lowering the tack. Unsaturated carboxylic acids (e.g., acrylic and

methacrylic acid, itaconic acid, fumaric acid, crotonic acid) are used for this purpose.

Multifunctional monomers are added to induce cross-linking. When polar substrates

are to be bonded it is desirable to incorporate some polar monomers into the adhesive.

These contribute to stronger van der Waals attractions at the interface, thus increasing

the thermodynamic work of adhesion, as well as to an increase in cohesion in the bulk

adhesive mass via dipole–dipole interactions. Hydroxyl functional groups, being much

less polar than the carboxylic acids, have correspondingly less impact on the properties.

On the other hand, primary amides are strongly polar, highly water-soluble monomers

which plays an important role on cohesive strength. An example formulation of acrylic

PSA copolymers is with 50–90 wt percentage main monomers, 10–40 wt percentage

modifying monomer, and 2–20 wt percentage functional monomers [43, 60].

Figure 2.24 : Example of monomers used in emulsion polymerization.
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2.4.1.2 Stabilizers

The most important functions of a stabilizer in emulsion polymerization are to facilitate

particle nucleation and to stabilize the latex particles against flocculation as the

polymerization proceeds.

Figure 2.25 : Particle attractions.

The biggest concern in PSA production is their effect on the final product properties

where a stabilizer can reduce water resistance and migrate to interfaces causing loss

of tack, cloudiness at the surface and other undesired effects [43]. In an emulsion

polymerization, surface active agents (surfactants) are used to stabilize the polymer

and adjust a proper particle size distribution. Surfactants have a hydrophobic tail

and a hydrophilic end group. Three basic types of stabilizers employed in emulsion

polymerization are electrostatic, polymeric and electrosteric. Electrostatic stabilizers

are anionic or cationic surfactants, which prevent coagulation by electrostatic repulsion

arising from the charges, located on the particle surfaces and their associated electric

double layers. Polymeric (steric) stabilizers stabilize the particles via entropic

repulsion caused by trying to pack two chains in the same space. Electrosteric

stabilizers display the characteristics of both electrostatic and polymeric. These are

rarely used in coating and adhesive applications and are often used in personal care

products. Sodium dodecyl sulphate (SDS) and sodium dialkyl sulfosuccinates are the

main electrostatic stabilizers. The presence of a stabilizer influences the kinetics of

emulsion polymerization and ultimately the bulk film properties. Depending on the
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nature of the stabilizer and its interaction with the polymer, the performance of a PSA

might be affected. For instance, small stabilizer molecules easily migrate and not

strongly anchored to the particle surfaces [49, 58–61].

In a series of papers on the adhesion of different latex films to different substrates, it has

been shown that SDS forms a relatively thick stabilizer layer at the adhesive–substrate

interface where the rupture of the adhesive bond will easily propagate. Anionic

surfactants also help to adjust the viscosity by affecting the particle size distribution.

Hydroxyethyl cellulose and poly (vinyl alcohol) (PVOH) are common polymeric

stabilizers used at the industrial scale. Poly (vinyl alcohol) is a product of hydrolysis

of poly (vinyl acetate). It has been used as a stabilizer in emulsion polymerization

reactions alone or in combination with electrostatic stabilizers such as SDS. They

are also called protective colloids, function by creating entropic (steric) repulsion

between particles. Nonionic surfactants tend to aggregate at higher temperatures and

therefore tend not to be effective stabilizers when used alone unless polymerization is

carried out at low temperature. They are, however, frequently used in combination

with anionic surfactants. Polyethoxylates of octyl and nonyl phenol have been

widely used. Ethylenically unsaturated stabilizers can be copolymerized with the

adhesive monomers in order to overcome the problem of surfactant migration by

covalent bonding to the polymer. Advantageous of those materials are eliminating

surfactant mobility, including improvements in interfacial peel resistance, water

resistance mechanical stability under conditions of high shear, freeze–thaw stability,

and electrolyte tolerance [43, 58, 61].

Figure 2.26 : Surfactant structure.
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2.4.1.3 Initiators

In conventional emulsion polymerization, thermal and redox type initiators are

mostly used which are water-soluble (e.g., potassium or ammonium peroxodisulfate).

Persulfate initiators are usually employed at temperatures above 50 ◦C and result in the

formation of radicals. This can considerably reduce the initiator efficiency if the pH is

less than 3. The increased acidity catalyzes the hydrolysis of some of the monomers

(e.g., VAc, BA). The hydrolysis of poly (vinyl acetate) produces acetic acid while the

hydrolysis of poly (butyl acrylate) forms poly (acrylic acid) and butanol. These small

molecules can act as plasticizers in a dry polymer film. For adhesive applications, this

may be undesirable because these molecules can increase tack and reduce cohesive

strength. Droplet nucleation also depends on the initiator type. L. I. Ronco, R. J.

Minari and L. M. Gugliotta concluded when droplet sizes were between 100–140 nm,

significant droplet nucleation was achieved with either water-soluble or oil-soluble

initiators, independent of the phase affinity of the radicals produced. With droplet

sizes bigger than 200 nm and water-soluble initiators (e.g., KPS or TBHP/ AsAc),

high secondary nucleation was produced where the droplet size was not small enough

to favor their nucleation when the radicals are formed in the aqueous phase. Redox

initiators can also be used at lower temperatures and when high molecular masses

with low degrees of branching are desirable. Common redox initiator systems are

persulfate-bisulfate or hydrosulfite. In the production of emulsion-based PSAs, both

types, thermal and redox as well as mixtures of initiators have been studied [43, 62].

2.4.1.4 Buffers

Due to possible hydrolysis reactions at acidic pH values, the presence of a buffer in

an emulsion polymerization is desirable. Usually CaCO3, NaHCO3 or Na2CO3 is

employed. If the pH is too low, the decomposition rate of the initiator may accelerate

and thus, the number of radicals and subsequently, conversion increases. pH regulators

(such as sodium hydroxide, ammonia etc.) and buffers are employed in the production

of emulsion-based PSAs [43].

