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DUAL-CURABLE TEXTILE ADHESIVES FOR CORD/RUBBER
APPLICATIONS

SUMMARY

Cord fabric reinforced rubber composites have been widely used in some industrial
applications such as car and bicycle tires, hoses, conveyor belts etc. A good adhesion
between the polar cord fabric and non-polar rubber surfaces is the most crucial factor
determining the product life and quality. In tyre production process, the tyre cord
(polyester, polyamide, etc.) is treated first with a resorcinol formaldehyde latex (RFL)
and then with a terpolymer of 2-vinylpyridine-styrene-butadiene to adhere the cord
onto the rubber surface. This treatment gives a close bonding of tyre cord to rubber
essential in the production of tires. Since the formaldehyde usage causes adverse effect
on human health and environment, its usage has been restricted in many countries.
Some manufacturers tried to use epoxy resin as adhesive instead of formaldehyde in
tyre production. Because of this process is solvent-based, another danger can be seen
resulting from the accumulation of high amounts of solvent in the factory roof which
can cause explosion by the effect of any electrical leakage. Considering the mentioned
tyre production processes and their dangers, a new process is desired without any
formaldehyde and solvent usage.

UV-curing technology became so important and popular recently due to its superior
properties such as instant drying, being ecofriendly and solvent-free process, requiring
less energy and so on. UV-curable coating formulations consist of three basic
components; oligomer, photoinitiator, and reactive diluent. The reactive diluents in the
process help to lower the viscosity of the oligomer and improve the overall structural
properties of the end product. Oligomers are macromolecular complexes that can be
polymerized by photolysis of photoinitiators with the exposure of UV light. Epoxy
acrylate (EA), polyester acrylate, polyurethane acrylate (PUA) are mostly used
oligomers in UV-curable coatings.

In order to reduce the UV energy and increase the polymerization rate, a dual-curable
oligomer having both UV-curable and thermal-curable functional groups in one resin
is desirable such as monoacrylate-terminated EA oligomers. EA oligomers having
vinyl ester groups with carbon-carbon double bonds at the end of the epoxy resin, are
generaly used in industrial applications because of excellent adhesive and non-
yellowing properties, flexibility, hardness, and chemical resistance. The epoxy part
gives toughness to the cured films whilst carbon-carbon and ether bonds give chemical
resistance to the structure. The reaction between epoxy and an acid produces hydroxyl
groups, thereby introducing polarity which can improve the wettability of adhesive.
UV-curable PUASs are formed by the reaction of two chemical species containing an
isocyanate group (toluene 2,4-diisocyanate (TDI), isophorone diisocyanate (IPDI),
etc.) and a hydroxyl group (2-hydroxyethyl methacrylate (HEMA), 2-hydroxyethyl
acrylate (HEA), etc.). The isocyanate groups are responsible for the stiffness and
hardness properties whereas hydroxyl groups give flexibility to the oligomer. PUA
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oligomers are favored due to the excellent chemical resistance, good adherence and
durability, superior thermo-mechanical properties.

The aim of the present thesis work is to develope new types of formaldehyde-free
adhesive formulations that will show a good bonding in textile cord fabric/rubber
composites. In the first stage, bisphenol-A type epoxy was reacted with acrylic acid
(AA) at various molar concentrations. The effects of carboxyl/epoxide ratio and
vinylphosphonic acid (VPA) content on the thermal characteristics and adhesion
properties of coatings were investigated. The obtained EA oligomers were
characterized by Fourier transform infrared (FTIR) and proton nuclear magnetic
resonance (*H NMR) spectroscopies. The completion of photopolymerization was
proven by FTIR analysis by observing the disappearance of acrylate absorption peak
after UV curing. Adhesive formulations were prepared by using the synthesized EA
oligomers and then coated on cord fabrics via dip-coating process. The unsaturated
groups of the oligomer were crosslinked onto the cord fabric by using UV light. The
thermal properties of EA coated UV-cured cord fabric samples were searched by
thermogravimetric analysis (TGA) and differential scanning calorimetry (DSC). After
coating and UV-curing stage, thermal stability increased because of the increment in
carbon amount. The EA layer provided more amorphous structure thus lower melting
temperature values were observed compared to the cord fabric. Scanning electron
microscopy (SEM) images showed that EA coated fiber surface gained a smoother
structure without any agglomeration. Contact angle measurement of the UV-cured
cord surface proved that AA increment in oligomer caused a more hydrophobic
behavior because hydroxyl groups of the acid form hydrogen bonding with the oxygen
atom of the polyester cord fabric. After UV-curing stage, cord fabrics were put
between two styrene-butadiene-rubber (SBR) layers and thermally cured by using heat
and pressure in order to adhere the treated cord surface to the rubber layer. After dual-
curing process, peel test was applied to evaluate the adhesion property of the oligomer.
Peel testing results showed that the best peel strength with 18.0 N/cm has been
obtained when the carboxyl/epoxide ratio was set as 1. The highest acrylate
functionality in the oligomer structure allows more connection point between the
double bonds of SBR during the thermal curing process. When VPA was included to
the adhesion formulation as adhesion promoter higher adhesion strength values were
obtained with flame resistant property. This result can be explained by the flame
retardant property of the phosphorous in VPA inherently. Furthermore, when VPA
amount in the formulation increases, thermal stability and char formation also
increases. ECE washing process and NaOH treatment were applied on cord fabrics
before coating process, in order to increase wettability character of the surface with a
more functionalized property. The highest adhesion strength value (50.8 N/cm) was
recorded in the sample having 10 % VPA in the formulation.

In the second stage of the thesis, bio-based adhesive formulations were designed to
adhere textile cords and rubber. Tung oil (TO) was chosen as a bio-source due to the
high degree of unsaturation compared to other vegetable oils, providing opportunity to
design new oligomeric structures. For the oligomer synthesis, TO was firstly
epoxidized and then reacted with AA. The obtained epoxidized tung oil (ETO) and
acrylated epoxidized tung oil (AETO) oligomers were characterized by FTIR, *H-
NMR spectroscopies, thermal analysis and then applied between the textile cord and
rubber surfaces as adhesive. Contact angle measurement was performed from the
coated UV-cured cord fabric surfaces. Peel test was used to evaluate the adhesion
strength between coated UV-cured cord and rubber surfaces. Results showed that
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thermo-oxidative stability of TO increased after the inclusion of epoxide groups to the
structure. Contact angle values decreased with increasing AETO amount in the
adhesive formulation due to the hydrophilic character of epoxidized free fatty acids.
The highest peel strength values of 26.0 N/cm and 20.5 N/cm were obtained with the
inclusion of 50 % AETO and 75 % VPAMETO to the formulation.

In the last stage of the thesis, dual-curable formaldehyde-free adhesive formulations
were prepared with the reaction of TDI and HEMA and then the obtained PUA
oligomers were included into the formulations by using different types of reactive
diluents. Polyvinyl butyral (PVB) was also included to the formulation as an adhesion
promoter. All oligomers were characterized by FTIR and *H NMR spectroscopies. The
adhesion formulations were applied on cord fabrics upon adhere onto the rubber
surfaces. The effects of PVB ratio, NCO:OH molar ratio, and reactive diluent types on
adhesion strength in cord/rubber composites were all investigated. Results showed that
after coating and UV curing stages, both thermal stability and melting temperature of
the cord fabric decreased due to the inclusion of amorphous regions into the fabric
structure. PVB gives strong binding ability and acts as adhesion promoter in cord
fabric/rubber composites so the peel strength value increases with increasing PVB
amount in the formulation. The best adhesion strength value of 94.7 N/cm was
observed when 5 % PVB was included in the formulation. Trimethylolpropane
trimethacrylate (TMPTMA) and tricyclodecane dimethanol diacrylate (TCDDA) were
used as reactive diluents in the adhesive formulations. The bulky and cyclic nature of
tricyclodecane unit in TCDDA gives to the coating formulation a higher thermal
stability, higher rigidity, with a better peel strength compared to the TMPTMA
included samples. The highest adhesion strength value of 100.4 N/cm was recorded
when TCDDA was used as reactive diluent in the formulation. Considering the
NCO:OH molar ratio in the oligomer, thermal stability, gel fraction, glass transition
and melting temperatures, adhesion strength were all increased whilst swelling degree
and weight loss with chemical exposure decreased with increasing NCO:OH ratio.
This result can be explained by the trimerization reactions and formation of
intermolecular hydrogen bonding resulting a highly crosslinked, three dimensional
structure with less molecular mobility and higher adhesive strength. The highest
adhesion strength of 103 N/cm was obtained when the NCO:OH ratio was set as 4.
Furthermore, TCDDA and TMPTMA were used together as reactive diluent in various
ratios. The adhesion strength was investigated in terms of reactive diluent composition.
Accordingly, the highest adhesion strength value of 111.6 N/cm was recorded in the
sample having only TCDDA as reactive diluent. As mentioned before, this result can
be explained by the increase in surface functionality due to the cyclic, bulky nature of
tricyclodecane units in TCDDA.
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CIFT-KURLENEBILEN TEKSTIL YAPISTIRICILARININ KORD
KUMAS/KAUCUK UYGULAMALARI

OZET

Kord kumasi ile gii¢lendirilmis kaucuk kompozitleri, araba ve bisiklet lastikleri,
hortum, tasiyict bantlar gibi pek cok endiistriyel alanda kullanilmaktadir. Polar
yapidaki kord kumasi ile polar olmayan kauguk ylizeyler arasinda iyi bir yapismanin
olmasi, iiriiniin omriinii ve kalitesini belirleyen en onemli faktordiir. Araba lastigi
tiretiminde kord kumaslar (polyester, polyamit, vb.) kauguk yiizeylere yapistirilmak
amaci ile ilk olarak rezorsinol formaldehit lateks (RFL) ile ve sonra 2-vinilpiridin-
stiren-biitadien terpolimeri ile muamele edilmektedir. Bu islem kumasin kauguk
yiizeye, lastik {iretimi i¢in gerekli olan sekilde yapismasini saglamaktadir. Formaldehit
kullanimi, insan saglig1 ve gevre lizerindeki yan etkilerinden dolayr pek c¢ok tilkede
yasaklanmistir. Bazi iireticiler araba lastigi iiretiminde formaldehit yerine epoksi
recine kullanimini denemislerdir. Fakat bu yontemin solvent bazli olusu, biiyiik
miktarlarda buharlasan solventin tesis i¢inde birikip herhangi bir elektrik kacagi ile
patlamalara sebep olabilecegi ihtimali ile diger bir tehlikeyi beraberinde getirmektedir.
Lastik iiretimindeki bu tehlikeler géz oniinde tutuldugunda, formaldehit ve solvent
icermeyen yeni bir sisteme ihtiya¢ duyulmaktadir.

Son yillarda UV-kiirleme teknolojisi, hizli kuruma, c¢evre dostu olma, solvent
icermeme, daha az enerji gerektirme gibi iistiin 6zelliklerinden dolayr 6nemli ve
popiiler hale gelmistir. UV-kiirlenebilir kaplama formiilasyonlari, oligomer,
fotobaslatict ve reaktif seyreltici olmak lizere ii¢ temel bilesenden olusmaktadir.
Proseste kullanilan reaktif seyrelticiler oligomer viskozitesini diisiirmede ve son
tirtiniin yapisal 6zelliklerini gelistirmede yardimci olurlar. Oligomerler, UV 1smlarinin
etkisi altinda pargalanan fotobaglaticilar varliginda polimerlesen makromolekiiler
yapidaki bilesiklerdir. Epoksi akrilat (EA), polyester akrilat, politiretan akrilat (PUA)
UV-kiirlenebilir kaplamalarda en ¢ok kullanilan oligomerlerdir.

UV-enerji kullanimin1 azaltmak ve polimerizasyon hizini arttirmak amaci ile,
monoakrilat sonlu EA oligomerleri gibi UV ve termal kiirlenebilen fonksiyonel
gruplart ayni anda bulunduran, dual-kiirlenebilir oligomerlerin {iretimi Onem
kazanmaktadir. Epoksi reginenin bir ucunda karbon-karbon c¢ift bagh vinil ester
gruplar1 bulunduran EA oligomerler endiistriyel uygulamalarda, iistiin yapisma ve
sararmama Ozellikleri, esneklik, sertlik ve kimyasal dayanim 6zelliklerinden dolay1
siklikla kullanilmaktadir. Kiirlenen filme epoksi grubu sertlik verirken karbon-karbon
ve eter baglar1 kimyasal dayanim saglamaktadir. Epoksi ve bir asit arasindaki
reaksiyon sonucu hidroksil gruplari olugsmakta, dolayisi ile yapistiricinin 1slanabilirlik
0zelligi polaritenin artmasi sonucu iyilesmektedir. UV-kiirlenebilir PUAlar, izosiyanat
grup (toluen diizosiyanat (TDI), izofron diizosiyanat (IPDI) vb.) ve hidroksil grup (2-
hidroksietil metakrilat (HEMA), 2-hidroksietil akrilat (HEA) vb.) iceren iki farkli
kimyasal bilesigin reaksiyonu ile iretilirler. Oligomerdeki izosiyanat grubu sertlik ve
saglamlik oOzelliklerinden sorumlu iken hidroksil gruplar1 esneklik saglamaktadir.
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PUA oligomerler yliksek kimyasal dayanimlari, iy1 yapisma o6zelligi, dayaniklilik ve
iistlin termo-mekanik 6zelliklerinden dolay: tercih edilmektedir.

Sunulan bu tez ¢alismasmin amaci, tekstil kord kumasi ve kauguk yiizeyler arasinda
iyl bir yapigma gosteren, formaldehit icermeyen yeni tipte yapistirici formiilasyonlari
gelistirmektir. Tezin ilk asamasinda, bisfenol-A tipi epoksi, farkli mol oranlarinda
akrilik asit (AA) ile reaksiyona sokulmustur. Karboksil/epoksit orant ve VPA
miktarinin kaplamalarin termal ve yapisma Ozelliklerine olan etkileri incelenmistir.
Elde edilen EA oligomerler Fourier transform kizilotesi (FTIR) ve proton niikleer
manyetik rezonans (*H NMR) spektrometreleri ile karakterize edilmistir.
Fotopolimerizasyonun tamamlanmasi, FTIR analizi ile, UV-kiirlemeden sonra akrilat
absorpsiyon pikinin kaybolmasini izleyerek ispatlanmistir. Bu EA oligomerler
yapistirict formiilasyonlarina eklenmis ve dip-kaplama ile kord kumas yiizeylerine
uygulanmistir. Oligomer {izerindeki doymamis grup UV ismlart ile kord kumas
tizerinde sertlestirilmistir. EA kapli, UV-kiirlenmis kord kumas numunelerinin termal
ozellikleri termogravimetrik analiz (TGA) ve diferansiyel taramali kalorimetre (DSC)
ile incelenmistir. Kaplama ve UV-kiirleme iglemleri sonrasi artan karbon miktar ile
termal kararlilik artmistir. EA kaplama daha amorf bir yap1 kazandirdigindan, ham
kord kumasa gore daha diisiik erime sicaklik degerleri gozlenmistir. Taramali elektron
mikroskobu (SEM) fotograflari, EA kaplamanin lif yiizeyini aglomere olmadan daha
diizgiin hale getirdigini gostermistir. UV-kiirlenmis kord kumas yiizeyinden temas
acis1 Olglimleri, AA artisi ile, polyester kumas {izerindeki oksijen atomu ve asidin
hidroksil gruplar1 arasinda olusan hidrojen baglar1 sonucu, daha hidrofobik bir yapinin
olustugunu ispatlamistir. UV-kiirlemeden sonra kord kumaslar kauguk ylizeylere
yapistirilmak iizere, iki stiren-biitadien-kaucuk (SBR) tabaka arasina konmus, sicaklik
ve basing uygulanarak termal olarak kiirlenmistir. Cift-kiirleme isleminden sonra,
oligomerin yapigsma 6zelligini incelemek amaci ile yapisma testi yapilmistir. Yapisma
testi sonucuna gore en yiiksek yapisma kuvveti 18.0 N/cm ile karboksil/epoksit orani
1 oldugunda elde edilmistir. Oligomerdeki akrilat fonksiyonel gruplarinin artmasi
termal kiirleme islemi sirasinda SBR’1n ¢ift baglar ile daha ¢ok baglanma noktasi
olusumunu saglamistir. Yapistirict formiilasyonuna, yapismay arttirict olarak VPA
eklendiginde, daha yiiksek yapigma kuvveti degerleri ve fosfor gruplarinin dogasindan
gelen gii¢ tutusur 6zelliginden dolay1 yanma dayanimli yapilar elde edilmistir. Ayrica,
fosforun yapisindan dolayr VPA artisi, termal kararlilik ve kiil oranlarmin artmasini
saglamistir. Yapistiricinin uygulanmasindan 6nce kord kumaslari, daha hidrofilik ve
fonksiyonel 6zellik kazandirmak amaci ile, ECE deterjani ile yikanmis ve sodyum
hidroksit (NaOH) ile muamele edilmistir. En yiiksek yapisma kuvveti 50.8 N/cm
degeri ile % 10 VPA igeren formiilasyonda elde edilmistir.