2.4.1.5 Chain transfer agents

The chain transfer agents (CTAs) are added to regulate the molecular weight

development in an emulsion polymerization. A large number of chemicals can act
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as a CTA such as aldehydes, chlorinated aliphatics, disulfides, amines, and other

carbonylcomponents. However, the most employed are substances from the thiol

family. In the PSA industry, dodecanethiol (dodecyl mercaptan), in a concentration

range of 0.01–1 per hundred monomers, is preferred to improve adhesion strength by

reducing the cross-linking and formation of high molecular weight polymers. On the

other hand, this will reduce the cohesive strength of the PSA. Thus, the amount of

CTA in a PSA formulation should be carefully chosen. CTA affects the gel content

and weight-average molecular weight, while it shows no influence on the kinetics or

the level of branching was observed [43].

2.4.1.6 Dispersion medium

Particle nucleation and stability in anionically stabilized emulsion polymerization

can be affected by the presence of cations in natural water. Thus, deionized and

distilled water is used as a dispersing medium which is a key in general chemistry.

Organic components in water may have little influence on the kinetics due to their

low concentration, while the presence of oxygen is the main concern even at low

concentrations which acts as a free-radical scavenger and its presence leads to a delay

in the initiation of polymerization. In some cases, may be followed by a retardation

period [43]. Thus, it is common to purge the reactor contents with nitrogen or addition

of other chemical component. In aqueous medium, heat transfer is achieved easily.

2.4.1.7 Additives

Additives are usually added to enhance the product performance of emulsion polymers.

For high performance formulations, it is necessary to have knowledge of polymer

properties like composition, molecular weight, and rheology. The properties of the

additive and the compatibility will be important [43]. Different additives can be added

to latex depending on its end use in order to optimize the adhesion performance,

rheological behavior or foamability of the polymer.

2.4.2 Particle size distribution

Viscosity is one of the most important properties of latex in terms of its final

application. Industrially, these polymers are typically applied using high-speed

machines especially for adhesive end use. Therefore, the latex must have well
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controlled uniform viscosity to avoid changes in process parameters reflected

in down time and related costs. Viscosity is also a limiting factor from a

polymerization-processing point of view, due to generation of problems such as mixing

and heat removal. In addition, during the manipulation of latexes in an industrial

context, it becomes more efficient if the product has good flowing properties. This

means that high viscosities must be avoided [58].

Figure 2.27 : Bimodal particle size distribution.

Above about 50% (v/v) solids, a solid-liquid mixture with bimodal particle size

distribution (PSD) can have a much lower viscosity than a mixture with mono-disperse

distribution, if the PSD is well controlled . There are many ways of obtaining such

bimodal PSDs latex such as using the blends of seeds initially, adjusting the level of

surfactants in emulsion, adding a seed during a certain time of feeding etc [58].

As claimed in the article from Willenbacher, shear thickening always occurs at high

enough shear rates and particle volume fractions. The shear rate range strongly

depends on particle size and can be shifted to higher shear rates by decreasing the

average particle diameter. PSA dispersions with a broad particle size distribution in

the range from 150 to 800 nm thus mentioned as a "near-Newtonian" flow profile at a

high solids content and without addition of thickener [7].
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3. EXPERIMENTAL WORK

3.1 Materials and Chemicals

All the reagents were used as supplied.

3.1.1 Monomers

The butyl acrylate, acrylic acid, methacrylic acid, acrylamide, methacrylamide,

ethyl acrylate, hydroxy ethyl methacrylate, methyl methacrylate, methacrylate and

acrylonitrile monomers were all commercial grades available from Arkema, Evonik,

LG and SNF. All the reagents were used as supplied. BA, MMA and MAA monomers

were all commercial grades available from Arkema and Evonik. Boron acrylate and

multi-functional boron methacrylate were synthesized as refered [14].

3.1.2 Others chemicals

The initiator used was ammonium persulfate obtained from Hebei Jiheng. Tert-butyl

hydroperoxide was obtained from Gliss Chemicals. Sodium hydrogen carbonate

and sodium formaldehyde sulfoxylate were obtained from Bruggemann. Deionized

water was used throughout the polymer preparations. The seed polymer used for the

polymerization was with 50nm. of particle size. The polymerization surfactants were

two different type of anionic surfactant with different HLB content. The surfactant

system employed was referred to as surfactant A in the pre-emulsion. Surfactant and

seed composition cannot be revealed for proprietary reasons.

3.2 Analysis and Instrumentation

3.2.1 Spectral analysis: FTIR

IR spectra were recorded on a Perkin Elmer Spectrum One FT-IR Spectrometer.
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3.2.2 Thermal analysis: DSC and TGA

The thermal properties of the polymers were measured by differential scanning

calorimeters (Mettler Toledo, DSC 821e) in a flowing air atmosphere from -80 ◦C at

scanning rate of 10 ◦C/min.

Thermo gravimetric analysis was performed in a TA TGA Q50instrument under the

nitrogen atmosphere at a heating rate 20 ◦C/min in the temperature range of 30–850 ◦C.

The weights of sample are 10–13 mg in all cases.

3.2.3 VOC and free monomer analysis: Gas chromatography

Free monomer measurements were performed by HS-GC (Perkin Elmer, HS 40 XL,

Auto System XL) with FID detector and N2 was used as carrier gas.

3.2.4 Particle size analysis

The particle size distribution (PSD) of the final latexes was determined using Particle

Size Analyzer. Samples for particle size analysis were prepared by diluting PSA

obtained in deionised water. After dilution, the latex samples were then injected into

the instrument.

3.2.5 Adhesion strength measurement

In FINAT technical handbook, peel adhesion is defined as force required removing

pressure sensitive coated material, which has been applied to a standard test plate under

specified conditions from the plate at a specified angle and speed. In this study, peel

adhesions were tested according to FTM1 on stainless steel (SS), glass, aluminum (Al)

and low-density polyethylene (LDPE) as 180◦ at 300 mm/min by Adhesion Release

Tester AR-1000. Test conditions were at 23 ±2 ◦C, 50 ±5% relative humidity [63].

3.2.6 Shear strength measurement

Shear strength is the internal cohesion and the resistance to shear from a standard

surface and gives an indication of the mode of adhesive or cohesive failure. Static

shear test was applied according to FTM 8 on stainless steel (SS), glass and low density

polyethylene (LDPE), at 23◦C and the test equipment was 10 Bank Shear RT-10 [63].
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3.2.7 Initial tack measurement

Loop tack value of PSAs is expressed as the force required separating, at a specified

speed, a loop of material, which has been brought into contact with a specified area

of a standard surface (FTM 9). Loop Tack measured on stainless steel via Loop Tack

Tester LT-1000 [63].

3.2.8 Other analysis and calculations

Solid content was measured by drying the polymer films at 150◦C for 20 minutes after

filtered from 60-micron filter. Weight of polymer (w1) and dried latex (w2) has been

calculated by the following equation.

Solid% = w2/w1 ×100 (3.1)

Coagulum content of polymer latex was measured after filterable solids of any runs

were dried at room temperature for 24 hours. Then coagulum content was measured

by the weight of filterable solid in 1 liter of polymer dispersion. (ISO 4576)

Viscosity was measured by Brookfield viscosimeter under room conditions by LVT

3/60 (ISO 3219).

pH of polymers has been determined under room temperature according to ISO 976 by

calibrated pH meter.

Surface tension of polymer dispersions has been measured by Du Nouy ring method

according to ISO 1409.

The flow and K-Value of polymers were measured by Cannon-Fenske routine

viscometers comply with standards ISO/DIS 3105. The time ∆t for the liquid level

to move constant distance was measured. K value calculation is an indication

for molecular weight. Dimethylformamide (DMF) was used as solvent and the

concentration of polymer solutions was 1% (C). ηrel was measured by using the time

for polymer solution (t) and the solvent (t0).

Equation 3.2

ηrel =
η

η0
=

t
t0

(3.2)
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K value calculation was done according to the following equation by using the

calculated ηrel.

Equation 3.3

K = 1000×
1.5logηrel −1±

√
1+
( 2

C
+2+1.5logηrel

)
×1.5logηrel

150+300C
(3.3)

Rheological behaviour of the polymers have been tested by Anton Paar Physica MCR

301 at high shear rates from 0 to 60,000 1/s.

The adhesive polymer was coated on BOPP film as 50 µ with applicator and was dried

at 70◦C for 10 min. The adhesive-coated samples were left for 24 hours in a controlled

environment (23±2◦C, 50±5 relative humidity) chamber prior to testing the adhesive

properties. A specimen of 25 x 400 mm was cut in the machine direction and laminated

onto the clean stainless steel test plate using finger pressure. The average force to peel

the specimen from test plate was recorded.

Unwind adhesion is the force required to remove the tape from the roll under prescribed

conditions. Unwind adhesion is a quantitative measure of the degree of ease or

difficulty in unwinding a roll of tape. The test specimen shall be any 10 m or more

roll of pressure sensitive tape -preferably 24 mm wide. Mount roll of tape in lower

jaw of machine using free turning roller assembly. Place free end of tape in upper jaw

and operate lower jaw at 300 mm/min. After 24 mm of tape has been mechanically

unwound, observe the maximum value obtained during the unwinding of the next 150

mm. The tape unwound should be examined for transfer of adhesive, delamination,

tearing, or other occurrence. Another method for measuring unwinding force of

pressure sensitive tapes is ASTM D 381. Noise levels were measured by decibel

meter on the unwinding machine and the results were correlated with unwinding force

measurements.

Swelling behavior has been determined by the preparation of 1 mm thickness samples

by gradual evaporation of water from the emulsion at room temperature. The films

were coated on the Teflon plates and then dried at room temperature for 7 days. Then,

films were cut into square pieces in order to obtain similar weights around 0.59gr

±0.03. Dry weights (W0) of the cut samples were taken before immersion into the

acetone containing bottle. The study of the swelling behavior of films was followed
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gravimetrically by measuring the weight gain with the time of immersion into the

acetone. The bottles were placed in a climatized room (at 23◦C, 50% relative humidity)

to maintain a constant temperature for 24 hours. Wet surfaces were quickly wiped

using tissue paper and re-weighted (W1). Polymer films were dried at 70 C for 3 hours

and weighed immediately (W2). Acetone in-soluble parts and swelling indexes have

been calculated.

Equation 3.4

Swellingindex = (W1 −W0)/W0 (3.4)

InsolubleFraction% =W2/W0 ∗100 (3.5)

3.3 Preparation Methods

3.3.1 Preparation of monomer emulsions with AA/MAA/AAm/MAAm

5.1 g surfactant A was dissolved in deionized water and placed in a vessel equipped

with stirrer. 427.5 g butyl acrylate, 22.5 g methyl methacrylate and the mentioned

amount of acrylic acid, methacrylic acid, acrylamide or methacrylamide were added

respectively. As minimum polar monomer amount 0.5% has been chosen in order to

not to lose the stability of emulsion and increased to 2% for keeping the viscosity below

1000 cps. It is well-known in industry that low viscosity is important for giving proper

coating weights at high speed coating machines. Detailed monomer formulations have

been showed in Table 3.1.

The water-surfactant mixture was placed under high shear agitator at 200 rpm.

The monomer mixtures were slowly added into the water-surfactant mixture under

sufficient stirring to make a monomer pre-emulsion. The mixing time required was

10 minutes for all the trials. The resulting monomer emulsions were homogeneous,

viscous and milky in appearance. Total monomer amount was calculated regarding

only BA and MMA.
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Table 3.1 : Monomer compositions (based on total monomer, weight %).

Polymer BA MMA AA MAA AAm MAAm
1 95 5 0.5 - - -
2 95 5 1.25 - - -
3 95 5 2.0 - - -
4 95 5 - 0.5 - -
5 95 5 - 1.25 - -
6 95 5 - 2.0 - -
7 95 5 - - 0.5 -
8 95 5 - - 1.25 -
9 95 5 - - - 0.5

10 95 5 - - - 1.25

3.3.2 Preparation of MMA / EA / GMA / AAM / ACN / VAM containing

emulsions

5.1 g surfactant A was dissolved in deionized water and placed in a vessel equipped

with stirrer. 427.5 g butyl acrylate, 4.3 methacrylic acid and 10.7 polar monomer

were added respectively. Mentioned polar monomers were methyl methacrylate, ethyl

acrylate, methyl acrylate, acrylamide, acrylonitrile and vinyl acetate.

Table 3.2 : Monomer compositions (based on total monomer,weight %).

Polymer MAA MMA EA GMA AAM ACN VAM
11 1 2.5 - - - - -
12 1 - 2.5 - - - -
13 1 - - 2.5 - - -
14 1 - - - 2.5 - -
15 1 - - - - 2.5 -
16 1 - - - - - 2.5

3.3.3 Preparation of glycidyl methacrylate and methacrylamide containing

emulsions

18.9 g surfactant A was dissolved in deionized water and placed in a vessel equipped

with stirrer. 665 g butyl acrylate, 6.7 g meth acrylic acid and the mentioned amount

of glycidyl meth acrylate and/or meth acrylamide were added respectively. Detailed

monomer formulations have been showed in Table 3.3.
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Table 3.3 : Monomer compositions (based on total monomer, weight %).