Tezin ikinci asamasinda, tekstil kordlarmi kaucguga yapistirmak icin biyo-tabanl
yapistirict formiilasyonlart hazirlanmistir. Diger bitkisel yaglar ile kiyaslandiginda,
yeni oligomerik yapilarin dizayn edilmesine olanak saglayan, daha yiiksek
doymamiglik oranina sahip tung yagi (TO) biyo-kaynak olarak tercih edilmistir.
Oligomer sentezi i¢in ilk olarak TO epokside edilmis, sonra AA ile reaksiyona
sokulmustur. Elde edilen epokside tung yagi1 (ETO) ve akrillenmis epokside tung yagi
(AETO) oligomerleri, FTIR, 1H NMR spektrometreleri, termal analiz yontemleri ile
karakterize edilmis, ve daha sonra tekstil kordlar1 ve kauguk yiizeyler arasinda
yapistirici olarak uygulanmistir. Dip-kaplamali UV-kiirlenmis kord kumaslar1 temas
acis1 Olgtimleri ile karakterize edilmistir. Kord kumas ve kauguk yiizeyler arasindaki
yapisma kuvveti yapisma testi ile degerlendirilmistir. Epoksit gruplarin TO yapisina
eklenmesi ile termo-oksidatif kararlilik artmistir. Yapistirici formiilasyonundaki artan
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AETO miktar1 ile, epokside olmus serbest yag asitlerinin hidrofilik yapisindan dolay,
temas agis1 degerleri diismiistiir. En yiliksek yapisma kuvveti degerleri olan 26.0 N/cm
ve 20.5 N/cm, formiilasyona % 50 AETO ve % 75 VPAMETO ilaveleri ile elde
edilmistir.

Tezin son asamasinda, formaldehit icermeyen ¢ift-kiirlenebilen oligomerler, TDI ve
HEMA reaksiyonu ile hazirlanmis ve daha sonra elde edilen PUA oligomerler farkli
reaktif seyrelticiler ile birlikte yapistirict formiilasyonlarinda kullanilmastir.
Formiilasyonlara polivinil biitiral (PVB) yapigsmay arttirict olarak ilave edilmistir.
Tiim oligomerler FTIR ve 'H NMR spektrometreleri ile karakterize edilmistir.
Yapistirict formiilasyonlar1 kord kumasa, kauguga yapistirilmak {izere uygulanmaistir.
PVB miktar, NCO:OH mol oran1 ve reaktif seyreltici tiiriiniin, kord ve kauguk
yiizeyler arasindaki yapisma kuvveti iizerine olan etkileri incelenmistir. Dip-kaplamali
UV-kiirlenmis kord kumaslarin, termal kararlilik ve erime sicakliklari, kaplama
sonrast amorf yapilarin ilavesi nedeni ile diismiistir. PVB, giiclii bir baglanma
yetenegi vererek, kord kumas ve kauguk yiizeyler arasinda yapismayi arttirict olarak
rol almistir. Formiilasyondaki PVB miktar1 arttikga yapisma kuvveti artmistir. En
yiiksek yapisma kuvveti olan 94.7 N/cm degeri, formiilasyona % 5 PVB ilavesi ile elde
edilmistir. Trimetilolpropan trimetakrilat (TMPTMA) ve trisiklodekan dimetanol
diakrilat (TCDDA) formiilasyonlarda reaktif seyreltici olarak kullanilmistir.
TCDDA’daki trisiklodekan grubunun hacimli ve halkali yapisi, yapistirict
formiilasyonuna, TMPTMA igeren numunelere gére daha yiiksek termal kararlilik,
sertlik ve daha iyi yapisma kuvveti degerleri saglamistir. En yiiksek yapisma kuvveti
olan 100.4 N/cm degeri, reaktif seyreltici olarak TCDDA kullanildiginda elde
edilmistir. Oligomerdeki NCO:OH mol oraninin etkisi incelendiginde, NCO:OH orani
arttikca, termal kararlilik, jel fraksiyonu, camsi gecis ve erime sicakliklari, yapisma
kuvveti artmis, sisme derecesi ve kimyasal ¢ozeltiye maruziyet sonucu agirlik kaybi
degerleri azalmistir. Tiim bu sonuglar, trimerizasyon reaksiyonlari sonucu olusan
molekiiller aras1 hidrojen baglarinin, yiiksek capraz baglanmis, {i¢ boyutlu, diisiik
molekiiler hareketlilige sahip, yliksek yapisma kuvveti gosteren yapilarin olugsmasi ile
aciklanabilir. En yiliksek yapisma kuvveti olan 103 N/cm degeri, NCO:OH mol orani
4 oldugunda elde edilmistir. Ayrica, TCDDA ve TMPTMA reaktif seyrelticileri farkli
oranlarda karistirilarak da yapistirict formiilasyonlarina eklenmis, yapisma kuvveti
incelenmistir. Buna gore en yiiksek yapigma kuvveti degeri olan 111.6 N/cm reaktif
seyreltici olarak tek basina TCDDA kullanilan formiilasyonda elde edilmistir. Bu
sonu¢ daha once belirtildigi gibi, TCDDA igerisinde bulunan hacimli ve halkali
gruplarin ylizey fonksiyonelligini arttirmasi sonucu kord kumas/kauguk arasindaki
etkilesimin artmasina ile agiklanabilmektedir.
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1. INTRODUCTION

Textile cords are used as textile reinforcements for rubber products, primarily in
automotive industry and especially in the tyre production industry. Other usage areas
of textile cords are vehicle tyres, hoses, conveyor belts, airsprings etc. The main raw
materials of cord fabrics are polyamide, polyester, aramid and rayon. First stage of
cord fabric production is twisting of raw yarns as single or multi layers. Second stage
is weaving of these twisted yarns by using fine weft yarns. Finally, the obtained cord
fabric in this manner is applied hot stretching process and then treated by some

chemicals in order to gain desired properties suitable for its usage areas.

Vehicle tyres are multi-component, composite materials consisting of cord fabric,
rubber and an adhesive. The performance of the adhesive material that is used to bond
cord and rubber together, directly affects the tyre quality. For this reason, academic
researches to obtain the best adhesion degree with the most effective production stage
have gained so much importance recently.

1.1 Purpose of Thesis

Conventional tyre production process contains some risks such as excessive amount
of formaldehyde and solvent evaporation process. The objective of the present thesis
work is to develop new types of formaldehyde-free adhesive formulations, which have
a strong bonding ability between the textile cord and rubber material. For this purpose,
epoxy ester oligomers were synthesized by using various acids such as acrylic acid,
vinylphosphonic acid and fatty acids of tung oil. Polyurethane acrylate oligomers were
synthesized in various NCO:OH molar ratio with the inclusion of PVB as adhesion
promoter and different types of reactive diluents. The obtained oligomers were
included in adhesive formulations, coated on textile cords via dip-coating, and then the
adhesives were cured between cord/rubber surfaces by using UV and thermal energy.
Spectroscopic analysis, physical characterization techniques, and peel test were
applied to evaluate the adhesive properties and performance. This type of adhesive has

dual-curable character due to the presence of both UV- and thermo-curable functional



groups on its backbone. This dual-curable adhesive is newly born in literature, and just
a few studies have been made about it. In this thesis work, the targeted adhesive will

be the first that is used to bond textile cords to rubber surfaces.

1.2 Literature Review

The adhesion strength of rubber composites reinforced with textile cord fabrics is one
of the deterministic properties for the vehicle tires quality and performance. RFL
dipping formulation is widely used to adhere the cord onto the rubber surfaces [1, 2].
Since the formaldehyde usage causes adverse effect on human health and environment,
its usage has been restricted in many countries [3-5]. Thus, a formaldehyde-free
adhesive system is needed in the tire industry.

UV curing is a photochemical process in which high-intensity ultraviolet light is used
to instantly “harden” or “dry” inks, coatings or adhesives. UV-curing can be classified
into two major types; free radical and cationic. Free radical polymerization of acrylate
functional resins is more common than cationic. Cationic polymerization involves the
formation of Bronstead or Lewis acid during the UV initiation step, and then this acid
polymerize such functionalities as an epoxide or vinyl ether. UV curing formulation
consists of reactive oligomers, reactive diluents, and photoinitiators. The reactive
diluents in the process help to lower the viscosity of the oligomer and improve the
overall structural properties of the end product. Oligomers are macromolecular
complexes that can be polymerized by photolysis of photoinitiators with the exposure
of UV light. Commonly used oligomers are epoxy acrylates, polyester acrylates,
urethane acrylates, and silicone acrylates. Liquid monomers and oligomers are mixed
with a small percent of photoinitiators, and then exposed to UV energy. In a few
seconds, the products - inks, coatings or adhesives instantly harden. In UV curing,
there is no solvent to evaporate, no environmental pollutants, no loss of coating
thickness, and no loss of volume. This results in higher productivity in short time, with
a reduction in waste, energy use and pollutant emissions. The other advantages of UV-
curing are good adhesion to various substrates, high curing rate, controlled elasticity,

and high stability at storage [6, 7].

In order to reduce the UV energy and increase the polymerization rate, a dual-curable
oligomer having both UV-curable and thermo-curable functional groups in one resin

is desirable such as monoacrylate-terminated epoxy oligomers. By changing the



equivalent ratio of acid and epoxy groups, it is possible to obtain monoacrylate-
terminated EA with only one double bond at one end, while the other end has an
epoxide group. Thus, a monoacrylate-terminated epoxyacrylate can be prepared,

allowing both UV and thermal curing (dual-curing) processes [8-12].

EA oligomers having vinyl ester groups with carbon-carbon double bonds at the end
of the epoxy resin, are generally used in industrial applications because of excellent
adhesive and non-yellowing properties, flexibility, hardness and chemical resistance.
The epoxy part gives toughness to the cured films, whilst carbon-carbon and ether
bonds give chemical resistance to the structure. The reaction between epoxy acrylate
and an acid produces hydroxyl groups, thereby introducing polarity which can improve
the wettability of the adhesive. A number of studies have been made considering the
epoxy acrylate usage for various adhesive applications. For instance, a dual-curable
oligomer for liquid-crystal display (LCD) cell assembly, containing both double bond
and epoxide group on the same molecule (monoacrylate-terminated epoxyacrylate),
from the reaction of AA and diglycdylether of bisphenol-A (DGEBA) was
synthesized. The reaction of AA and DGEBA catalyzed by triphenyl phosphine (TPP)
in the temperature range of 60-120 °C [11, 13]. The adhesion strength on glass
substrate for the UV-induced epoxies containing various monomers such as polyol,
vinyl ether, and acrylate has been investigated. Additionally, the reactivity of the
hydroxyl groups on the polymer chain and its effect on adhesion strength have been
evaluated [14]. In another study, to develope a cycloaliphatic diepoxide crosslinkable
acrylic latex coating; methylmetacrylate (MMA) for carboxyl functionality, HEMA
for hydroxyl functionality were used, respectively. The crosslinking of the latexes with
the diepoxide was catalyzed by using sulphonic or phosphonic acids [15]. A series of
dual-curable adhesives was prepared by blending bisphenol A type methacrylate,
glycidyl methacrylate, acrylic acid, a trifunctional monomer, a photoinitiator and a
catalyst. The reaction was performed between these monomers to form a crosslinked
structure wherein the epoxy groups reacted with the carboxyl groups in the presence
of UV and thermal stimuli [16].

In literature, the effects of HEMA and NCO:OH ratio on the mechanical and
physicochemical properties of UV-curable isophorone diisocyanate-based
polyesterurethane methacrylates have been reported. Results have showed that an
increase in NCO:OH ratio and HEMA percentage improves the hardness, thermal



stability, and tensile strength due to the increase in crosslinking density and
intermolecular interaction [17]. The effects of acryl-polyol concentration and
NCO:OH ratio on the gelation process and micro-phase separation of polyurethane
gels have also been investigated. A high NCO:OH ratio increases the formation of
Isocyanurates that act as crosslinking points, resulting in a higher gelation temperature
[18]. Another study finds that swelling of the natural rubber/polyurethane block
copolymers decreases with increasing NCO:OH ratio due to the formation of
allophanate linkages with the help of the excess isocyanate groups [19]. The effects of
NCO:OH ratio of polyurethane polyester elastomer [3], and castor oil based
polyurethane [20] adhesives in wood-to-wood adhesion strength have been also

discussed.



2. THEORETICAL PART

2.1 Tyre Industry

The first tyre was manufactured by John Boyd Dunlop in 1888 by using the Irish flax
as reinforcing component. In 1923, rayon fiber was started to be used as fiber layer in
tyres. Tyres have a great industrial importance since they represent a connection
between the car and the road. They must be durable under extreme conditions during
their lifetime and provide dimensional stability with a low rolling resistance. They
must absorp minimum noise and vibration while transmitting the driving and braking
torque. The quality of a tyre can affect driving comfort and safety, and it is also
effective on fuel saving. A simple tyre consists of 19-25 different components with up
to 200 raw materials and a perfect combination amoung the tyre components is needed
for a high quality tyre. The basic components of a tyre can be seen in Figure 2.1. The
tyre tread gives abrasion resistance to the whole tyre and the casing. The steel belt
serves protection to the plies and transfers the stress from the steel to the fabric
components and side wall. The side wall protects the ply with an excellent weathering,

tearing, abrasion, ozone, and fatigue resistances [21-26].
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Figure 2.1 : Basic components of a tyre [22].
2.1.1 Rubber chemistry

Rubbers are long and regular macromolecular chains with small substituents in
spatially orientation. They show reversible deformation behavior namely elastic
deformation under external forces. The deformation ratio depends on the backbone
structure and molecular weight of the rubber. The structural units of rubber are easily
movable even at low temperatures due to having low glass transition temperatures. For
instance poly-cis-1,4-butadiene and poly-cis-1,4-isoprene have glass transition
temperatures (Tgy’s) around -110 and -70 °C, respectively. The Tg value increases with
increasing the irregularity in polymer chain (trans-1,4, 1,2 3,4 positions) and
implementation of large pendant groups (styrene-butadiene-rubber). Rubber is
converted into three-dimensional network via curing during the vulcanization process.
Rubbers can be made by natural vegetable sources that is called as natural rubber latex
or can be man-made such as butadiene rubber, styrene-butadiene rubber, isoprene
rubber, chloroprene rubber, ethylene-propylene rubber, epichlorohydrin rubber,

silicone rubber, polysulfide rubber etc.

Rubber can be participated in chemical reactions due to the presence of some reactive
functional groups which allow to be modified by some chemical species. For instance,
natural rubber latex has been epoxidized with the presence of performic acid and then

in-situ polymerization reaction of methyl methacrylate monomer has been performed



on the rubber surface. The obtained modified natural rubber latex films can be used in
glove, balloon, and tubing manufacturing processes with a better surface roughness
and less friction coefficient values [27]. The adhesion properties of sulphur-vulcanized
styrene butadiene rubber have been improved by modifying the surface atmospheric
pressure plasma treatment [28]. The surface of the ground rubber tire, that were
generated from recycled car tires, has been modified by bulk polymerization of AA in
order to be used in paving applications as asphalt binder [29]. Natural rubber surface
has been epoxidized in order to obtain a self-healing property which is important for
ballistic applications [30]. The rubber reactions can be also performed during the
vulcanization (curing, crosslinking) process via the unsaturated double bonds on its
structure. The unsaturated double bonds in both their cis- and trans-1,4 structural units
in polymer backbone and situated in 1,2 positions (pendant vinyl groups) allow the
chemical reactions. Double bonds in pendant groups are more reactive in radical
reactions whilst double bonds in cis- and trans-1,4 positions are more reactive towards
halogens, oxygen, sulphur, and peracids. Double bond reactivity in trans-1,4 position

is lower than cis-1,4 position [31].
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Figure 2.2 : Structural units of SBR.
2.1.2 Textile cords

Textile cords are being used in tyre industry to give dimensional stability to tyres, to
reinforce the rubber compound, and to provide strength for heavy loads. Cords can be
made from polyester, nylon, aramide, rayon yarns with high twist values in various
fiber amount per cross section of yarn. The cord properties can be changed by the raw
material of the cord, the number of plies and twist value of the yarn. Nylon gives a
very good fatigue resistance and high toughness with a high tenacity due to its highly
crystalline regions. Aramid fiber gives a very strong reinforcement to tyres, rubber
hoses, and belts however they show very low elongation at break values. Polyester

shows a good physical combination with high strength, low shrinkage, high modulus,



and a good extensibility with a most competitive price for rubber industry. Rayon
shows a high initial modulus with a wide range of testing temperature (30-70 °C).
Some properties of textile cord fibers with their historical data can be seen in Table
2.2 [21, 32].