Polymer MAA GMA MAAm
17 1 - -
18 1 2.5 -
19 1 - 2.5
20 1 2.5 2.5
21 1 0.5 -
22 1 - 0.5
23 1 0.5 0.5

3.3.4 Preparation of boron acrylate containing emulsions

16.4 g surfactant A was dissolved in deionized water and placed in a vessel equipped

with stirrer. 667 g butyl acrylate, 33,5g methyl methacrylate, acrylic acid and boron

acrylate were added respectively.

Figure 3.1 : Chemical structure of boron acrylate.

BoA amounts were given in Table 3.4 based on total monomer composition (BOTM).

The water-surfactant mixture was placed under high shear agitator at 200 rpm.

The monomer mixtures were slowly added into the water-surfactant mixture under

sufficient stirring to make a monomer pre-emulsion. The mixing time required was 10

minutes for all the trials. The resulting monomer emulsions were homogenous, viscous

and milky in appearance. The emulsion polymerizations were carried out at 84 - 86 ◦C

for 3 hours.

Table 3.4 : Monomer compositions (based on total monomer, weight %).

Polymer BoA (%, BOTM) Multi-functional BoMA(%, BOTM)
24 - -
25 1.3 -
26 3.9 -
27 3.9 1.0

The water-surfactant mixture was placed under high shear agitator at 200 rpm.

The monomer mixtures were slowly added into the water-surfactant mixture under
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sufficient stirring to make a monomer pre-emulsion. The mixing time required was 10

minutes for all the trials. The resulting monomer emulsions were homogenous, viscous

and milky in appearance.

Figure 3.2 : Chemical structure of multi-functional boron methacrylate.

3.3.5 Preparation of initial and delayed initiator

The initial initiator was prepared by adding 1.5 g of ammonium persulfate into 9 g of

deionized water and stirred in using a magnetic bar. For the delayed initiator, 1.5 g of

ammonium persulfate solved in 35 g of deionized water and was added into the reactor

by 3 hours of feeding.

3.4 Polymerization Procedure

Delayed radical emulsion polymerizations and seeded polymerization were used for

the initiation and the only role of the surfactant in this system was to maintain the

stability of the seed polymer particles avoiding coagulation. All polymerizations

were carried out using deionized water (DI). In the first stage the poly (n-butyl

acrylate-co-methyl methacrylate), p-BA-co-MMA containing seed was prepared by

emulsion polymerization, which was carried out at 80 ◦C and kept at 88 ◦C for 1 hour

in order to decompose the unreacted initiator. The obtained seed had particle size

around 50nm and used in the initiation step of the polymerization in order to control

the particle size distribution. Further details regarding seed composition and process

cannot be revealed for proprietary reasons.

For the polymerization procedure; the seed, starting initiator, and water were initially

charged into the reactor. The monomer emulsion and delayed initiator were fed in

two streams having both the same feeding time, 3 hours, using a peristaltic pump
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via silicone tubing, and the feed rate monitored volumetrically. The reactions were

performed in a 1 liter, glass made, and round-bottomed reactor flask with a mechanical

agitator and stirred at 180 rpm. The reactor flask was equipped with reflux condenser,

thermocouple and metallic stirrer. Polymerization temperature was maintained at

84–86◦C, and agitation rate was increased if necessary. After feed, the monomer

mix beaker was flushed with water, and was post-heated for 30 min. The reaction

mixture was then cooled to 55◦C and post redox reaction was applied. A redox

post-polymerization process provides lower residual monomer levels and/or lower

volatile organic compound levels for emulsion systems. t-Butyl hydroperoxide /

sodium salt of an organic sulfonic acid derivative as redox couple were selected.

In neutralization step, ammonia solution (28%) was used to adjust the pH around

8.5±0.5. Then the polymer was filtered into a suitable container.

3.5 Film Preparation

A 50 µ film of the sample is applied on OPP "corona" treated >36 Din by automatic

coater with the coating rate of 150mm/min. Applied film was placed in an oven at

70◦C for 15 minutes. The adhesive polymer was coated on OPP film as 50 µ with

applicator and was dried at 70◦C for 10 min. The adhesive-coated samples were left

for 24 hours in a controlled environment (23 ±2 ◦C, 50 ±5 relative humidity) chamber

prior to testing the adhesive properties.
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4. RESULTS AND DISCUSSION

4.1 Results of Polymer Dispersions and Dry Films with AA / MAA / AAm /

MAAm

Adhesive polymers were prepared with seeded emulsion polymerization due its

advantage of preventing the uncertainties of the particle initiation stage and having

better reproducibility. Solid content of all polymers were calculated in the range

of 60±1%, pH was adjusted around 8.5. GC measurements showed that the

polymerization has been occurred properly and the unreacted monomer content was

below 200 ppm for all the trials. The results of polymer characterization and

performance analysis are summarized in Table 4.1.

According to the results in Table 4.2, the amount of AA content has a significant effect

on viscosity of the polymer. Higher viscosity obtained with the polymer containing

higher amount of AA, due to the electrostatic repulsion between carboxylate groups on

particles surface. It has been known that the use of AA tends to produce high amount of

water-soluble polymer, and that portion of the acid copolymer in the particles is usually

located near the outer surface of the particles. With MAA, there is significantly less

water-soluble polymer formed and the MAA copolymer in the particle which is more

evenly dispersed in the particle. Thus, the surface tension of the dispersion slightly

decreased when the amount of water soluble comonomers have been increased. Same

effect has been observed between both AA vs. MAA and AAm vs. MAAm. K

value was calculated according to the Fikentscher K value formulation and showed a

correlation with viscosity results. Increasing the amount of water soluble comonomers

showed an increase on K value related with the increase in viscosity and chain length.

Pressure sensitive adhesives bond by molecular attraction and by mechanically

interlocking with the substrate which is the result of the adhesive flowing into the

microscopic pores on the surface of the substrate.
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Table 4.2 : Adhesion performance on SS, Glass, Al and LDPE.

Polymer Peel Strength,
SS (N/cm)

Peel Strength,
Glass (N/cm)

Peel Strength,
AI (N/cm)

Peel Strength,
LDPE (N/cm)

1 3.6 2.9 4 1
2 3.0 2.4 2.7 0.8
3 2.5 1.9 2.6 0.7
4 3.3 2.4 3.6 1
5 2.3 2.1 2.6 0.6
6 2.2 2.0 2.4 0.5
7 1.6 1.4 1.9 0.6
8 1.3 1.2 1.6 0.4
9 2.1 1.6 2.4 0.6
10 1.4 1.2 1.8 0.4

For a good bonding, the adhesive must wet out the substrate surface. Thus, bonding on

high surface energy substrates is better, because of the good wettability properties. The

performance of PSAs has been performed on several surfaces having different surface

energy levels.

Figure 4.1 : Comparison of peel strength for AA and MAA.

Results in Figure 4.1 showed that low surface energy substrates gave lower adhesion

with all the prepared PSA polymers. The highest adhesion on LDPE has been obtained

by 0.5% AA and 0.5% MAA containing PSAs. The adhesion strength of all the
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polymer samples on SS, glass and Al was greater due to their higher surface energy

levels. All the prepared PSAs gave the highest adhesion on Al surface which was

followed by SS, glass and LDPE respectively. Increase on the amount of polar

comonomer helps to obtain more easily removable adhesives. The flow of adhesive,

or wetting of the substrate, must be dominated by the AA content because the highest

bonding performance was obtained by using AA as comonomer for all surfaces applied

in this study. If AAm and MAAm compared in terms of adhesion 0.5% MAAm showed

the strongest bonding on most of the surfaces. Due to the lack of polar monomer

content, less hydrogen bonding occurred and this gives lower cohesion strength while

the adhesion is strong.

Figure 4.2 : Comparison of peel strength for AAm and MAAm.

When the polar comonomer amount was increased, generally the cohesive strength

showed an increase regarding to the stronger hydrogen bonding caused by the

comonomer type. The highest cohesion obtained by using 1.25% MAAm in the

polymerization.

The increase on cohesion with MAA was not significant compared to AA when the

amount is increased. It can be explained by the carboxylate groups on the surface.

Carboxyl groups (COOH) free to form bonds with any polar substrate (metal, glass

etc.) and form hydrogen bonding with each other, this gives the polymer very good
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Table 4.3 : Shear strength and loop tack results for the adhesive films.

Polymer Shear
Strength,

SS

Shear
Strength,

Glass

Shear
Strength,

LDPE

Initial
Tack, Glass

Initial
Tack,
LDPE

1 260 1200 1140 16.2 2.0
2 1050 3600 3280 11.7 1.6
3 3360 3800 3660 11.0 1.8
4 100 780 720 12.4 1.6
5 220 1100 1158 11.0 1.9
6 230 1380 1160 10.9 1.8
7 780 2770 1920 8.7 1.6
8 1860 3100 2040 6.9 1.4
9 1100 3900 1680 11.1 1.4

10 >10000 >10000 >10000 5.2 1.5

cohesive strength. However, MAA is more hydrophobic monomer than AA, and causes

less carboxylate group on the surface for hydrogen bonding.

Figure 4.3 : Comparison of shear strength for AA and MAA.

According to the comparision between cohesive forces of AAm and MAAm used

PSAs, MAAm gave greater results and more dramatic change depending on the

amount of MAAm used in the system. For the PSA series investigated, the PSA

with increasing of polar comonomer content exhibited the slightly higher Tg and low

tackiness compared to formulation containing less amount of polar comonomer. Tack

value was high when the lowest amount of high Tg polar comonomer has been used.
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Increased on AA, MAA, AAm or MAAm showed reduction on tackiness. Regarding

the co-polymerization Tg of AA is lower than MAA; the loop tack reached the highest

level with 0.5% AA. The adhesion and cohesion balance was better achieved with 0.5%

s/m MAAm and 2.5% s/m AA.

Figure 4.4 : Comparison of shear strength for AAm and MAAm.

It has been also investigated that when the amount of carboxylic group has been

increased there has been a slightly increase on the level of noise. Since AA is more

hydrophilic than MAA and AAm is more hyrdophilic compared to MAAm, relatively

low noise has been obtained by MAA and MAAm. High peel strength with low noise

levels as tape has been achieved by lower amount of polar functional co-monomers,

which decreases the electro-static effect on the film surface.

Since the balance on noise level and the adhesive performance has been achieved with

MAA, further trials has been done containing 1% of methacrylic acid for performance

evaluation.

4.2 Results of Different Polar Co-monomer Containing Copolymers

Adhesive polymers were prepared by emulsion polymerization due its advantage of

reducing the volatile organic content. Solid content of all polymers were calculated
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Figure 4.5 : Comparison of tackiness.

Figure 4.6 : Noise level for AA containing tapes.

in the range of 58±1%, pH has adjusted around 9.5. The results of polymer

characterization and performance analysis are summarized in Table 4.4.

Addition of EA and VAM increased the tack. GMA, AAM, ACN decreased the

adhesion while showed some additional cohesion force since they are tending to

crosslinking. Effect of acrylamide as co-monomer on cohesion has been observed

once again and as seen from the results highest cohesion has been obtained by GMA.

Due to this conclusions, different amounts of GMA and MAAM has also been studied

in order to see the effect on performance results.

4.3 Results of Glycidyl Methacrylate and/or Methacrylamide Containing

Copolymers

Adhesive polymers were prepared by emulsion polymerization due its advantage of

reducing the volatile organic content. Solid content of all polymers were calculated in
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Figure 4.7 : Noise levels regarding the monomer structure.

Table 4.4 : Properties of the acrylate copolymers.

Polymers Solid % Viscosity
(cps.)

pH Peel
Strength

on SS
(N/cm)

Shear
Strength

on SS
(min.)