Table 2.1 : Properties of textile cord fibers with their historic data [21].

. . Aramid
Polyester Polyamide Polyamide F\’_ayon (Aromatic
6 6.6 (Viscose) .
polyamide)
T, (°C) 69 50 57 - >300
T (°C) 285 255 255 - --
T4 (°C) - - - 210 500
Moisture Content 0.4 4 4 12-14 1.2-7
(%)
E-Modulus 850 300 500 600-800 4000
(cN/tex)
Tensile Strength 1100 850 850 685-850 2750
(MPa)
Introduction in
Tyre 1962 1947 1947 1938 1974
Reinforcement

(Tg Glass transition temperature, Tm Melting temperature, Tq Decomposition
temperature)

2.1.3 Functionalization of textile surfaces

Adhesion is a phenomenon in textile materials/rubber composites due to the inherent
non-polar property of textile surfaces and lack of the desired functionality. Surface
functionalization of textile fibers has great importance since it determines the fiber-
matrix interaction strength, and effects the chemical, mechanical, and physical
properties of the composite. Textile surfaces should be functionalized with various
techniques in order to gain some specific properties such as antibacterial,
hydrophobic/hydrophilic/oleophobic, electrically conductive, flame resist properties
etc. Functioanlity of a surface illustrates the number of groups that are suitable for
bonding to other molucules under proper conditions. There are several ways to give
the desired functionality to a textile surface. These techniques can be seen in Figure
2.1 [33-35].
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Figure 2.3 : Basic surface functionalization techniques in textile industry.

In literature, textile surfaces can be modified by aqueous solutions such as acids,
alkaline, enzymatic, and isocyanate or by grafting some chemical species such as
polyacrylic acid to the surface [36-39]. In a previous study, concentrated NaOH
solution was used to functionalize the surface of poly(ethylene teraphthalate) (PET)
films, in order to be used for cell proliferation via layer-by-layer assembly of chitosan
and chondroitin sulfate (CS). Accordingly, the adhesion of endothelial cells onto the
CS/chitosan assembled PET layers increased with increasing alkali treatment time
[40]. The effect of cutinase enzyme and NaOH solution on the modification of
amorphous and crystalline PET films have been also discussed and compared. FTIR
spectroscopy and contact angle testing have been used to characterize the samples.
Changes in peak intensities and carbonyl stretching peak areas have the evidence for
alkali treatment. According to the contact angle testing, hydrophilicity of the surface
was affected by alkali treatment more than enzymatic treatment. FTIR spectroscopy
proved that conformational arrengement and chain orientation were affected by both
enzymatic and alkali treatments [36].

In plasma treatment, textile surfaces are exposed to gas plasmas such as Ar, He, No,
COg, Oz etc. in various pressure, power, and time conditions to form radical sites on
the surface [41]. Plasma treatment in N2 atmosphere on polyester cord fabrics has been
slightly improved the adhesion property of cord/rubber surfaces [42]. Aramid fiber
surfaces have been modified by atmospheric air plasma technique with various plasma
processing parameters. Application of the plasma treatment has improved the

wettability and surface roughness of the fibers. Pull-out forces with the rubber matrix



have been increased after plasma treatment [43]. Polypropylene nonwoven fabrics
have been treated by low-pressure oxygen plasma in various plasma discharge power
and exposure times, in order to see the changes in wettability and peel strength of the
fabrics. Due to the formation of polar groups on the fabric surface, and the surface
cleaning effect with plasma, the wettability property has been increased after plasma
treatment. The functional reactive hydroxyl groups formed by plasma, may caused
formation of covalent bonding with the isocyanate groups of polyurethane coating
resulting in a better peel strength [44]. The advantages of plasma process are a being
solvent free process and not having any chemical waste. In corona discharge process,
an electrically induced stream of ionised air bombards the textile surface to form
functional groups. Textile surfaces can also be modified upon UV irradiation in
various wavelengths and flame treatment by burning the surface with reactive oxygen
under ionised air. Sol-gel technique is also one of the most important one that consists
of hydrolization of silica, application of the sols, and curing steps. Sol-gel can be
applied with the combination of some textile finishes having different properties such
as antiwrinkle, self cleaning, UV protection, controlled released, antistatic properties
and so on [34].

2.1.4 Cord/rubber composites

Cord fabric reinforced rubber composites have been widely used in some industrial
applications such as conveyor belts, hoses, car and bicycle tires, membranes etc.
Considering the industrial applications of cord/rubber composites, adhesion between
the two components is the most crucial factor, determining the product life and quality
of the material. The modulus, elongation and polarity of both cord and rubber surfaces
are completely different that means the adhesive material is so important. In literature
anumber of studies have been made regarding the adhesion issue between cord/rubber.
Furthermore, the fatigue behaviors of cord/rubber composites have been investigated
in terms of the material composition, after exposure to the various temperature, stress,
and strain conditions [45]. The adhesion methods for cord/rubber composites can be
seen in Figure 2.3. Cord fabrics have been treated by some chemical formulations such
as RFL [1, 46, 47], cobalt boron acrylate [48], hydrated silica-resorcinol-
hexamethoxymethylmelamine [49], prior to the adherence onto rubber surfaces [2, 50-
53]. For instance, aramid cord fabrics have been treated with an epoxy-amine based
oily finish and RFL dipping system prior to the adhesion to rubber [54]. A bonding
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combination of resorcinol formaldehyde, hexamethylene tetramine, and hydrated
silica has been used to adhere nylon cord fabrics to the nitrile rubber [55]. Nylon cord
fabrics have been also treated with RFL then adhered to the rubber in various
vulcanization temperatures [1]. All these works represent formaldehyde usage in the
process that has the potential to cause some health and environment related problems
because of its toxicity. Therefore, preparation of formaldehyde-free adhesive

formulations for cord fabric/rubber composites is crucial for tire industry.

Very few studies have been reported on the synthesis of dual-curable epoxyacrylate
[11, 13, 16, 56, 57] and there was no research considering their application between
textile cords and rubber surfaces as an adhesive. Therefore development of
formaldehyde free adhesive formulations for cord/rubber application seemed as an

innovative approach for tire industry.

Resorcinol
Formaldehyde Resin

Styrene Butadiene

Dip Coating Vinylpyridine Latex

Isocyanate or Epoxy
Treatment
Cord/Rubber

Adhesive Systems
Hydrated Precipitated

Silica

Resorcinol

Rubber Compounding Formaldehyde Resin

Hexamethoxymethyl-
melamine

Figure 2.4 : Adhesion methods for cord/rubber surfaces.

The RFL system is the most widely used dipping solution in tyre industry. Resorcinol
and formaldehyde helps bonding to the cord whilst latex bonds to the rubber surface
during vulcanization. During the RFL treatment, resorcinol is dissolved in water and
then formaldehyde and sodium hydroxide are added to the solution as condensation
catalyst to form methanol groups (resole). Finally, latex is introduced to the solution.
The cord fabric is immersed into the RFL solution and then passed through an oven
under tension for curing of the coating material and drying of the solvents. The
formaldehyde/resorcinol ratio, pH of the solution, resin/latex ratio, and the

vulcanization temperature are variables of the RFL treatment that are effective on the
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adhesion strength of cord/rubber composites. The drawbacks of RFL treatment is being
a multistep processing, which is costly and time consuming, and using toxic chemicals
(formaldehyde) in the process [52, 58]. Hydrated precipitated silica is used as
inorganic filler in rubber compounding in order to improve the cord/rubber adhesion
and to reinforce the composites. Hexamethoxymethylmelamine is also used in
cord/rubber adhesion systems as methylene donors that can be reacted with the
resorcinol compound [32].
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Figure 2.5 : The RFL dipping structure and covalent bonding between
resole/polyamide molecules [21].

2.2 Adhesives for Textile Industry

Textile fibers are made from either natural sources (cotton, wool, silk, etc.) and
chemical sources (polyester, polyamide, aramide, viscose, etc.). These fibers are being
used in various industries such as automobile, aerospace, apparel, filtration, sports,
geotextiles, furniture industry etc. Adhesion phenomenon of textile fiber onto a
different surface is important to design high perfromance products. In textile based

products, besides holding substrates together, adhesives, can also be used as a sealant,
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coating material, insulator, vibration damper, or a gap filler. Textile adhesives play an
important role in manufacturing of lightweighted swimwears, protective clothings for
fire-fighters and military applications, hot air baloons and so on. Adhesives in textile

industry should present additional properties such as;
v Improvement in textile handling (wearable textiles),
v Water/vapor/air permeability (sportswear),
v Resistance to washing/dry cleaning,
v Tear and abrasion resistance (parachute materials),

v' Barrier properties againist liquids/noise (rainwear clothes, automotive
industry),

v’ Sterilization (medical textiles),
v Flame retardancy (furnitures, interior) [59].

Durability of a joint depends on several factors such as type of the adhesive, chemical
and physical aging, moisture/temperature of the environment, curing conditions,
surface treatment of the adherents, the amount and the application time of the load etc.
All these variations should be considered while determining the adhesion performance
[60].

Textile materials and all any types of adherent surfaces should be cleaned prior to the
adhesion process. More than trace amount of dirt, grease, or any impurities may cause
loss in adhesion strength and performance. Some pretreatments (chemical washing,
flame treatment, corona, plasma) can be applied to the adherents before the adhesive

application process.

Flexibility is one of the other problems in textile-based adhesion systems. Textile
materials are inherently flexible so the interaction between the textile surface and

adhesive material must be durable to any deformation.

The hydrophilicity of textile fibers (cotton, nylon, etc.) is the other problem that can
affect the adhesion performance negatively. Textile fibers can absorp water/moisture
from the atmosphere/environment resulting a dimensional change (swelling or
shrinkage). This dimensional changes increase the stress on adhesion bonding so

decrease the adhesion strength [59].
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Textile adhesives can be classified based on the adhesive type. Solvent-based
adhesives present high bonding strength and durability with a wide range of
formulation selection. During the evaporation of solvent, large amounts of
combustible gases can be accumulated in plants and may cause explosions.
Waterborne adhesives are inexpensive comparing to the solvent-based adhesives. But
evaporation of water requires high energy and time as well as it is not cost effective.
Thermoplastic hot melt adhesives (polyamide, polyester, etc.) show instant bonding
and require low energy usage. But specially designed equipments are needed for the
application of the hot melts. Reactive liquid adhesives (polyurethane, etc.) are also
needed low energy meanwhile they are expensive and require long curing times [59].

2.2.1 Adhesion theory

When two different surfaces come into contact, some attraction forces may occurred.
If the contact is in molecular scale, there will be adhesion between these surfaces.
Adhesion can be understood well with the knowledge of thermodynamic theory of
wetting and spreading. Adhesives must present two different missions together; first
they should wet the contacted surface and secondly they should make some bondings
with the surface by hardening. Superhydrophobic surfaces show non-wetting and
slippery properties against liquid droplets that is caused by air entrapment into the
surface pores. This state is called as “Lotus effect” and is useful for some application
areas such as biotehnology, micro/nano devices, self-cleaning surfaces, anti-icing,
hydro-dynamic friction reduction etc. However, in some surfaces, liquid droplets do
not roll off and they get pinned on the surfaces by wetting it. These kind of sticky
surfaces are important in coating/adhesive applications, ink-jet printing, microfluidics,
textile finishes etc. The liquid droplet behavior onto the surfaces can be investigated
either by measuring the contact area between the droplet and surface (by means of
contact angle) and by observing the effective contact length. Three interfacial energies
can be seen in Figure 2.6 when a liquid droplet takes place on a surface; solid-liquid
(SL), solid-vapor (SV), and liquid-vapor (LV). A high solid-vapor energy in other
words a low © angle, causes wetting of the surface, whilst a low energy with a high ©

angle means a non-wetting surface, respectively [61-63].
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Figure 2.6 : Liquid droplet onto a surface with three phases (S, solid; L, liquid; V,
vapor) [63].
The type of adhesion between the adhesive and the substrate can occur by various
types such as mechanical interlocking, diffusion, electronic bonding or chemically.
The interaction type in a system depends on the roughness of surface and chemical
structure of the adhesive. Due to the highly porous structure of textile surfaces,
adhesive material can easily penetrate into the fabric pores, resulting an increment in
interfacial contact area. When the adhesive material solidifed/cured, a mechanical
locking between the adhesive and surface is occurred. The adhesive strength is the
function of interfacial area and mechanical locking. An optimum adhesive penetration
is needed to achieve a high adhesive strength since the penetration limits the fiber

movement so decreases the strength and makes the textile surface rigid [59, 64].

“Wetting” in other words “the extent of the surface coverage” can be defined by the
value of the contact angle of a liquid on a solid surface. A low contact angle (lower
than 90°) refers to a high wettability whilst a high contact angle (higher than 90°)
means poor wettability. A poor wetting causes interfacial defects consequently lowers
the adhesive strength. Whereas a good wetting increases the work of adhesion that is
directly proportional to the interfacial interactions. When the contact angle between
the coating liquid and surface is zero, it means the coating liquid spreads out onto the

surface completely and forms a film [62, 65-67].

The adhesion strength between the coating layer and substrate increases whenever the
surface roughness increases. This result is stemming from the wetting effect of the
coating liquid by penetrating through the surface and filling all grooves and pores. The
wetting effect of a coating liquid with poor and good wettabilities can be seen in Figure
2.7. As mentioned before the penetration of the coating liquid cause mechanical
locking because of the high interface area resulting an interlayer adhesion. The other

properties that are effective on penetration except wetting are as follows; viscosity of
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the coating liquid, structure of the surface, temperature, pressure and type of the
coating method. The fabric structural properties of openness, yarn/fiber fineness,
surface finishes, roughness directly affect the wettability and penetration of the coating
layer, thus affect the adhesion. Additionally, weak mechanical strength of the coating
layer and big differences in thermal shrinkage between the layers cause decline in
adhesion strength [66].

E:.'Sudam ooy : : Surace % S

(@ (b)

Figure 2.7 : Drops of the coating liquid with (a) poor wettability, (b) good
wettability [66].

The adhesion theory can be described as several interactions between the adherents.
These are; chemical bonding, mechanical interlocking, physical adsorption, diffusion,

electrostatic interactions, and weak boundary layers [59].

2.2.2 Chemical bonding

Chemical bonding (60-700 kJ/mol) includes the chemical reaction of functional groups
(hydroxyl, carbonyl, isocyanate etc.) in both substrate surface and adhesive material.
Covalent, ionic, hydrogen bondings and Lewis acid-base interactions are the types of
chemical bondings (Table 2.3). The term of “chemisorption” can be used for chemical
bonding due to the combination of adsorption first following by the chemical reaction
[59, 61].

Adhesiv

E- Chemical
bonding

Substrate

Figure 2.8 : Adhesion by chemical bonding [68].
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Table 2.2 : Energies of typical chemical bonds [61].

Type of Chemical

Bonding Energy (kJ/mol)
Cc-C 368
C-0O 377
Covalent Bond C-N 291
Si-O 368
Na*CI- 503
lonic Bond APRTO* 4290
Ti*0* 5340
-OH....OH
(methanol) 32+6
-OH.....0=C- (Acetic
Hydrogen Bond acid) 30+2
-OH...... N (Phenol-
trimethylamine) 3542
Lewis Acid- BF3+C2Hs0C2Hs 64
Base CeHsOH+NH3 33

2.2.3 Mechanical interlocking

Mechanical interlocking occurs via penetration of the adhesive material into the micro-
voids of the adherents. So, after the curing of adhesive, adherents are bonded together
mechanically. Surface roughness and irregularity of the adherents are the key factors

for an effective mechanical interlocking interaction [59].

Mechanical intertocking
Substrate

Figure 2.9 : Adhesion by mechanical interlocking [68].

2.2.4 Physical adsorption

During the physical adsorption, after the molecular contact of the adherents, adhesive
molecules adsorp some molecules from the adherent surface via van der Waals forces.
Dipole-dipole interaction is a kind of van der Waals forces with a low energy (>2
kJ/mol). Molecules having permanent dipoles show stronger van der Waals forces.
Molecular contact so as wetting is needed for physical adsorption interaction. In order
to achieve a good wetting property, the surface energy of the adherent should be high

and the surface tension of the liquid should be low [59, 61].
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Figure 2.10 : Adhesion by physical adsorption [68].
2.2.5 Diffusion

In diffusion theory, the adhesive and adherent should be both polymeric and
chemically compatible. Diffusion interaction takes place via the interdiffusion of the
movable long-chain molecules between the adherent and adhesive material usually in
a molten form. The schematic presentation of interdiffusion can be seen in Figure. The
interdiffusion of polymer chains is affected by the physical form, time, temperature,
and chemical properties [59].