Initial
Tack on

SS
(N/cm)

11 58.0 240 9.2 1.7 200 7.5
12 58.0 390 9.6 2.0 215 9.8
13 58.0 270 9.8 1.1 7800 4.4
14 57.0 230 9.8 1.3 1400 6.6
15 58.0 150 9.6 1.3 850 6.4
16 58.5 600 9.7 1.8 35 8.9

the range of 58±1%, pH has adjusted around 9.5. GC measurements showed that

the polymerization has been occurred properly and the total amount of remaining

monomer was below 200ppm and it was mainly BA. As mentioned in [64] a more

complex behavior should be expected in emulsion than in solution since polarities of

the monomers are different, for example MMA shows roughly the ten-fold solubility

in water compared to BA. The reactivity ratios of MAA and BA had been given as

1.31 and 0.35 in [65]. The relative reactivities of the acrylates toward GMA radical are

governed by steric factors, the polarities of monomers and the resonance stabilization

of radicals and the ratio of GMA to BA is given as 1.32 to 0.33 in [66]. Higher

reactivity ratio of GMA than BA is is also due to flexibility and free movement

of the butyl side group in BA hinders the approach of incoming monomer to react

with the radical (shielding effect) Comparison of the reactivity ratios of GMA and

BA obtained from emulsion polymerization with those achieved from homogeneous

polymerizations (rBA= 0.12 and rGMA = 2.15 in bulk, and rBA = 0.16 and rGMA = 2.78 in

solution) showed that GMA reactivity is reduced sharply in emulsion polymerization,

while the reactivity of BA is increased [67].
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The results of polymer characterization and performance analysis are summarized in

Table 4.5.

Table 4.5 : Properties of the acrylate copolymers.

Polymers Solid pH Viscosity
(cps.)

Swelling
index

Insoluble
Fraction

%

Coagulum
Weight
(g/lt)

17 57.2 9.5 110 24.7 81.6 0.11
18 58.0 9.5 100 4.7 95.2 0.20
19 57.5 9.5 265 5.1 93.5 0.17
20 57.5 9.5 210 8.7 98.0 0.09
21 57.7 9.7 430 8.9 87.0 0.10
22 57.4 9.7 290 5.7 86.0 0.16
23 58.0 9.5 360 4.0 88.0 0.15

Table 4.6 : Adhesion performance on SS, Glass, Al and LDPE.

Polymer Peel
Strength,

SS
N/25mm

Peel
Strength,

Glass
N/25mm

Peel
Strength,

AI
N/25mm

Peel
Strength,

PVC
N/25mm

Peel
Strength,

LDPE
N/25mm

Peel
Strength,

HDPE
N/25mm

17 4.0 4.0 6.5 6.0 2.0 2.5
18 2.8 1.5 2.0 2.5 0.3 0.5
19 2.3 2.3 3.3 7.5 1.0 1.0
20 2.5 1.3 1.5 1.8 0.3 0.3
21 4.0 2.3 3.3 8.5 0.5 1.0
22 4.2 3.8 5.0 9.8 1.5 1.8
23 4.0 2.3 3.0 4.3 0.8 1.0

Results showed that low surface energy substrates gave lower adhesion with all the

prepared PSA polymers. Addition of GMA and MAAm was showed a decrease on

adhesion due the effect of crosslinking. The adhesion strength of the entire polymer

samples on SS, glass, Al and PVC was greater due to their higher surface energy levels.

Using 0.5% of GMA and/or MAAm did not show any significant effect on SS.

Highest adhesion on PVC was obtained by using low amount of MAAm or GMA in the

copolymerization system. Increasing the GMA content, showed dramatic reductions

on adhesion properties which could help easy peeling. Small amount of crosslinking

also helps to improve the adhesion on PVC due to the effect on plasticizer migration.

Cohesion has been increased by the addition of GMA and/or MAAm into the emulsion

system because of the increased crosslinking and strong intermolecular bonding. The
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Figure 4.8 : Comparison of peel strength.

Table 4.7 : Shear strength and loop tack results for the adhesive films.

Polymer Shear
Strength,
SS (min.)

Shear
Strength,

Glass
(min.)

Shear
Strength,

LDPE
(min.)

Initial
Tack, Glass

(N/cm)

Initial
Tack,
LDPE
(N/cm)

17 350 235 180 26.0 4.5
18 6250 1300 3000 8.0 2.8
19 10000 10000 2000 14.8 3.5
20 10000 10000 10000 7.3 1.8
21 8560 2400 4000 12.5 2.8
22 5200 780 680 20.5 4.5
23 10000 4100 8000 11.5 3.5

highest shear strength was obtained by combining the GMA and MAAm or using only

high amount of MAAm which had a decreasing effect on adhesion.

Initial loop tack of the polymers has been negatively affected by the crosslinking.

According to performance balance, the optimum results was obtained by the addition

of small amount of GMA and MAAm in the emulsion polymerization.

Beside the effect on adhesion and cohesion balance, combination of 0.5 % GMA

and 0.5% minimized the viscosity increase at high shear rates compared to

poly(BA-co-MAA) and poly(BA-co-MAA-co-GMA).
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Figure 4.9 : Comparison of rheological behaviour.

Particle diameters of poly(BA-co-MAA), poly(BA-co-MAA-co-GMA) and

poly(BA-co-MAA-co-GMA-co-MAAm) were respectively 615 nm, 553 nm and

502 nm and their width were above 150nm.

4.4 Results of Boron Acrylate Containing Copolymers

Adhesive polymers were prepared by emulsion polymerization due its advantage of

reducing the volatile organic content. Solid content of all polymers were calculated in

the range of 59±1%, pH has adjusted around 7.5-8.

The results of polymer characterization and performance analysis are summarized in

Table 4.8.

According to the results, the addition of BoA has slightly decreased the surface tension.

Coagulated part was around 0.1 for all the reactions and the total amount of unreacted

monomer was below 250ppm, which showed that the polymerization was completed

successfully.

A branched structure with bulky and hydrophobic hydrocarbon groups provides a very

low surface tension and a hydrophobic nature. Thus, increasing BoA content in the
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Table 4.8 : Properties of the acrylate copolymers.

Polymers Solid pH Viscosity
(cps.)

Tg ( ◦C ) Surface
Tension
(mN/m)

Coagulum
Weight
(g/lt)

24 59.8 7.5 140 -39.0 37.7 0.06
25 59.4 7.4 130 -38.5 37.4 0.12
26 59.7 8.0 140 -35.0 34.2 0.08
27 59.0 8.0 150 -36.5 36.9 0.14

Table 4.9 : Adhesion performance on SS, Glass, Al and LDPE.