Interdiffusion

Substrate

Figure 2.11 : Adhesion by interdiffusion [68].
2.2.6 Basic components of adhesive formulations

The main component of an adhesive formulation is the resin that provides the main
structural and chemical properties. Catalysts/hardeners are added to accelerate/initiate
the chemical curing process. In order to prevent side reactions, inhibitors are used.
Solvents are used in adhesive formulations in order to increase the wettability of the
fabric by lowering the viscosity of the resin. Thickeners provide increment in
formulation viscosity. Reactive diluents act like solvents in adhesive formulation in
lowering the viscosity but diluents do not evaporate instead they participate into the
crosslinked resin structure by affecting the end product properties. Fillers are added to
enhance specific properties of the end product such as flame retardant, coloring agent,
durability, etc. Plasticizers provide flexibility to the adhesive system. Tougheners for
toughness and tackifiers for self-adhesion are also added to the adhesive formulation.
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Surfactants and wetting agents help to achieve a better dispersion of fillers and wetting
property [59].

2.2.7 Adhesive application methods

A coated fabric can be accepted as a composite or hybrid textile. It means that hybrid
textiles can provide functionality which cannot be performed by just a single
component. Hybrid textile materials can be produced by using wide range of materials
and processing methods for numerous structures with specific performances.

“Coating” is one of the best known technique to produce hybrid textiles [69].

The textile surface needs to be clean before the coating process, because any surface
contamination changes the surface characteristics thus affects the adhesion.
Scouring/washing processes should be applied on textile surface before coating for
removal of unwanted contamination. Furthermore, textile materials should be
stabilized under a temperature higher than processing temperature in order to prevent
shrinkage-related problems as a result of mechanical stress, heat, moisture and
pressure during the coating process.

Coating process gives fabric surface some unique properties, that cannot be provided
by using just fabric layer, including impermeability, flame retardancy, barrier,
antistatic, antibacterial and insulation properties, conductivity, printability etc. Coated
fabrics are used in a wide range of areas such as medical, apparel, automotive,
architectural, ecological, agricultural textile applications, packaging materials and in
synthetic leather. Adhesives are applied between the subtrates during coating process
in order to provide good adhesion. The adhesive material should be compatible with
the fabric layer and coating process. Selection of the coating process can be carried
out considering several factors such as cost, production rate, environmental impacts,
material properties, viscosity of the coating liquid, versatility etc.[69, 70]. The main
coating techniques that are used in industrially and laboratuary scaled are explained
briefly below.

Dip coating (impregnating) is the simplest amd most widely used coating method in
textile industry. It is widely used to form very thin films onto the textile surfaces. The
coating performance mainly depends on coating liquid, surface and process variables

such as substrate and applicator, geometry, viscosity and surface tension of the coating
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liquid, coating velocity, surface roughness, wettability of fiber etc. For instance, a
coating liquid with higher viscosity yields a thicker film on the surface [66].

In blade coating process, an excess of coating material is applied to the surface and the
desired coating thickness is set and controlled by a metering blade. The blade is
positioned above the surface and touches to the subtrate. The process variables are the
shape and sharpness of the blade, alignment angle, and the degree of blade depression

into the surface.

In air knife coating process, instead of a blade, excess coating material is applied to

the surface and blown off by an air jet located on the air knife.

In metering rod coating process, the amount of coating material is controlled by a wire
wound metering rod. Excess coating material is removed by a rod thus only the desired
amount of coating liquid can pass through the wires. This method gives a precise
coating thickness at relatively low cost. Rod coating method works best with coating
liquid having low viscosity, because of the ease of flow between the wire levels. The
process variables are surface speed and tension, metering rod rotation and penetration,

coating liquid viscosity, wire shapes etc.

In transfer coating process, the coating material is first applied to a silicone release
paper and then dried. The obtained paper passes through the laminating rollers together
with the substrate by means of heat and pressure. After coating, the paper release peels
away from the subtrate. The main advantage of this method is to obtain smooth and

flexible coated fabrics.

Roll coating is the most well-known method in coating industry, and it can be
catergorized according to the some variations such as the number, surface shape and

rotating direction of the rolls.

In engraved roll coating method, the engraved roll is partially positioned in the coating
bath. As it rotates, the coating liquid fills into the graves and is being carried by the
engraved roller to the back-up roller. A doctor blade, that is existing upon the engraved

roll, helps to remove the excess coating liquid from the surface.

Screen coating method can be mostly used in electrical applications and interlining
production for textile fabrics. It provides an exact coating thickness and patterns even
for the delicate surfaces. The coating material is applied through a mesh screen with

squeezing roller. The coating properties can be changed by the screen mesh number,
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squeeze pressure, the angle between blade and the screen, viscosity of the coating

material.

In the extrusion coating method, thermoplastic resin or reactive adhesives are fed
directly to the surfaces. A wide range of coating thicknesses can be obtained by
extrusion coating. The coating quality depends on the shape and contact angle of the
lip, the position and pressure of the die, flow rate, melt temperature, compatibility
between the coating layer and surface, speed of the coating line and the temperature of

the coating roll.

In curtain coating method, the coating liquid freely falls onto a moving subtrate
without any pressure or penetration force. The film thickness is in the range of just a

few microns and does not affected from the surface roughness.

The powder coating method is an environmentally friendly process since it does not
contain solvent, it forms just a few waste chemicals. It is also energy saving method
because of no drying is existing. Solid powders are added to a fluidized bath, and the
substrate passes through this bath. The solid powders are adhered to the subtrate with
the help of electrostatic charges or pre-heated surface line. Sometimes the powder
coating onto the substrate can be performed by means of an engraved roller.

The mostly used spray coating method is compressed air vaporization in which the air
and coating material are pressed out through a nozzle. In this method a uniform coating
thickness cannot be achieved but it can be applied even onto the irregular shapes. The
other common spray coating methods are; airless pressure spray, hot flame spray,
electrostatic spray, dry powder resin spray.

There are various coating methods apart from the commercially available and widely
used processes such as electrospun coatings, electroless plating, sputter coating,

chemical vapor deposition, supercritical fluid, and sol-gel coating [66, 71].

2.3 UV-Curing Technology

UV curing is a photochemical process in which high-intensity ultraviolet light is used
to instantly “cure” or “dry” inks, coatings or adhesives. UV radiation is the strongest
type of radiation that is invisible by human eye and can be divided into three groups
based on the wavelength; UVA (320-400 nm), UVB (280-320 nm), and UVC (180-

280 nm). The reactivity and concentration of the functional groups, the UV-light
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intesity, and the overall resin viscosity are effective parameters on the rate of
polymerization in UV-curing technology. In order to limit the radical formation by
controlling the polymerization rate during the photochemical process of EA’s, any
impurities and air should be eliminated. In literature, many studies were subjected to
solve the adhesion problems of EA coatings considering the double bond conversion
and surface energy differences between the adherent components [72].

Considering the polymerization type, UV-curing can be divided into two types; free
radical and cationic. UV light initiates both radical and cationic polymerization but
doesn’t interfere with the propagation and termination stages. Free radical
polymerization of acrylate functional resins is more common than cationic. In radical
polymerization, molecules with an alkene group (unsaturated) take part such as vinyl
ether, acrylates. In cationic polymerization, cation forming photoinitiators are used.
Cationic polymerization involves the formation of Bronstead or Lewis acid during the
UV initiation stage, and then this acid polymerize such functionalities as an epoxide
or vinyl ether. Initiation and propagation stages are similar to radical polymerization
but no termination with neutralization stage is observed in cationic polymerization.
Instead, termination is performed by the nucleophilic impurities. The radical formation
is inhibited by the oxygen in radical polymerization whilst cationic polymerization is
insensitive to oxygen existence. In both radical and cationic polymerization the
obtained polymer is insoluble. Figure 2.12 and 2.13 show the reaction steps of a
photoinitiated free radical and cationic polymerizations, respectively [73-75].
Accordingly, Re radical is generated by the photo decomposition of the initiator. M

and Me represent the monomer and monomeric radical, respectively.
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Figure 2.12 : Reaction scheme of free radical photopolymerization.
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Figure 2.13 : Reaction scheme of cationic ring-openning photopolymerization.

UV curing system consists of reactive oligomers, reactive diluents, and photoinitiators.
Commonly used oligomers are acrylic acid esters such as epoxy acrylates, polyester

acrylates, urethane acrylates, and silicone acrylates. Liquid monomers and oligomers
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are added with a small percent of photoinitiators, and then exposed to UV energy. In
a few seconds, the products, inks, coatings or adhesives instantly harden. In UV-
curing, there is no solvent to evaporate, no environmental pollutants, no loss of coating
thickness, and no loss of volume. This results in higher productivity in less time, with
areduction in waste, energy use and pollutant emissions at low temperatures. The other
advantages of UV-curing are good adhesion to various substrates, high curing rate,
controlled elasticity, and high stability at storage [8-10, 70, 76-79]. It supplies to the
surface a high scratch resistance property with high optical clarity so as a good surface
quality [70, 80-82]. It can be applied onto the surfaces in a wide temperature range that
is important for heat-sensitive materials. Despite all these advantages, there are some
drawbacks existing of UV-curing technology such as difficulties during the application
on complex shapes, high shrinkage after curing, and continuous absorption of UV light
resulting in poor weatherability. Moreover, only illuminated areas can be cured by
UV-light, so at least one of the adherents should be transparent in UV-curing systems
[61, 72, 83, 84].

2.3.1 Photoinitiators

Photoinitiators are thermally stable compounds which are capable of absorbing light
in UV/visible wavelengths with high absorption coefficients. Industrial photoinitiators
typically absorb light in 200-400 nm wavelength range. Some industrial photoinitiators
can absorp light in near-visible region (around 400 nm) also known as blue light. 320-
400 nm, 280-320 nm, and 200-280 nm in the electromagnetic spectra refer to the UV
A, UV B, and UV C that are also known as long-wave UV, mid UV, and short-wave
UV (Figure 2.13). When the photon energy is absorbed by a photoinitiator or a
photosensitive compound, radicals are formed by a homolytic bond rupture. Most
photoinitiators produce reactive species (free radicals or protonic acids) from the
triplet state according to the polymerization mechanism (radical or cationic). Some
widely used radical photoinitiators are as follows; hydroxy-2-methyl-1-phenyl-
propanone, 2-methyl-1-[4-(methylthio) phenyl]-2-morpholinopropan-1-one, 2,2-
dimethoxy-1,2-diphenylethan-1-one, 2-benzyl-2-dimethylamino-1-(4-morpholino
phenyl) butan-1-one, etc. Free radical polymerization can be photoinitiated by using
two types of photoinitiators; type | and type Il. The type of the photoinitiator is
effective on the rate of initiation and the penetration depth of the UV-light. After
absorption of UV light, a rapid bond cleavage is observed in type I initiators. Durable
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excited triplet states are formed during type Il initiator usage that are subjected to
hydrogen abstraction or electron transfer stages [61, 76, 85-87].
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Figure 2.14 : The electromagnetic spectrum [88].
2.3.2 Reactive diluents

Reactive diluents are one of the most important component of a UV-curable
formulation which are used to reduce the viscosity, control the crosslinking density,
improve mechanical properties and chemical resistance etc. Acrylic based reactive
diluents are commercially favored because of their high clarity and optical
transparency with non-yellowing properties. In literature a number of studies have
been made considering the effects of the type and percentage of the reactive diluent in
the formulations, on the properties of the end product. For instance, urethane acrylate
oligomer has been synthesized and then mixed with 1,6-hexanediol diacrylate
(HDDA) and trimethylolpropane triacrylate (TMPTA). The effects of reactive diluent
functionality on the coating properties have been searched. Results proved that the
higher crosslinking density of the formulation with TMPTA, has increased the glass
transition temperature and thermal stability of the coating material [89]. In another
research, the effect of reactive diluent concentration on thermal degradation properties
of N-(4-hydroxyl phenyl) maleimide derivatives has been studied. N-vinylpyrrolidone
(NVP) has been chosen as reactive diluent. The highest thermal stability with a 30 %
char yield has been obtained in 80 % maleimide derivative-20 % NVP composition
[90]. The effect of reactive diluent (dipropylene glycol diglycidyl ether) on the
mechanical properties of the multi-walled carbon nanotube (MWCNT) composites has
also been studied [91].
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2.3.3 Additives

Additives are chemical species which are used to enhance the overall formulation
properties, give additional functionalities to the resin, and improve specific properties
of the end product. Plasticisers are one of the additives in UV-curing systems that are
used to adjust the viscosity and rheology of the adhesive formulations. Commonly
used additives are as follows; antioxidants, antistatic/antifogging agents, thermal/UV

stabilizers, flame retardants, color pigments, tackifiers [61, 62].

2.3.4 Applications of UV-curing

There is a growing demand for the usage of UV-curing technology in both academic
and industrial scale due to its superior properties that are mentioned before. UV-curing
techniques has found wide spread applications in automotive, aerospace, printing,
wood, dentistry, biomedical, optical, packaging, and microelectronic industries, and
metal, optical pick-up coatings etc. In that mentioned fields it can be used as lacquers,
varnishes, printing inks, adhesives for plastic/glass bonding and so on. In the adhesive
industry, UV-curing technique is used in two different classes. In the first class, the
crosslinking of the adhesive is performed by the UV-light, and the end product is
directly occurred. This type of adhesive is used in sealants, composites, lamination
process etc. Whilst in the second class, a tacky polymer is formed by UV-light to be
used as a pressure sensitive adhesive or hot-melt adhesive. So the main crosslinking

step is occurred after the application of pressure or heat [56, 61, 85, 92-97].

2.4 Dual-Curing Mechanism

In literature, dual-curable vinyl ester resins have been synthesized by changing the
equivalent ratio of the acid and epoxy. So the obtained oligomer has one double bond
at one end allowing to be cured by UV-light. Whereas at the other end of the oligomer
an epoxide group exists that can undergo with thermal curing mechanism. The

schematic representation for this kind of oligomer can be seen in Figure 2.15 [98-100].

26



Epoxy acrylate oligomer
Partially acrylated epoxy acrylate oligomer
Epoxy resin

/\/
/\/ A ,/\/ ——

Filler
Trifunctional monomer
l UV-curing

I—' Photoinitiators

\

l Thermal-curing

Figure 2.15 : Schematic diagram of dual-curable EA oligomers [13].

Dual-cure systems are needed when the adherents are not well-illuminated due to their
complex shapes. In these systems, at least two functional species are presented such as
isocayanates (thermally curable), acrylate double bonds (UV-curable) etc. The second
curing mechanism can be heat or moisture sensitive. In dual-curing process, two

crosslinking mechanisms exist, these can be combination of;
v" UV-curing + thermal curing,
v" UV-curing + anaerobic curing,
v" UV-curing + moisture curing.

Thermal free radical initiators are mostly azo (AIBN) or peroxo (benzoyl peroxide)
compounds, and dissociate into radicals with the exposure of thermal energy generally

at 40-80 °C temperature range. After dissociation stage monomers are added to this

27



radicals in propagation stage. The termination step can be occured in both two ways;
combination or disproportionation. Polymerization may also be initiated thermally
without using any initiator as in polymerization of styrene, methyl metacrylate, vinyl
acetate etc. [101]. The basic dual-curing mechanism between a hydroxyl-

functionalized diacrylate and diisocyanate can be seen in Figure 2 .16 [61, 70, 94].
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Figure 2.16 : Crosslinking mechanism in dual-curing systems [61].
2.5 Epoxyacrylates

The word “epoxy” illustrates the characteristic three-membered ring structure and is
the combination of the Greek prefix “ep” that means “over and between” and the
beginning three letters of “oxygen”. Epoxy resins are widely used in many applications
such as OLED technologies, metal can coatings, space, automotive, aviation
industries, printed circuit boards, etc. Due to the excellent mechanical and chemical
properties even at high temperatures, they can be used in composite materials as matrix
component. Crosslinking reactions of the epoxy resins can be performed by carboxylic
acids, amines, and anhydrides depending on the type of functional groups in the epoxy
resin [94, 102-105]. Synthesis of UV-curable epoxy based vinyl ester resins can be
performed with the reaction of the acid (acrylic acid, methacrylic acid, etc.) and
epoxide groups. AA modified epoxy vinylesters compose of one epoxide group at one

end and an unsaturated group at the other end. They show excellent chemical
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resistance, flexibility, non-yellowing properties, hardness, and good adhesion
property. The unsaturated group gives flexibility and wettability properties whereas
the epoxide group is responsible for the toughness. The epoxy-acid reaction forms
hydroxyl groups that gives polarity so wettability character to the surface resulting a
better adhesion properties [11-13, 105, 106]. Acid modified UV-curable oligomers are
used to enhance the surface hardness, and tear resistance of the material by increasing

the crosslinking density [107].