Polymer Peel
Strength,

SS
(N/cm)

Peel
Strength,

Glass
(N/cm)

Peel
Strength,

AI
(N/cm)

Peel
Strength,

PVC
(N/cm)

Peel
Strength,

LDPE
(N/cm)

Peel
Strength,

HDPE
(N/cm)

24 2.5 1.9 2.3 2.2 0.4 1.0
25 2.3 2.2 2.3 2.3 0.6 1.0
26 2.1 2.2 2.4 2.7 0.6 1.1
27 2.0 2.2 2.7 3.2 0.7 0.8

dispersion decreased the adhesion on SS, however slightly increased the adhesion on

glass, aluminum, PVC and PE due to its chemical structure and surface tension. The

multi-functional BoMA which is even more hydrophobic and branched, especially

increased the interaction between adhesive and the substrate in case of Al and PVC

by its crosslinking effect.

Table 4.10 : Shear strength and loop tack results for the adhesive films.

Polymer Shear
Strength,
SS min.

Shear
Strength,

Glass
min.

Shear
Strength,
LDPE
min.

Shear
Strength,
HDPE
min.

Initial
Tack,
Glass
N/cmb

Initial
Tack,
LDPE
N/cmb

Initial
Tack,
HDPE
N/cmb

24 4020 7500 2400 10000 11.4 1.2 3.2
25 1680 5460 3300 10000 11.9 1.4 3.6
26 1380 5400 4080 10000 11.3 1.9 3.6
27 2800 6700 5800 10000 8.5 2.3 2.6

Tack values did not show a significant effect on glass, however tack on HDPE and

LDPE was slightly increased by the addition of boron containing co-monomer due to

its lower surface tension.

In swelling test, the amount of insoluble part was increased by the increase on

boron acrylate content. The highest value has been obtained by the usage of the
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multi-functional boron acrylate monomer which also decreased the swelling and

showed a crosslinking behavior as expected.

Table 4.11 : Swelling and solubility in acetone.

Polymer W0 (gr.) W1 (gr.) W2 (gr.) Swelling
index

(W1-W0)/W0

Insoluble
Fraction%

W2/W0*100
24 0.57 12.47 0.41 20.9 72
25 0.62 15.34 0.48 23.7 77
26 0.56 15.76 0.46 27.1 82
27 0.60 10.81 0.51 17.0 85

As shown in the TGA results boron acrylate content, increased the decomposition

temperature for the same amount of weight loss. When compared to the polymer

sample without boron acrylate, boron acrylate containing polymer samples has higher

residue at 700◦C due to its in organic structure and strong bonding especially in case

of multi-functional boron methacrylate.

Table 4.12 : TGA results.

Polymer 50% Weight Loss Temperature Residute at 700◦C
24 410 0.6
25 416 2.0
26 423 1.8
27 418 3.5

Recent developments and an outlook for opportunities with flame retardant pressure

sensitive hot melt adhesives have been given in an article [68]. Adhesive tapes

and self-adhesive coated materials are used in various industries and in multiple

applications such as the automotive, aerospace, construction and electrical markets,

either in the form of tapes or as adhesive coatings on other backings. For many of

these applications, good flame retardant properties have considerable importance. The

demand for halogen-free flame retardant adhesives, which do not emit toxic fumes

during a fire, resulted with the studies focus on to phosphate, silisium, nitrogen, boron

containing structures and varied modifications [10–13].

For increasing the flame retardancy of polymeric materials the use of borates was

probed earlier in the 20th century. It was found that inorganic boron compounds

promote char formation in the burning process. In a previous work, the physical and

mechanical properties of UV-curable boron containing epoxy acrylate coatings were
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investigated. The boron acrylate used in current study, has been synthesized according

to section 2.5 of the previous study [14] ; HEA has been used instead of HEMA.

Hydrogen bonding and Van der Waals attractions are particularly strong with the

borates forming hydrates, double salts and polymers. In all cases except for the

comparatively few mono- and diborates, B-O grouping tends to form one or more ring

structures, allowing electrons to resonate around the ring, thus strengthening its bonds.

Ring structures can also form with borates and many organic compounds especially

those with adjacent OH or groups that are similar (=O, -COOH, etc.) Borates also

keep the rings stable while they are cleaved and OH and H groups from water during

dehydration, thus creating more complex structures [69].

Effect of crosslinkers on PSA performance has also been studied by several

researchers [70, 71]. It is known that an acrylate copolymer which has no crosslinking

or is crosslinked only by hydrogen bonds has insufficient thermo-mechanical

stability. The generated, crosslinked connections extensively inhibit the mobility

of polymer molecules by chemical bonding the network of the polymeric PSA

and undergoes a decomposition above a certain temperature [72]. Crosslinking

behavior could be determined via swelling parameters as mentioned in the

literature [73]. In this study, beside the evaluation of boron acrylate monomer,

4,4’-(2,2’-oxybis(ethane-2,1-diyl)bis(oxy))bis(10-methyl-9-oxo-3,5,8-trioxa-4-

boraundec-10-ene-4,1-diyl)bis(2-methylacrylate) (multi-functional BoMA) was

synthesized by the esterification reactions of boric acid, HEMA and diethyleneglycol

and used as crosslinking monomer.

As it is mentioned, adhesion is not only related to the chemical composition of

adhesive polymer. The structure of substrate and the surface has a huge impact on

adhesion properties [8]. Surface characteristics are based on physical properties such

as roughness, surface energy, mechanical properties or the chemical composition of the

surface. Good wettability of a surface is a mandatory to provide good bonding which

is related to the surface energy which was studied in several researches.

For solvent based film deposition a non-homogeneous distribution of the different

parts of the copolymers along the film normal was reported [73, 74]. Near-surface

enrichment of particular monomer types was found and assigned to the adhesive
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behavior. For the present study such non-homogeneous distribution is also likely

although mobility might be less. Stainless steel (SS), glass, aluminum (Al) and low

density polyethylene (LDPE) are very different in surface roughness. As shown in

literature [75], besides surface energies also the surface roughness has an important

effect on the adhesive bonding. Independently of the bonding mechanism (cohesive or

adhesive failure) in case of a rough probe, the cavity growth rate significantly decrease

with increasing shear modulus of PSA, in case of a smooth probe, this characteristic

quantity is insensitive to the viscoelastic properties of the PSA. Comparing the

cavitation process for non-crosslinked and crosslinked copolymers with different Mw,

including various polar co-monomers reveals, that the cavity growth rate decreases

with increasing modulus on the rough substrate, but is independent of the modulus

on the smooth substrate [76]. The effects of the roughness increase with the elastic

modulus of the polymer film. The strength of an adhesive bond directly or indirectly

reflects the energy dissipated in the joint as a whole during failure. Surface roughness

can increase this energy dissipation by increasing the tack [30].