EA coatings have been widely used in many applications such as wood, automotive,
and electrical industries, inks, varnishes, architectural coatings, optical fibers etc. They
are favored due to their excellent weather durability, chemical, solvent, and corrosion
resistance, good adhesion, and high stiffness properties [108-113]. In literature,
improvement of the performance and adhesion property of EA coatings have been
investigated. For instance, in order to enhance the scratch resistance with a better
mechanical performance, alumina nano-particles have been included into the EA
adhesive formulations. Accordingly, after inclusion of the alumina particles, hardness
of the coating layer decreased whereas scratch resistance increased, and no remarkable
change has been recorded about the gloss properties [56]. In another research, nano-
siloxane methacrylate particles have been used in EA coating formulations. The
scratch and abrasion resistance of the coating layers increased with increasing nano-
siloxane methacrylate particles in the formulation. No change has been observed in
gloss properties [57]. Nanosilica and nano-ZnO particles have been also included in
EA adhesive formulations to enhance the abrasion, thermal, and scratch resistance of
the materials [114]. Only a few studies regarding the flame resist property of the EA
coating formulations with phosphorylation have been made. A flame retardant
monomer has been synthesized by the reaction of ethylenediamine, phenyl
dichlorophosphate, and HEA, then the obtained monomer has been used in EA
coatings. Results proved that the thermal stability of the coating layer increased with
increasing nitrogen and phosphorous amount in the formulation. The optimum flame
retardant property of the coating layer has been observed in the sample containing 20
wt.% monomer with phosphorous atoms [115]. UV-cured flame retardant EA films
have been prepared with the inclusion of tri(acryloyloxyethyl) phosphate and
triglycidyl isocyanurate acrylate as flame resist additives [116]. VPA is favored in

biomaterial industry, and in halogen-free flame retardant formulations due to having
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phosphonate group, and a high phosphorous content (29%), with a hydrophilic nature
[117, 118]. In a previous study, epoxidized soybean oil has been reacted with VPA
resulting the formation of phosphorylated epoxidized soybean oil monomer with flame
retardant property. Results showed that the char formation and LOI value have
increased with increasing phosphorous ratio in the coating formulation [92].
Moreover, VPA has been also used as photochemical finishing material in
manufacturing of flame retardant cotton, polyester, and polyamide fabrics.
Accordingly, VPA treatment in textile finishes allows to obtain flame retardant textile

fabrics which have durability againist a few laundering steps [119].

2.6 Epoxidized Vegetable Oils

Vegetable oils are important biodegradable resources because of being universally
available, non-toxic, non-volatile, non-depletable, domestically abundant and their
low price. Synthesis of vegetable oil-based polymers are very significant research area,
involving the modification of these fatty acids/triglyceride molecules as starting
monomers. They can be used in several industrial applications such as lubricants,
adhesives, printing inks, paints and polymeric coatings, biomedical applications,
packaging materials etc. Fatty acids are the fundamental components that determine
the physical and chemical properties of the vegetable oil. They improve the flexibility
and impact resistance of the structure. For instance the major fatty acid of TO is the a-
eleostearic acid and it has three double bonds on its backbone enabling production of

different types of polymers [120, 121].

TO composes of various fatty acids including 4% oleic acid, 5.5% palmitic acid, 8.5%
linoleic acid, and 82% a-eleostearic acid. The main usage area of TO is wood coatings.
The main advantages of TO compared to other unconjugated oils (soybean, linseed oil,
etc.) are better water resistance, higher hardness, and faster drying times. Recently,
Larock et. al. has reported cationic and thermal copolymerization of TO with aromatic
comonomers such as styrene and divinylbenzene to obtain a variety of new polymers
ranging from rubbery to tough and rigid plastics. UV-curable TO resins have been
prepared by the reaction of TO and phenolic resin in the presence of TMPTMA. TO
modified polyol has been cationically UV-cured and the formation of smooth films
has been observed by Thames et. al. [122-127].
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Epoxidation of vegetable oil is performed by adding oxygen to the alkene groups of
unsaturated fatty acids of vegetable oil. The unsaturation sites of vegetable oil can be
converted to oxirane ring in the presence of catalysts and hydrogen peroxide in a
process that is known as epoxidation. Then these epoxy groups can be reacted with
highly reactive functional groups such as acids, amines, anhydrides in order to get the
desired polymeric structure. Epoxyacrylates from epoxidized vegetable oils are
generally used to reduce the viscosity of the formulations. The utilization of vegetable
oil epoxies in paints and coatings may reduce the dependence of petrol-based
chemicals and give rise to environmental recovery. Mostly commercially used
vegetable oils are soybean, sunflower, rapeseed, castor, rubberseed, tung, safflower,
olive, and linseed oil. Epoxidized vegetable oils can be used as plasticizers, toughening
agents, lacquers, lubricants, reactive modifiers, stabilizers for polyvinyl chloride
(PVC), and additives for wood coating. In the literature, epoxidized fatty acids have
been used in various applications. For instance, in a previous study, epoxidation of
canola oil has been carried out by using two different carboxylic acids (formic and
acetic acid). Accordingly, it was found that acetic acid was much more effective then
formic acid for peroxycarboxylic acid generation during the epoxidation process. In
another study, karanja oil has been epoxidized by in situ peroxyacetic acid formation
and then mathematically modelled to predict the kinetic parameters of the reaction.
Results showed that optimum reaction condition was achieved at 70 °C, with 16 %
catalyst loading, ina 1500 rpm stirring speed when the hydrogen peroxide-to-ethylenic
unsaturation molar ratio was kept as 1.5. Epoxidation of soybean oil has been
investigated by using formic acid as catalyst and hydrogen peroxide as oxygen donor.
The highest epoxy content of 6.1 % in weight was observed at 50 °C, with 550 rpm
stirring speed in 10h [128-133].

2.7 Polyurethane Acrylates

Typically, UV-curable urethane acrylate oligomers can be synthesized by using an
isocyanate such as TDI [134], hexamethylene diisocyanate (HDI) [135], IPDI [136,
137] and an acrylate functional monomer such as HEA and HEMA. Acrylate
functionality in the structure, gives the ability to be cured by UV-light. During the
reaction some of the isocyanate groups intentionally left unreacted allowing to react

with a polyol to form UV-curable urethane acrylate oligomer. Instead of a polyol, the
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isocyanate groups can be also reacted with PVB which gives a strong binding and
adhesion property on many surfaces. In literature, UV-curable urethane acrylate
oligomers have been synthesized by using an isocyanate, acrylate functional monomer
and a polyol [138-140] but there was no research considering the usage of PVB instead

of a polyol as reactive site for isocyanate group.

TDI-HEMA reaction is a common way to obtain UV-curable coating formulations
[134, 136, 141]. HEMA gives acrylate functionality to the oligomer so the ability to
be cured by UV-curing technique which represents a time and cost effective, solvent-
and dash-free process [13, 142]. During the reaction, some of the isocyanate groups
can be intentionally left unreacted allowing to react with some other groups to get
additional functionality. In a previous study, a UV-curable polymer for bio-
microelectromechanical devices has been obtained via a three-step in situ
polymerization. First, carbon nanotubes has been modified by potassium
permanganate then TDI has been reacted with functionalized carbon nanotubes. The
excess of isocyanate groups in the reaction has been reacted with HEMA.. Results have
proved that carbon nanotubes can be chemically bonded to UV-curable polymers with
a good dispersion by using TDI-HEMA reaction [81]. In another study, TDI-HEMA
adduct has been reacted with butyl acrylate in order to obtain hybrid latexes. The
decrease of butyl acrylate amount in the formulation caused an increase of hardness
and glass transition temperature of final UV-cured products [143]. TDI-HEMA adduct
has been also used in epoxy acrylate coatings to improve the surface, dielectric and
tribological properties. A graft copolymer has been obtained first with the reaction of
dicarboxyl terminated poly(2,2,3,4,4,4-hexafluorobutyl acrylate) oligomer with
poly(dimethylsiloxane). Then TDI-HEMA adduct has been reacted with the graft
copolymer. Results showed that inclusion of the obtained vinyl-terminated functional
fluorinated siloxane graft copolymer to the coating formulation caused high
hydrophobic and oleophobic properties, decease in surface energy, and reduction in
the abrasion weight loss even in small amounts [37]. PVB has been primarily
developed for safety glass lamination in automotive industry at the beginning of
twentieth century. It is a random terpolymer composed of vinyl alcohol, vinyl acetate,
and vinyl butyral monomeric units. The hydroxyl groups on vinyl alcohol unit are
responsible of structural and functional properties of PVB. It has a good water and heat

resistance, excellent thin-film forming ability with optical clarity, and high mechanical
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strength. It can be widely used as binder in coating formulations owing to its superior
adhesion and bonding properties. The other usage areas are acoustic, solar

applications, building industry etc. [144-147].
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3. EXPERIMENTAL PARTS

3.1 Materials and Chemicals

3.1.1 Monomers and resins
Dipropylene glycol diacrylate (DPGDA, Allnex Corp.):

It was used as received. It is a difunctional reactive diluent with low viscosity and good
moisture resistance. It can be used in UV/EB (electron beam) curable inks and

coatings, wood/metal/plastic adhesives etc.
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Figure 3.1 : Dipropylene glycol diacrylate.

Trimethylolpropane trimethacrylate (TMPTMA, stabilized with hydroguinone
monomethyl ether (MEHQ), TCI Co.):

It was used as received. It is a three functional reactive diluent with high
chemical/heat/weather/abrasion resistance, high crosslink density, and impact
strength. It can be used in wire/cable coating formulations, paints, hard rubber objects
etc.
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Figure 3.2 : Trimethylolpropane trimethacrylate.

Tricyclodecane dimethanol diacrylate (TCDDA, Rahn USA Corp.):
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It was used as received. It is a reactive diluent for radically curable inks, coatings,
adhesives, fillers, etc.
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Figure 3.3 : Tricyclodecane dimethanol diacrylate.
N-vinyl pyrrolidone (NVP, > 99 %, Sigma-Aldrich):

It was used as received. It is a reactive diluent that can be used in UV/EB curable inks,

coatings, adhesives, etc.
Polyurethane acrylate (PUA) resin (Ebecryl 8210, Allnex Corp.):
It was used as received.

Epoxy resin (Epikote Resin 162, based upon diglycidiyl ether of bisphenol-A,
EEW=167-171 glequiv.):

It was used as received.

3.1.2 Solvents

Ethanol (> 99.8 %, Sigma-Aldrich):

It was used as received.

Methyl ethyl ketone (MEK, > 99 %, Sigma-Aldrich):

It was used as received.

Toluene (>99.5 %, Sigma-Aldrich):

It was dried and distilled.

Tetrahydrofuran anhydrous (> 99.9 %, THF, Sigma-Aldrich):

It was dried and distilled.

3.1.3 Other materials and chemicals
Acrylic acid (AA, 99 %, Sigma-Aldrich):

It was used as received. It contains 200 ppm MEHQ as inhibitor.
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Vinylphosphonic acid (VPA, 97 %, Sigma-Aldrich):
It was used as received.

Triphenyl phosphine (TPP, 99 %, Sigma-Aldrich):
It was used as received.

Hydroquinone (HQ, > 99 %, Sigma-Aldrich):

It was used as received.

Potassium hydroxide (KOH, 90 %, Sigma-Aldrich):
It was used as received.

Sodium hydroxide (NaOH, > 98 %, Sigma-Aldrich):
It was used as received.

Sodium bicarbonate (NaHCOs, > 99.7 %, Sigma-Aldrich):
It was used as received.

Phenolphthalein (Indicator, Sigma-Aldrich):

It was used as received.

Crystal violet (Indicator, Sigma-Aldrich):

It was used as received.

Tetraethylammonium bromide (98 %, Sigma-Aldrich):
It was used as received.

Perchloric acid (70 %, Sigma-Aldrich):

It was used as received.

Acetic acid (> 99.7 %, Sigma-Aldrich):

It was used as received.

Hydrochloric acid (HCI, 37 %, Sigma-Aldrich):

It was used as received.

Tung oil (TO, Sigma-Aldrich):
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It was used as received. It is also known as China wood oil. Its> components are 4 %
oleic acid, 5.5 % palmitic acid, 8.5 % linoleic acid, and 82 % a-eleostearic acid.

Hydrogen peroxide (H202, > 30 %, Sigma-Aldrich):

It was used as received.

Amberlite IRA 400 chloride form (Sigma-Aldrich):

It is an acidic ion exchange resin, and it was used as catalyst.
Di-n-butyltin dilaurate (T12, 95 %, Alfa Aesar):

It was used as received. It is used as catalyst in synthesis of polyurethanes and in

transesterification reactions.
1-hydroxycyclohexyl phenyl ketone (Irgacure 184, Ciba Specialty Chemicals):

It was used as received. It is an efficient photoinitiator that is used for
photopolymerization of acrylates, mono/multi-functional vinyl monomers with non-

yellowing property.

O

HO

Figure 3.4 : Irgacure-184.
Tert-butyl monoperoxymaleate (Empions Co. Ltd.):

It was used as received. It is used as hardener, thermal initiator, curing agent for

manufacturing of kitchenware, bathroom items, etc.
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Figure 3.5 : Ter-butyl monoperoxymaleate.

Azobisisobutyronitrile (AIBN, 98 %, Sigma-Aldrich):
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It was used as received.

2,4-Toluene diisocyanate (TDI, 95 %, TCI Co.):

It was used as received.

2-Hydroxyethyl methacrylate (HEMA, > 99 %, TCI Co.):

It was used as received. It contains < 50 ppm monomethyl ether hydroquinone as
inhibitor.

Polyvinyl butyral (PVB, Mowital B 60H, Kuraray Europe GmbH):

It was used as received. Its’ hydroxyl content is 18-21 %.

Polyester cord fabric (Izomas Co.):

360 g/m?, 12 warp per cm, 5 weft per cm, 360 fibers per warp, 360 fibers per weft.
Polyester/polyamide cord fabric (Izomas Co.):

520 g/m?, 8 warp per cm, 4 weft per cm, 540 fibers per warp, 400 fibers per weft.
Styrene butadiene rubber (SBR) sheets (Grainger Co.):

60 and 70 Shore A, 1.5 mm thickness.

3.2 Characterization Methods, Equipments and Analysis

3.2.1 Epoxy equivalent weight (EEW) and acid value (AV) measurements

Epoxy equivalent weight (EEW) refers to a certain amount of resin in grams containing
a 1 g equivalent of an epoxy group. The EEW value can be determined by using
perchloric acid (HCIOg) titration method. First, certain amount of EA resin is dissolved
into MEK, then 5 mL tetraethylammonium bromide solution and 3 drops of crystal
violet indicator solution is added to the main flask. The titration is made by HCIO4
solution until a purple-to-green color is obtained. EEW is calculated according to the
equation 3.1 where m is the weight of the sample in gram, V1 and V2 refer to the
volumes of HCIO4 solutions in mL that is required to titrate the sample and blank
solution, respectively, and N is the normality of the HCIO4 solution (0.1 N) [103, 105].

1000xm
EEW = m (3.1)
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The acid value (AV) shows the KOH amount in milligram required to neutralize one
gram of EA oligomer. AV of the oligomers is measured by KOH titration method
[108]. A certain amount of resin is dissolved in a suitable solvent, 6 drops of
phenolphthalein indicator solution is added and then titrated by KOH solution until a
pink color is obtained. AV is calculated according to the equation 3.2 where V is the
KOH solution that is required to titrate the sample, M is the molarity of KOH solution,

W is the sample used in gram.

__ VxMx56.1

AV
w

(3.2)

3.2.2 Fourier transform infrared (FTIR) spectroscopy

FTIR analyzes were carried out in Perkin Elmer Spectrum 100 FTIR spectroptometer
in mid-infrared range (600-4000 cm™), that uses a ZnSe ATR-crystal with a variable
angle accessory. Omnic software was used to record the spectral data at a resolution

of 8 cm™ and 64 co-added scans.

3.2.3 Nuclear magnetic resonance (NMR) spectroscopy

'H NMR spectroscopy was carried out on Agilent VNMRS 500 MHz NMR
instrument, by using deuterated chloroform (CDCIs) and deuterated dimethylsulfoxide
(DMSO-d6) as solvents and tetramethylsilane (TMS) as an internal standard. The
measurement was performed with 3 s acquisition time, 20 ppm spectral width, 125

transients of 65k data points obtained over a 15 min data accumulation time.

3.2.4 Differential scanning calorimetry (DSC)

Thermal transition temperatures were measured by DSC, TA DSC Q10, at a heating
rate of 10°C/min, from —80°C to 400°C under 50 mL/min nitrogen flow rate.

3.2.5 Thermogravimetric analysis (TGA)

TGA analysis was performed with a TA TGA Q50 instrument under nitrogen
atmosphere at a heating rate of 10°C/min from room temperature to 600°C. Nitrogen

flow rate was 30 mL/min.
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3.2.6 Gel content

The gel fraction (GF %) of the UV-cured free films was measured by dipping the films
into THF for one week at room temperature. After that the films were dried on a filter
paper at 30 °C for 24 h. The GF (%) values were calculated by using the equation 3.3
where W1 and W2 show the weights of the films before and after swelling [17].

GF (%) = [%] x100 (3.3)

3.2.7 Swelling test

The UV-cured free films were dipped into 10 mL solvent (ethanol, toluene, distilled
water) at room temperature for one week in order to obtain the degree of swelling (DS
%) values. The films were dried on a filter paper until the weight becomes constant.
The DS % was then calculated using the equation 3.4 where W1 and W2 are the weights

of films before and after swelling [17].

DS (%) = [*£2| x100 (3.4)

Wy

3.2.8 Chemical resistance

Chemical resistance of the UV-cured free films was evaluated in terms of the weight
loss after the two weeks of chemical exposure at room temperature. 10 % NaOH and
10 % HCI solutions were used as chemical solvents. After that samples were washed
with distilled water, dried on a filter paper at 55 °C. The weight loss (%) after the
chemical exposure was calculated by using the equation 3.5 where W1 and W2 show
the weights of films before and after the chemical exposure [148].

Wi—-W,
Wy

Weight Loss (%) = [ ]XlOO (3.5)

3.2.9 Contact angle and surface energy measurements

Contact angle and surface energy measurements were performed from the dip-coated
UV cured cord fabric surfaces with 3 pL water droplets by using a Gardco PGX+
goniometer equipped with a camera. The measurement is performed according to
Young’s equation as can be seen in equation 3.6, and Figure 3.6. ySV, ySL, and YLV
refer to the interfacial surface free energies of vapor (V), solid (S), and liquid (L), ©Y

corresponds to the Young’s contact angle, respectively [149].
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Figure 3.6 : Water droplet on a surface with the graphical vector parameters [149].

cos®Y = (ySV —ySL)/yLV (3.6)

3.2.10 Hardness test

The Shore D hardness of the UV-cured free films was determined by Zwick Shore D
Durometer by using 5 kg loading according to ASTM D2240 standard.

3.2.11 Tensile testing

Instron 4411 tensile testing machine was used to measure the mechanical properties of
the UV-cured free films. Tensile testing was performed at room temperature with a
constant extension rate of 5 mm/min. The tensile strength (MPa), elongation at break

(%), and modulus (MPa) values were all recorded.

3.2.12 Peel test

T-peel test [150] was applied to measure the adhesion strength between the cord fabric

and rubber surfaces in Instron 4411 tensile testing machine.

3.2.13 Scanning electron microscopy (SEM) and energy dispersive X-ray
spectroscopy (EDS)

Scanning electron microscopy (SEM; JEOL Ltd, JSM-5910LV) was used for
topological characterization. Energy dispersive spectrometry (EDS; INCAXx-sight,
7274 Oxford Industries) was used to determine the SBR residue content on the fabric
surface after peel test.

3.2.14 Light microscopy

Light microscopy images from the cord fabric surface were taken by Olympus CH-2
microscope by using a software (Digital Microscopy) in order to see the rubber residue
on fiber surface after peel testing. By using the light microscopy images, the fiber

thickness values were recorded from different points of fibers in longitutinal direction.
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3.2.15 Limiting oxygen index (LOI) measurement

The vertical burning test [151] was used to determine the LOI values of the coated
cord fabrics after UV curing, in 60x120 mm dimensions in a Fire Testing Technology
type instrument. The LOI value means the total oxygen amount that is required to keep

the sample in flame during a three-minute time [152].

3.3 Synthesis of the Oligomers, Preparation and Application Methods of

Adhesive Formulations

3.3.1 Synthesis of epoxy vinyl ester oligomers

EA oligomers were synthesized by the following method; 300 ppm HQ, 1000 ppm
TPP (out of the total weight of DGEBA and AA) were all dissolved in AA in an
ultrasonic bath for 3 minutes. Then the AA solution was included slowly onto the
DGEBA in the three-necked round bottom flask equipped with a magnetic stirrer, a
condenser and an air inlet. DPGDA (in the amount of 10% of total weight) was used
as reactive diluent to lower the viscosity of the oligomer and to increase the
crosslinking density of the structure. The reaction was carried out 4 hours (2 h at 100
°C, 2 hat 120 °C) for various ratios of AA and DGEBA. Vinylphosphonic acid (VPA)
was also included in some formulations in order to increase the adhesion strength

between cord/rubber surfaces and to obtain a flame resist property.

3.3.2 Synthesis of acrylated epoxidized tung oil (AETO) oligomers

Epoxidation of TO was carried out in a round bottom flask equipped with a magnetic
stirrer and a condenser. At first, certain amounts of TO and acetic acid, considering
the carboxylic acid to ethylenic unsaturation molar ratio as 0.5:1, were added to the
flask. Toluene (10 % in weight) was used as diluent medium. The amount of catalyst
was weighted as 22 % of TO. 1.5 moles of H20, per mole of ethylenic unsaturation
were added dropwise to the reaction mixture after % h to start in situ peracetic acid
formation. The epoxidation reaction was carried out at 65 °C, during 3, 12, and 20
hours, respectively. Samples were coded as ETO-3, ETO-12 and ETO-20 regarding
their epoxidation reaction times. At the end of the reactions, the obtained ETO were
extracted with diethyl ether, then washed with distilled water and then NaHCO3 (10
%) solution several times to remove free acid for neutralization. Vacuum drying was

applied at 50 °C for 48 h for the removal of toluene, diethyl ether and water. All the
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mentioned reaction conditions were determined considering the optimum process

parameters of previous studies [131, 153].

Considering the yield of the epoxidation reaction, the ETO-12 was chosen as the
optimum result and acrylation reaction was performed by using this ETO. Only partial
acrylation of epoxy group in TO was performed purposefully, to achieve the
subsequent thermal curing process of the remaining epoxy groups. Thus only 70 % of
the epoxide groups were acrylated and the rest left intentionally as epoxide. Firstly,
300 ppm HQ, 1000 ppm TPP (considering the total AA and ETO mass), were dissolved
in AA in an ultrasonic bath for 3 minutes and then was inluded dropwise onto the ETO
in the three-necked round bottom flask equipped with a magnetic stirrer, a condenser
and an air inlet. The acrylation reaction involves the consumption of the carboxylic
groups of the AA and the epoxy rings. The reaction was carried out 3 h at 110 °C and
was ended when the viscosity was very high wherein the magnetic stirrer was forced.
At that point, the flask was cooled to 60 °C and in order to adjust the viscosity to a
reasonable level, NVP was added as reactive diluent in the amount of 50 % of the total

weight.

The obtained ETO oligomer was also reacted with vinylphosphonic acid (VPA) in
order to add the UV-functional groups in the oligomer structure and to enhance the
adhesion strength between cord/rubber surfaces. The molar ratio of ETO/VPA was set
as 1/0.5. For thermal curing stage, some of the epoxide groups in the oligomer structure
were intentionally left unreacted. For the VPA modification reaction, at first, TPP
(1000 ppm) and HQ (300 ppm) considering the total weight of VPA+ETO amount
were dissolved in VPA in an ultrasonic bath. Reactive diluent (NVP) was included into
the reaction in the amount of 25 % out of the total weight. The reaction was carried
out 3 h at 110 °C and the obtained vinylphosphonic acid modified epoxidized tung oil

(VPAMETO) oligomer was used in adhesive formulations.

3.3.3 Synthesis of polyurethane acrylate (PUA) oligomers

The synthesis of the oligomer was performed in a round-bottom flask equipped with a
magnetic stirrer, a nitrogen gas inlet and a condenser. The oligomer was prepared by
a two-step reaction by changing the TDI:HEMA molar ratio. First, TDI was charged
into the flask containing THF (60 wt.%), and T12 catalyst (0.03 wt.%). Then HEMA

was added dropwise to the flask in 0.5h in an ice bath. The reaction was continued for
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0.5h at 30 °C and 1h at 70 °C. In the second step, PVB (in various percentages of the
TDI amount) was dissolved in THF in an ultrasonic bath and added dropwise to the
main flask. The reactive diluents (TMPTMA or TCDDA) also were added at this stage.
The reaction was proceeded in 1h at 90 °C to eliminate the HEMA residue and to
obtain the final PVB modified TDI-HEMA adduct.

3.3.4 Preparation and application of the adhesive formulations

Application of the adhesive formulations and curing stages can be seen in Figure 3.7.
The obtained oligomers were used in the preparation of adhesive formulations
containing photo- and thermal initiators (3 wt.%), and THF or MEK. Additional THF
or MEK was used to lower the viscosity of the oligomer for better wettability on the
fabric surface. The amount of oligomer in the adhesive formulation was set in such a
way to have a 30 % weight increment in the fabric mass. Cord fabrics were prepared
in 2.5x7.5 cm dimensions allowing to make the T-peel test and then dipped into the
adhesive formulation for 3 min. A squeezing roller helped to dissipate the excess
solution from the fabric. Dip-coated fabrics were dried in an oven at 70 °C for 10 min
for evaporation of THF/MEK, and then the samples were put into a transparent zip-
lock polyethylene bag in order to prevent oxygen inhibition during the UV-curing
process. Fabrics were exposed to UV-light for 2 min from both sides of the fabric in
Cole-Parmer UVP Longwave UV Crosslinker (115 VAC model) cabinet (Figure 3.8).
Each dip-coated UV-cured fabric was put between two SBR layers and then thermally
cured in a heated press (Carver, Inc. CH 4386 model) (Figure 3.9) at 200 °C under 700
MPa pressure for 10 min.
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Figure 3.7 : Application and curing processes of adhesive formulations.
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Figure 3.8 : Cole-Parmer UVP Longwave UV Crosslinker.
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Figure 3.9 : Carver heated press.
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4. RESULTS AND DISCUSSION

4.1 Synthesis and Application of Epoxyacrylates for Cord/Rubber Applications

In this study, epoxyacrylate (EA) oligomers were synthesized by using bisphenol-A
based epoxy and acrylic acid in the presence of 300 ppm HQ and 1000 ppm TPP. For
this purpose, HQ and TPP were dissolved in AA in an ultrasonic bath and then the AA
solution was included slowly onto the round bottom three-necked flask with a
magnetic stirrer, air inlet, condenser, and DGEBA. 10 % reactive diluent (DPGDA)
out of the total weight was added to the reaction in order to increase the crosslinking
density of the oligomer by decreasing the viscosity of the formulation [61]. By
changing the molar ratio of AA and DGEBA (Table 4.1), the reaction was completed
in 4 hours (2 h at 100 °C, 2 h at 120 °C). The reaction process can be seen in Figure
4.1.

Table 4.1 : Compositions of EA oligomers [154].
Sample Codes AA (mol) DGEBA (mol) [COOH]/[Epoxide]

EA 25 0.5 1 0.25
EA 50 1 1 0.50
EA 75 15 1 0.75
EA 100 2 1 1.00
CHs
Hzc—é—gz—o l O—EZ—E—CH2 + H,C==CH
\/ | VY,
© CHs COOH

Catalyst + Reactive Diluent

CH,
H Hy | Hy
H,C—C——C —O0 c 0——C'——CH——CH,—0—C—C==CH,
CHs n OH

Figure 4.1 : The reaction process of EA oligomer [154].
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During the reaction, at first, phosphonium betaine is formed after the epoxide ring
opening reaction that is initiated by the nucleophilic attach of the catalyst. In the
second step, a proton of AA is captured by the betaine, and the ester linkage is formed
after the effect of carboxylate anion on the electrophilic carbon attached to the
phosphorus [11]. The obtained oligomer was characterized by FTIR spectroscopy, and
'H NMR analysis. Epoxy equivalent weight (EEW) and the acid value of the oligomers

were determined.

Esterification reaction can be investigated by observing the acid value and EEW as
shown in Table 4.2. EA oligomers with desired properties can be synthesized by
controlling the stoichiometry and reaction conditions. The epoxide groups of DGEBA
in both ends show the same reactivity towards saturated/unsaturated groups of acid.
Thus theoretically in EA 50 oligomer, the end groups should be epoxide and one
double bond of acrylate group. In other words, it should be monoacrylate-terminated
EA. It is also possible that bisacrylate-terminated EA oligomers can be formed by the
reaction of two AA molecules with two epoxide groups in one DGEBA molecule. In
such case, one DGEBA molecule left unreacted in the reaction [11]. Almost all AA
molecules were reacted with epoxy groups in the case of EA 25 and EA 50 samples.
However, in the samples of EA 75 and EA 100, the excess AA cannot be totally
consumed in the reaction. In the sample of EA 100, the initial carboxyl and epoxide
groups are in stoichiometric amounts. It can be observed that the AA cannot be reacted
completely with the epoxy groups in EA 100 system. The acid value and EEW values
are 43.4 mg KOH/g and 1040.4 g equiv. respectively. At the end of the reaction, the
carboxyl and epoxide concentrations decrease due to the EA formation thus the highest
acid value and EEW were obtained in the case of EA 100.

Table 4.2 : Acid value and EEW of EA oligomers [154].
Acid Value EEW (g

Sample Codes AA (mol) DGEBA (mol) (mg KOH/g)  equiv.)
EA 25 0.5 1 0.35 460.9
EA 50 1 1 5.40 675.7
EA 75 1.5 1 29.10 814.1
EA 100 2 1 43.40 1040.4

The formation of ester bonds during the EA oligomer synthesis was confirmed by
FTIR spectroscopy. According to the Figure 4.2, the epoxy ring openning reaction can

be followed by the broad peak at 3460 cm™ that shows the secondary hydroxyl groups,
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and decrease in the absorption epoxide ring peaks at 1230 cm™ and 880 cm™,
respectively. The characteristic carbonyl peak of ester at 1720 cm™ appears during the
reaction. It can be seen that the carboxyl/epoxide ratio increases with increasing

esterification reaction.

pure .
epoxy
P
EA25 C=0 Stretching
(1720 Ester Peaks)
EA50
O-H Stretching

e et et
3500 3000 2500 2000 1500 1000

Wavenumbers {cm-1)

Figure 4.2 : FTIR spectra of epoxy and EA oligomers in various carboxyl/epoxide
molar ratios [154].

The FTIR spectra of untreated polyester fabric, EA 100 coated fabrics before and after
UV-curing process can be seen in Figure 4.3. According to the figure, acrylate peak
around 1636 cm™ associated with the EA 100 oligomer appeared after dip-coating
process [155]. After exposure to UV light, the double bond cleavage was occurred
resulting the disappearance of the unsaturated acrylate peak. Thus photo-
polymerization can be performed with 2 minutes UV-light exposure on each side of
fabric surfaces. Due to the increased crosslinking density and viscosity, the mobility
of the monomeric and polymeric radicals becomes difficult consequently some of the
unsaturated acrylate groups can remain as it is at the end of the reaction. In this case
tackiness on the surface can be observed. In order to investigate the crosslinking
density quantitatively, acetone extraction method was performed by using the weight
loss of EA 100 coated UV-cured fabric sample before and after the extraction. Results
showed that 0.02% weight loss was recorded with the acetone extraction for 4 h. This
result confirms that 2 minutes UV-light exposure for photo-polymerization is adequate

for EA based coatings.
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Figure 4.3 : FTIR spectra of polyester fabrics (pure, EA coated before and after UV-
curing) [154].

pure
polyester
fabric

'H NMR spectra of EA 100 oligomer in CDCls can be seen in Figure 4.4. The existence
of acrylic group (CH2=CH-) can be followed by the peaks at 5.9-6.5 ppm. The peaks
at 3.9-4.3 ppm show the -CH> protons that are attached to the ester group oxygen
atoms. The peaks at 2.6-2.8 ppm and 3.3 ppm illustrate the methylene and methine
protons in the oxirane ring, respectively. The peaks at 6.7-7.2 ppm belong to the
aromatic protons of phenyl rings. The—CHs protons in the cyclic ring appear at 1.65
ppm [156, 157].
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Figure 4.4 : 'H NMR spectra of EA oligomer [154].