In this study, it has been focused on the effect of BoA (boron acrylate) and

multi-functional BoMA as co-monomer in the emulsion process and on the adhesive

performance of poly (BA-co-MMA-co-AA) latexes. The amount of BoA co-monomer

has been studied at 0%, 1.3% and 3.9% based on total monomer composition and

multi-functional BoMA was used as 1% together with 3.9% BoA. Other materials used

for this research were the monomers mentioned as butyl-acrylate (BA), methyl meth

acrylate (MMA), acrylic acid (AA), surfactants; ammonium persulfate, NaHCO3 and

deionized water. The anionic surfactant system has been used, the composition cannot

be revealed for proprietary reasons. Boron acrylate monomers were synthesized by

esterification reaction [14]. The aim of the study is to investigate the influence of BoA

and multi-functional BoMA co-monomers on pressure sensitive adhesive performance

of the resultant polymers through measurement of shear strength, loop tack and peel

strength on different surfaces such as SS, glass, Al, PVC, HDPE and LDPE.
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5. CONCLUSION

Pressure-sensitive adhesives (PSAs) were prepared from acrylate monomers (BA,

MMA, AA, MAA, AAm, MAAm, GMA) by using emulsion polymerization. Analysis

results of solid and coagulum content as well as low residual monomer results from

GC showed that synthesis of co-polymers had been properly achieved. Performance

comparison has been done by measurement of peel strength, shear strength, initial tack.

Since the high shear viscosity has to be control for good coating quality at high coating

machines, rheological behaviour of the polymers have also been compared.

A brief summary of the co-monomers and their significant effect on the performance

has been given in Table 5.1.

Table 5.1 : Prominent performance properties and related amount of co-monomers
used

AA MAA MAAm GMA
Adhesion on SS <1% <1%

Adhesion on glass <1%
Adhesion on LDPE <1%
Adhesion on PVC <1%
Adhesion on Al <1% <1% <1% <1%

Tackiness on glass <1% <1% <1%
Tackiness on LDPE <1% <1%

Lower noise <1%
Cohesion on SS >1% >1%

Cohesion on glass >1% >1%
Cohesion on LDPE >1% >1%

Since the adhesion is the molecular force of attractions, the strength of attraction is

determined by the surface energy of the material. The higher surface energy for

substrates such as metals and glass gave greater the molecular interactions between

the adhesive polymer and the lower surface energy substrates such as LDPE which

gave lower interactions. Thus, polymer wet-out properties on substrates, chemical and

physical interactions between polymer and the substrate are highly effective factors for

adhesion.
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The increase on the polar co-monomer amount increases the shear strength, but

decreases the adhesion and tackiness based on dipole-dipole interactions and hydrogen

bonding. The amount of AA content on cohesion was more significant compared to

the formulation with MAA composition. In this case, hydrogen bonding seems to be

effective and the hydrophilicity of the acid monomer is important due to the bonding

strength. The small differentiations on the Tg based on the structure of co-monomer

had a strong influence on tackiness, because it determines the softness of the polymer.

Adhesion and cohesion is strongly affected by the hydrophilicity of the co-monomer

due its effect on the bonding strength and wettability. The highest adhesion was

obtained when bonded onto the polar surfaces such as Al, glass and SS, but changing

the amount of co-monomer was slightly effective on LDPE surface.

Existence of polar co-monomers in the dispersion helps to obtain highly cohesive

polymers and their hydrophilicity and relative softness affects the degree of adhesion.

Results also showed that the hydrophilicity of polar monomers chosen between AA,

MAA, AAm and MAAm has an impact on noise levels. If the water solubility or

hydrophilicity of the functional monomer decreases, the noise level of the tape tend to

decrease.

Addition of polar co-monomers such as EA and VAM increased the tackiness. On the

other hand, GMA, AAM, ACN decreased the adhesion while gained some additional

cohesion strength since they are tending to crosslinking. Effect of acrylamide as

co-monomer on cohesion has been observed once again. The results showed the

highest cohesion in the presence of GMA. Due to this, different amounts of GMA and

MAAM has also been studied in order to see the synergic effect on the performance.

The addition of GMA and/or MAAm into the emulsion system proved the positive

effect on cohesion strength due to crosslinking and strong intermolecular bonding. The

highest shear strength was obtained by combining the GMA and MAAm or using only

high amount of MAAm which had weakened the bonding abilities. Moreover, with this

combination, highest adhesion on PVC was obtained by using small amount of MAAm

or GMA in the copolymerization system. Increased amount of GMA showed dramatic

reductions on adhesion properties which could be useful for removable adhesives.

Small amount of crosslinking also helps to improve the adhesion on PVC due to its
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effect on plasticizer migration. High shear viscosity control was also improved by the

addition of 0.5% GMA and 0.5% MAAm to BA/MAA copolymer.

Additionally, pressure-sensitive adhesives were prepared by BoA and multi-functional

BoMA via using emulsion polymerization. Adhesion and cohesion was again affected

by the co-monomer structure due its effect on the bonding strength and wettability.

As expected, the highest adhesion was obtained when bonded onto the polar surfaces

such as Al, glass and SS. Although increasing BoA showed a positive effect on LDPE

both for adhesion and cohesion, both performance decreased on SS. The use of a rough

substrate reduces the adhesion of a PSA to the substrate. Effect of BoA content was

dominant on non-polar and plastic surfaces which have surface energy below 40mN/m.

Multi-functional BoMA enhanced the crosslinking of the PSA and according to the

TGA results, decomposition temperature has been slightly increased by the increase on

boron content in the adhesive. The thermal stability was enhanced by boron acrylates,

thus, boron acrylate content in a water borne pressure sensitive adhesive may provide

flame retardancy as well as keeping the adhesive and cohesive performance in a line

for several substrate surfaces.
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APPENDIX A : Figures

Figure A.1 : Comparison of shear strength.

75



Figure A.2 : Comparison of tackiness.

Figure A.3 : Comparison of peel strength.
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Figure A.4 : Comparison of shear strength.

Figure A.5 : Comparison of loop tack strength.
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Figure A.6 : TGA results.
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