Figure 4.5 shows the TGA thermograms of untreated polyester fabric and EA 100
coated UV-cured polyester fabrics. A one-step decomposition was recorded for both
sample. In untreated polyester fabric spectra, there was no decomposition till 400 °C
whilst around 450 °C initial and rapid decomposition was observed. It can be seen that
the TGA curve in the range of 500-550 °C followed a horizontal line. No weight loss
was recorded above 700 °C. A char residue around 15 % was recorded due to the
pyrolysis under nitrogen gas, that causes carbonization step. After EA 100 coating
process, thermal stability increased due to the aromatic structure of the oligomer,
increase in carbon amount on the surface, and performing the analysis in inert

atmosphere.

53



100 + -

’ \
80

60+

Weight (%)

4 \‘R
40

\ pure polyester fabric
204

AN

|

gl T SN

0

0

28
T i SN SN

EA 100 coated
polyester fabric

T
400

600
Temperature (°C)

Figure 4.5 : TGA curves of polyester fabrics (pure, EA coated UV-cured) [154].
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Table 4.3 shows the thermogravimetric data of the untreated polyester and EA 100
coated UV-cured polyester fabrics. Accordingly, as mentioned before, due to the
increase in carbon amount on the surface after coating, thermal stability increased.

Thus the 50 % weight loss temperature slightly increased to 455 °C from 450 °C after
coating.

Table 4.3 : Thermogravimetric data of pure polyester fabric and EA 100 coated UV-

cured polyester fabric [154].
T1(°C) T2 (°C)
Samples (5% Weight Loss) (50% Weight L0ss)
Pure polyester fabric 413 450
EA 100 coated polyester fabric 409 455

The DSC thermograms of the untreated polyester and EA 100 coated UV-cured

polyester fabrics can be seen in Figure 4.6. Accordingly, the characteristic sharp

polyester crystals melting peak at around 260° was observed. The melting peak of
polyester slighly shifted to 250 °C after the EA 100 coating process. This result can be

explained by the partially diffusion of EA amorf regions inside the cord fabric surface
resulting a mixture with the crystalline structure of polyester.
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Figure 4.6 : DSC curves of pure polyester fabric and EA 100 coated UV-cured
polyester fabric [154].

The SEM images of untreated polyester fiber and EA 100 coated UV-cured polyester
fiber can be seen in Figure 4.7. Images illustrated that after coating process, about 0.5
u coating layer was obtained on the single fiber surface. According to the Figure 4.7d
and f, with the EA coating layer, a smooth fiber surface was obtained without any
agglomeration. This result proves that a uniform, and well-dispersed EA layer on the

fiber surface was formed resulting a uniform coating of each fiber within the fabric
layer.
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Figure 4.7 : SEM images of polyester fabrics (pure and EA 100 coated UV-cured) in
various magnifications [154].

The surface energy and contact angle values of EA coated polyester cord fabrics after
UV-curing stage and the images of 3 uL water droplets on fabric surface for each
carboxyl/epoxide ratios can be seen in Table 4.4 and Figure 4.8, respectively. The
water droplet was immediately disappeared on the polyester fabric thus the
measurement cannot be made on the raw fabric. Accordingly, contact angle values
were varied in the range of 52.1° - 67.3° for various AA molar ratio in the oligomer.
AA modification of epoxy resin produces hydroxyl groups on the structure resulting
increase polarity of the oligomer [13]. Results showed that polarity of the coating layer
increases with increasing AA molar ratio due to the increase in hydrophilic character.
The hydroxyl groups of the AA form hydrogen bonding with the oxygen atom of the
polyester cord. So there were no hydroxyl group remains causing a hydrophilic
behavior. In EA 100 coated UV-cured sample, the highest contact angle with 67.3°
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was obtained due to the highest AA amount. Whilst in EA 25 coated UV-cured sample,
the least contact angle value of 52.1° was observed as AA was almost consumed in

that reaction that means less hyroxyl groups are existing on the surface.

Table 4.4 : Surface energy and contact angle values of coated cord fabrics after UV-
curing [154].

Contact Angle (°) Surface Energy (mJ/m?)

EA 25 52.1 62

EA 50 59.3 59.2
EAT75 65.1 56.4
EA 100 67.3 49.9

EA25 EAS0

EAT75 EA100

Figure 4.8 : Contact angles of water droplets on coated UV-cured polyester cord
fabrics [154].

The adhesion strength values between cord/rubber surfaces for each formulation can
be seen in Table 4.5. The adhesion strength value of 12.3 N/cm was recorded upon the
adherence of the untreated polyester cord fabric on rubber surface. In order to increase
the adhesion strength between cord/rubber surfaces, adhesive formulations containing
EA oligomer were applied on cord fabrics. EA oligomers were synthesized by
adjusting the carboxyl/epoxide molar ratio. Results showed that the best adhesion
strength value of 18.0 N/cm was observed in EA 100 coating formulation due to having

the highest acrylate functionality which give reaction with the unsaturated double

S7



bonds of SBR during the thermal curing stage. Additionally, acrylate groups are
responsible for the flexibility of the oligomer which cause increase in adhesion

strength.

Table 4.5 : Adhesion strength values of cord/rubber surfaces for each formulation
[154].

Peel Testing
Sample Codes Results (N/cm)
Fmax Fave. Fmin

Polyester Fabric 12.3 80 5.9

EA 25 124 110 9.6

EA 50 139 114 102
EA 75 16.7 151 123
EA 100 18.0 153 1238

Coating formulations were also prepared by using EA oligomer and vinylphosphonic
acid (VPA) in different percentages. Before the coating process, cord fabrics were
washed with a non-ionic detergent, and then treated with NaOH solution in order to
improve the adhesion strength between cord/rubber surfaces. The non-ionic washing
process of PA/PES cord fabrics was performed by using 4 g/L ECE detergent solution
at 40 °C for % h. The detergent residue remains on fiber surface was removed by
several washings [158]. Then fabrics were immersed in alkali solution (4 mol/L
NaOH) at 70 °C for 1 h and then several washings were applied by 1 M HCI solution,
ethanol, and distilled water, respectively [40]. Cord fabrics were dried at room
temperature. The weight loss was recorded as 6.5 % after alkali treatment. The

compositions of the adhesive formulations can be seen in Table 4.6.

Table 4.6 : Compositions of flame retardant adhesive formulations [159].

Sample Compositions Sample Phosphorous VPA

Codes (%o) (mol %)
Untreated fabric 51 0 0
ECE+NaOH treated fabnic =52 0 0
EA coated fabric 53 0 0
EA+2 5% VPA coated fabric 54 0.68 10.29
EA+3% VPA coated fabric 83 1.32 18.67
EA+T 5% VPA coated fabric 56 1.94 25.64
EA+10% VPA coated fabric 57 2.52 31.46

Figure 4.9, 4.10, and Table 4.7 show the FTIR spectra of the raw polyester and

polyamide fibers, and alkali treated/coated fibers with the related band assignments,
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respectively. Considering the FTIR spectra of raw fibers and alkali treated polyester
and polyamide fibers, it can be seen that peak intensities were changed after alkali
treatment due to the conformational rearrangement of crystalline and amorphous
regions, and chemical changes [36]. The changes in peak intensities of C-H aromatic
ring vibrations at 1342 and 1410 cm™ correspond to the changes in bulk crystallinity
caused by the alkali treatment. Moreover, conformational changes of ethylene units
between the aromatic groups can be observed from the peaks at 973-1042 cm™ [160,
161]. The characteristic polyester peak of C=0 at 1709 cm™ can be observed for all
samples in Figure 4.9. After EA coating and UV-curing processes, newly formed peaks
of C=C at 1636 cm™, CH, bending at 1200 cm™, and C-O stretching at 810 cm
appeared due to the acrylate functionality. Additionally, the existence of VPA in the
formulation can be observed from the characteristic peaks at 1000 and 1043 cm™ in
Figure 4.9 [162]. The crosslinking density of the coating layer on cord fabric surface
after UV-curing was investigated by acetone extraction for 4h. Accordingly, the
weight loss after extraction was found as 0.08%. That means photo-polymerization

was completed in 2 minutes UV-light exposure.
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Figure 4.9 : FTIR spectra of polyester fibers (raw, alkali treated, coated) [159].

The FTIR spectra of PA fibers (raw, alkali treated, coated) were given in Figure 4.10.

Accordingly, the peak intensities changed after alkali treatment due to the re-
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arrangement of amorphous and crystalline regions. Characteristic PA peaks of amide
can be seen in the range of 1493-1631 cm™. The N-H bending vibration peak at 675
cm* and the aliphatic C-C and C-H rocking peaks in the range of 900-1200 cm™ can
be seen in Figure 4.10, respectively [163]. The ester carbonyl stretching peak of C=0
at 1720 cm, characteristic VPA peaks at 1000 and 1043 cm™, CH; bending peak at
1200 cm™ and C-O stretching peak at 810 cm™ were all recorded after the application

of adhesive formulations.
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Figure 4.10 : FTIR spectra of polyamide fibers (raw, alkali treated, coated) [159].
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Table 4.7 : Band assingnments of polyester, polyamide fiber FTIR spectra [159].

Wavenumbers (cm™) Band Assignment

795 C=0 rocking vibration
848 Rocking 1.-“ihra1_:icn of methvl
units Untreated
973-1042 Stretching xibrgtions of ether and Alkali
units Treated
PES 1342, 1410 C-H aromatic ning vibration
1709 C=0 ester stretching
810 C-0 stretching
1000, 1043 VPA peaks Pealss After
1200 CH: bending Coating
1636 C=C unsaturated acrylate peak
675 N-H bending vibration
900-1200 Aliphatic C-C and C-H rocking Untreated
1493 Amide, N-H+C-C+C=0 bending  and Alkali
1533 Amide, C-N+N-H Treated
PA 1631 Amide, C=0+C-N
810 C-0 stretching
1000, 1043 VPA peaks Peals After
1200 CHz: bending Coating
1720 C=0 ester peak

Figure 4.11 and 4.12 illustrate the optical microscopy images of polyamide and
polyester fibers (raw, alkali treated, coated) and the fiber thickness values after all
stages, respectively. During the alkali treatment, hydrolytic scission of ester bonds in
polyester and amide bonds in polyamide, caused by the hydroxyl anions of NaOH, was
occurred. This deformation and abrasion on fiber surface cause weight loss and
conformational re-arrangements. Due to the abrasion on fiber surface, new surfaces

are formed resulting a better coating process [36].
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Untreated polyester (left) and polyamide (right) fibers

I\

Alkali treated polyester (left) and polyamide (right) fibers

Adhesive formulation coated polyester (left) and polyamide (right) fibers

Figure 4.11 : Optical microscopy images of fibers [159].

According to the Figure 4.12, the polyamide and polyester fibers showed 16.1 % and
12.3 % loss in thickness values with alkali treatment, respectively. Due to the non-
polar structure of polyester fiber, alkali solution cannot diffuse deeply within the fiber
surface, thus the thickness loss of polyester fiber is less than polyamide fiber [36].
Having a non-polar property also affects the thickness increment after coating process.
Thus, after adhesive formulation coating stage, 20.5 % and 26.5 % thickness increment
values were recorded for polyester and polyamide fibers, respectively.
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Figure 4.12 : Fiber thickness values of fibers (raw, alkali treated, coated) [159].

Figure 4.13 and Table 4.8 show the TGA thermograms and the thermogravimetric data
of UV-cured free films with and without VPA addition. According to the TGA curves,
decomposition of the films occurred in one-step. A rapid decomposition was observed
in the range of 390-430 °C for all films. Due to the flame resist property of
phosphorous, whenever VPA amount increases in the formulation, the char yield and
the weight loss temperatures increase [92]. In other words, whenever VPA amount
increases, thermal stability also increases. Considering the sample of S3 that is not
containing any VPA, the char yield was recorded as just 7 % whilst in the sample of
S4, after the addition of 2.5 % VPA to the formulation, the char yield increased up to
15 %. Ty and T2 correspond to the temperatures which 5 % and 50 % weight loss values
were obtained after decomposition. According to the Table 4.8, T1 increases when
VPA ratio increases in the formulation. T2 values were obtained in the range of 370-

430 °C for all samples.
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Figure 4.13 : TGA thermograms of UV-cured free films [159].

Table 4.8 : TGA data of UV-cured free films [159].

T, T, Char Yield (%
Sample Codes 5o, wei(;g Loss) (50% wéﬁ: Loss) 0
S3 190 430 7
S4 240 370 15
S5 255 380 19
S6 290 390 28
s7 300 400 30

In order to investigate the flame retardancy property of the adhesive formulations, the
LOI test was applied on coated UV-cured cord fabrics. The LOI values of the samples
are given in Figure 4.14. The LOI values in S1 and S2 samples are almost the same,
that means non-ionic washing process and alkali treatment do not affect the flame
retardancy property. The LOI value of S3 sample (EA coated) is lower than S1
(untreated fabric) and S2 (washed, alkali treated) samples. This result can be explained
by the lower LOI value of EA layer by itself comparing to the polyester/polyamide
cord fabrics. The LOI value of EA oligomer is 21, whereas the LOI values of polyester
and polyamide polymers are 23 and 24, respectively [164, 165]. As the VPA amount
increases in the formulation, the LOI values also increase. The sample of S7 having
10 % VPA, showed the highest LOI value of 25.5. The S3 and S7 sample images after
LOI test can be seen in Figure 4.15. Accordingly, the higher char residue is
characteristic property of a material with flame retardant property. The sample images

and the thermogravimetric data show consistancy in terms of the char residue. As
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mentioned before, higher char amounts lead to flame resist property by preventing the
heat transfer through the sample due to the VPA inclusion to the formulations [166].
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Figure 4.14 : Flame retardancy testing results of coated UV-cured fabric samples
[159].

Figure 4.15 : Photographs of coated UV-cured fabric samples after flame retardancy
test [159].

Table 4.9 shows the surface energy and contact angle values of coated UV-cured
fabrics for each VPA content. Wettability of a surface can be evaluated by measuring
the contact angle of a liquid droplet on the surface. In general contact angle values less
than 90° correspond to a surface with high wettability character, whilst contact angles
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higher than 90° refer to the hydrophobic surfaces. Surface energy is related to the
degree of attraction that is shown against to the different surfaces (liquid etc.) and can
be indirectly measured by contact angle testing [167, 168]. According to the Table 4.9,
the contact angle testing cannot be applied on S1 (untreated) and S2 (ECE+NaOH
treated) samples due to immediate absorption of water droplets on the surfaces.
Considering the samples of S3 and S4, when the VPA was introduced to the
formulation, contact angle value decreased due to the polarized functional groups.
VPA addition into the formulation caused a more polarized structure thus the contact
angle values decrease whenever VVPA ratio increases in the formulation by giving a
hydrophilic character to the surface [118, 169]. The highest hydrophilic behavior so
the lowest contact angle value (45°) was observed in S7 sample with 10 % VPA

inclusion to the formulation.

Table 4.9 : Surface energy and contact angle values of coated UV-cured
polyester/polyamide cord fabrics [159].

Sample Codes Contact Angle (°) Surface Energy (mJ/m?)

S1 — _
S2 — -
s3 75 40
sS4 72 43
S5 62 45
S6 54 46
57 45 49

Figure 4.16 shows the peel strength values between the cord/rubber surfaces for each
formulation. When the untreated cord fabric was adhered on rubber by means of heat
and pressure (thermal curing occurs), the peel strength value was recorded as 24.1
N/cm. The peel strength value was increased to 26.6 N/cm after the ECE washing and
NaOH treatments (sample S2, without any adhesive formulation) on cord fabric, due
to the formation of polar hydroxyl groups on the fiber surface. In the sample of S7
with 10 % VPA inclusion, the best adhesion strength value of 50.8 N/cm was observed
due to the low contact angle value and high wettability character of the surface. This

result supports the idea of usage VPA in adhesive formulations as adhesion promoter.
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Figure 4.16 : Peel strength values between coated UV-cured cord fabric and rubber
surfaces [159].

4.2 Synthesis and Application of UV-Curable Tung Oil Based Adhesive

Formulations for Cord/Rubber Applications

In this study, bio-based adhesive formulations were prepared by using tung oil (TO)
as bio source. Due to the high unsaturation amount, TO is a good candidate to design
oligomers with desired functional properties. At first, TO was epoxidized and then
acrylated by AA. The obtained acrylated epoxidized tung oil (AETO) oligomers were
used in adhesive formulations in order to adhere cord/rubber surfaces. The synthesis

steps of oligomer can be seen in Figure 4.17.
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Figure 4.17 : Synthesis steps of AETO oligomer.

In this study, TO was epoxidized by using three different time periods; 3 h, 12 h, and
20 h according to the yield values and previous studies in literature [170]. During the
reaction, the acid value, epoxide content, degree of epoxidation (DOE), and the yields
of the ETO for different reaction times were observed. The completion of the
epoxidation reaction can be followed from the formation of epoxide groups by
depleting the acetic acid in the reaction. According to the Table 4.10, the highest acetic
acid depletion and vyield value, epoxide content, and epoxidation degree were all
observed in the sample of ETO-12. Thus this oligomer was used in further testing and

characterization stages.
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Table 4.10 : Properties of ETO oligomers for each reaction time.
Epoxide DOE

Reaction Time  Acid Value o Yield

Sample Codes h) (MgKOH/g) C(zcr)l/;c)e):nt (%) (%)
ETO-3 3 44.3 3.2 53.8 62.1
ETO-12 12 24.5 4.9 82.8 70.6
ETO-20 20 36.3 3.2 53.7 65.3

Figure 4.18 shows the FTIR spectra of TO and ETO oligomers in various epoxidation
times. The epoxidation and acrylation reactions can be followed by the newly formed
peaks, changes in peak intensities or shapes, and shifts of the existing peaks. The ester
peak of C=0, belongs to the triglycerides, at 1740 cm™ can be seen in all spectra [171].
The characteristic TO peaks at 2924-2854 cm™ of aliphatic CH2 groups, C=C
puckering peak at 1665 cm™, -CH,- deformation peak at 1458 cm™*, CH3 peak at 1377
cm?, O-C=0-C peak at 1236 cm™, -CH-O-C- peak at 1158 cm™, CH,O stretching
peaks at 1115 and 1097 cm™, CH, wagging peak at 726 cm™ were all observed [172].
According to the FTIR spectra of TO, the disappearance of unsaturation can be
followed by the peak at 3015 cm™. After the 12 h and 20 h epoxidation reactions, this
peak disappears as can be seen in the FTIR spectra of ETO oligomers [173]. The
depletion of the double bonds can also be followed from the decrease in peak intensity
at 1665 cm™. Additionally, newly formed peaks at 903-808 cm™ and 901-817 cm™ in
ETO-12 and ETO-20 spectra were attributed to the epoxide stretching peak of C-O-C
proving the success of the epoxidation reaction [11, 172]. In the FTIR spectra of ETO-
3, the unsaturation peak around 3010 cm™ is still existing whilst newly formed peaks
at 3463, 3421, and 3432 cm™ in ETO-3 and ETO-20 spectra, show the O-H stretching
that supports the epoxy ring opening reaction [153].
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Figure 4.19 shows the FTIR spectra of TO, ETO-12, and AETO oligomers. The
acrylation reaction can be confirmed by the newly formed acrylate peaks of CH=CH.
at 843, 930, and 1421 cm™ [174]. Additionally, the carboxyl group absorption C=0
peak at 1696 cm™, and the C=C stretching peak at 1626 cm™ were observed. The
residual epoxy peak at 905 cm after the acrylation process can be observed [11].
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Figure 4.19 : FTIR spectra of TO, ETO-12, and AETO oligomers.

Figure 4.20 illustrates the *H NMR spectra of TO, ETO-12, and AETO, respectively.
The terminal methyl (-CH3) protons of fatty acids of TO can be seen at around 0.9 ppm
in all spectra. TO has fatty acid side chains with unsaturated groups (-CH=CH-CH>-
CH=CH-) which can be observed with the minor peak at 2.8 ppm coming from the
protons in methylene groups between two unsaturated groups [175]. The peaks at 1.3
and 1.5 ppm in TO spectra, correspond to the hydrogens of —CHo>- in fatty acid groups.
The peaks around 4.1-4.4 ppm and 5.2-5.3 ppm prove the glyceride structure of TO,
by illustrating the protons of the glycerol backbone in a glyceride unit. The protons of
conjugated trienes of triglyceride are presented in 5.3-6.5 ppm region with multiple
peaks. The peak around 5.4 ppm belongs to the unsaturated cis -CH=CH> groups. The
—CH2- peaks beside the double bond can be seen at 2.1-2.2 ppm [127, 176].

Regarding the *H NMR spectra of ETO-12, the formation of epoxy ring can be proved
by the epoxy proton peak at 2.8-3.2 ppm. The methylene protons attached to the C=C
unsaturation groups of TO, are represented at 5.2-5.6 ppm region [171]. Moreover,
fatty acid ester bonding is presented by the chemical shift at 4.0-4.4 ppm region, and
at 5.3 ppm -CH- protons of C=C group, at 2.9-3.1 ppm region -CH- protons of epoxy

group can be observed.
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In the 'H NMR spectra of AETO, existence of the acrylate group (-CH=CH-) was
proved by the minor peaks at 5.2-5.6 ppm region [171]. Protons at 3.5 ppm and 2.5
ppm correspond to the protons nearby the electron donor groups such as CHz, CHs,
and protons in allylic positions, respectively. Protons of carbon atoms coming from
the opening of epoxide groups and protons nearby the electronegative groups
(carboxylic groups of acrylates, vinylic protons) can all be seen at 4.4 ppm.
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Figure 4.20 : 'H NMR spectra of TO, ETO-12, and AETO oligomers.

The TGA thermograms and the thermogravimetric data of UV-cured free films under
air with a 10 °C/min heating rate were given in Figure 4.21 and Table 4.11,
respectively. Existence of aromatic groups in the oligomer structure, conformational
re-arrangements, chain rigidity, composition and chemical structure of polar groups
are all effective parameters determining the thermal oxidative stability of polymers
[107, 154]. According to the TGA results, the free film samples of TO, ETO-12, and
AETO showed thermal stability till 280, 250, and 150 °C, and they presented a 50 %
weight loss at 400, 420, and 190 °C, respectively [177]. Epoxidation reaction caused
increase in thermal oxidative stability due to the presence of aromatic structure in
epoxy groups. Due to the addition of polar groups into the structure with the acrylation
process and the depletion of epoxide groups, the thermal oxidative stability decreased
in AETO sample.
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Table 4.11 : Weight loss temperatures of UV-cured free films.
Samples Ti (°C) (5% weight loss) T2 (°C) (50% weight loss)

TO 150 400
ETO-12 . |
T 100 190
N T0
N\
5 7 “"’# o
:\ETO I \

100 20 x0 400 <0 “wo T00
Terpartas (°C)

Figure 4.21 : TGA curves of UV-cured free films.

The swelling degree (%) values of UV-cured free films after the immersion in toluene
can be seen in Figure 4.22. Accordingly, all films showed a good stability in the range
of 1-6 % in toluene. The AETO ratio in the formulation is highly effective on swelling
ratio and rate. The highest swelling degree of 6 % was recorded in the sample without
PUA inclusion after 1h immersion in toluene. In the samples containing both AETO
and PUA oligomers, the swelling degree increases with increasing AETO amount in
the formulation due to the hydrohilic and porous nature of AETO oligomer [178].
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Figure 4.22 : Swelling degree of UV-cured free films in various AETO/PUA ratios.
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The hydrophobic character and crosslinking density are effective parameters
determining the gel content of UV-cured free films. Higher gel content means that the
crosslinking density of the films is also high. In order to investigate the gel content of
UV-cured free films in various AETO/PUA ratios, the Soxhlet extraction method in
THF was performed for 6 h. After the extraction process, all unreacted substances and
uncrosslinked ingredients were removed. Table 4.12 shows the gel content of UV-
cured free films for each AETO/PUA ratio. Accordingly, the gel content values of UV-
cured free films were found in the range of 70-99 % which prove the formation of a
three dimensional structure within the films. The sample containing 25/75 %
AETO/PUA showed the highest gel content with 98.6 % due to having the highest
amount of acrylate groups representing in both AETO and PUA oligomers [171].
Higher gel content value means that almost all reactive groups in the formulation were
converted into crosslinked structure with the help of UV exposure. Additionally,
slightly decrease in gel content value was observed in the sample without PUA
inclusion. Results showed that the gel content value decreased with increasing AETO
amount in the formulation due to the existence of epoxidized free fatty acids in AETO
oligomer which is related to the acrylation degree of the oligomer consequently affects
the crosslinking density.

Table 4.12 : Gel content values of UV-cured free films in various AETO/PUA
ratios.

AETO/PUA (%) Gel Content (%)

25/75 98.6
40/60 98.5
50/50 96.2
60/40 83.1
75/25 69.9
100/0 91.3

Adhesive formulations were applied on cord fabrics and then cured by UV-light
according to the process in Figure 3.7. The completion of photo-polymerization on
cord fabric surface was investigated by acetone extraction method for 4h and then a
0.22% weight loss was observed after extraction. This result confirms the formation
of UV-curing process. The wettability character of the coated UV-cured surfaces was
investigated by contact angle measurement. The images of water droplets on coated
UV-cured fabric surfaces in terms of the AETO/PUA ratios can be seen in Figure 4.23.
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The contact angle and surface energy values for each formulation were presented in
Table 4.13. Results showed that whenever AETO ratio increases up to 50 % in the
formulation, contact angle value also increases to 87.9°. After that point, contact angle
values decrease with increasing AETO amount in the formulation. This result can be

explained by the hydrophilic nature of epoxidized free fatty acids in AETO structure.
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Figure 4.23 : Images of water droplets on coated UV-cured cord fabrics.

Table 4.13 shows the adhesion strength values of cord fabric/rubber composites in
various AETO/PUA ratios. Accordingly, the highest adhesion strength value of 26.0
N/cm was recorded when the AETO/PUA ratio was set as 50/50 %. In theory,
whenever contact angle increases the surface shows a hydrophobic behavior resulting
a poor adhesion property. But in this study, the adherence should be considered after
the thermal curing stage of the adhesive between cord fabric/rubber surfaces, not only
from the hydrophilicity of the cord fabrics.

Table 4.13 : Peel strength values of fabric/rubber composites. Surface energy, and
contact angle values of coated fabrics after UV-curing.

AETO/PUA Contact Angle Surface Energy Peel Strength
(%) ) (mJ/m?) (N/cm)
25/75 54.8 54.2 16.8
40/60 61.2 52.5 17.1
50/50 87.9 42.2 26.0
60/40 77.7 47.1 20.2
75/25 69.7 50.8 19.6
Pure fabric -- -- 12.3
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ETO was also modified by vinylphosphonic acid (VPA) and the obtained
vinylphosphonic acid modified epoxidized tung oil (VPAETO) oligomer was included
in adhesive formulations. The adhesion strength between cord/rubber surfaces was

investigated. Synthesis steps of the oligomer can be seen in Figure 4.24.
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Figure 4.24 : Synthesis of VPAMETO oligomer.

EEW of the synthesized oligomer was determined by using HCIO4 titration method
after the epoxidation stage [11] and recorded as 858.8 g/equivalent. The epoxidation
and VPA modification reactions were followed by FTIR spectroscopy. As can be seen
in Figure 4.25, the ester peak of triglyceride (C=0) and the unsaturated groups of TO
can be observed at 1740 cm™ and 3015 cm™, respectively. The peaks due to
unsaturation were all disappeared after the epoxidation stage [131]. The O-H stretching
peak at 3421 cm™ in ETO FTIR spectra, illustrated that the epoxide group might be
opened via side reactions [132]. Considering the FTIR spectra of VPAMETO
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oligomer, the characteristic oxirane peak at 825 cm™ in ETO oligomer was completely
disappeared with the VPA modification reaction. Furthermore, the vibration peak of
phosphate ester at 1002 cm™* supported the existence of VPA in the oligomer structure
[92].
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Figure 4.25 : FTIR spectra of TO and modified TO oligomers [179].

The *H NMR spectra of TO, ETO, and VPAMETO oligomers were given in Figure
4.26, respectively. Regarding the *H NMR spectra of TO, in 6-6.5 ppm region, the CH
and CH. protons between the unsaturated groups in fatty acids of TO were observed.
The epoxidation reaction caused the formation of epoxide group peaks at around 2.8-
3.1 ppm region associated with the CH protons linked to the oxygen of the epoxide
groups. The CH and CH> protons of vinyl group in VPA can be observed at 6.3 ppm
and 5.6 ppm, respectively [130].
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Figure 4.26 : 'H NMR spectra of TO and modified TO oligomers [179].

Adhesive formulations were applied on cord fabrics by dip-coating and then cured by
UV-light. The completion of UV-curing was followed in coated UV-cured fabric by
ursing acetone extraction method for 4h. Accordingly, the weight loss after extraction
was recorded as 0.06% which confirms the formation of a crosslinked structure on
fabric surface after UV-curing. The images of water droplets on coated UV-cured cord
fabrics in various VPAMETO/PUA ratios can be seen in Figure 4.27. According to the
images, it can be seen that the hydrophilicity of the fabric increased, thus contact angle
value decreased with increasing VPAMETO amount in the adhesive formulation. This
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result can be explained by the increasing number of hydroxyl groups due to the
existence of VPA in the oligomer structure associated with the VPAMETO.
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Figure 4.27 : Images of water droplets on VPAMETO:PUA coated UV-cured cord
fabrics [179].

The contact angle and surface energy values from the coated UV-cured cord fabric
surfaces, and the peel strength of cord fabric/rubber composites were all illustrated in
Table 4.14. Accordingly, a consistent behavior was observed among all results. In
other words, whenever VPAMETO increases in adhesive formulation contact angle
value decreases, surface energy value increases, so the peel strength value increases.
Due to the hydroxyl functional groups of VPA, the hydrophilic character of the fabric
increased after dip-coating, thus the best adhesion strength value of 20.5 N/cm was
recorded when the VPAMETO/PUA ratio was set as 75/25 in the adhesive

formulation.

Table 4.14 : Peel strength, contact angle, and surface energy values of the samples in
various VPAMETO/PUA ratios [179].

VPAMETO PUA Contact Angle Surface Energy  Peel Strength

(%) (%) ©) (mJ/m?) (N/cm)
25 75 56.7 57.7 13.2
50 50 44.3 60.7 18.6
75 25 40.2 63.2 20.5

Pure fabric -- -- 12.3

4.3 Synthesis and Application of Polyurethane Methacrylates for Cord/Rubber
Applications

In this study, formaldehyde-free dual-curable adhesives were synthesized with the
reaction of TDI and HEMA. Possible mechanisms for TDI-HEMA reaction can be
seen in Figure 4.28. The obtained polyurethane methacrylate based oligomers were
evaluated in terms of the adhesion strength for cord/rubber surfaces, by changing the
NCO:OH ratio and reactive diluent compositions. The sample codes and compositions

of adhesive formulations were presented in Table 4.15.
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Figure 4.28 : Possible reaction mechanisms for TDI-HEMA reaction.
Table 4.15 : Compositions of adhesive formulations.
Sample TDI HEMA NCO:OH Reactive Diluent
Code (mol) (mol) Ratio (50%0)
X 0.5 1 1:1 --
X-1 0.5 1 1:1 TCDDA
X-2 0.5 1 1:1 TMPTMA
Y 1 0.5 4:1 --
Y-1 1 0.5 4:1 TCDDA
Y-2 1 0.5 4:1 TMPTMA
Z 1 1 2:1 --
Z-1 1 1 2:1 TCDDA
Z-2 1 1 2:1 TMPTMA

Figure 4.29 shows the *H NMR spectra of the samples of X, Y, and Z. According to
the spectra, the existence of HEMA in the oligomer structure can be proved by the
peaks at 4.27-4.39 ppm (-O-CH,-CH-0-), at 5.59-5.60 ppm (C(CHz)=CH: trans), and
at 6.10-6.18 ppm (C(CHz)=CH: cis), respectively. The methyl groups of TDI and
HEMA can be observed at 2.14-2.17 ppm and 1.94-1.95 ppm. When the NCO:OH
ratio increased in the formulation, the peak intensities of methyl groups of TDI
increased whilst methyl and methylene groups of HEMA decreased. The confirmation
of the reaction between the isocyanate and hydroxyl group can be made by the peak at
4.85 ppm refering to the —-NH- peak of urethane (carbamate) group. The peaks at 7.10-

7.92 ppm region correspond to the phenyl ring protons of TDI. The existence of urea
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linkage (-NHCONH-) due to the some side reactions between the trace amount of
water and excess isocyanate, can be followed by the peak at 6.7. ppm. The possible
side reactions are given in Figure 4.24. The formation of urea can be seen only in the
spectra of Y and Z samples due to having excess isocyanate groups in the formulation.
In the spectra of X sample, the peaks at 3.44-3.85 ppm region illustrate the methylene
protons existing on the hydroxyl groups of HEMA. [17, 89, 180-182].
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Figure 4.29 : 'H NMR spectra of polyurethane methacrylate oligomers in various
NCO:OH ratios.

The swelling degree (DS %), the gel fraction (GF %), and the chemical resistance
values of UV-cured free films were all given in Table 4.16. The chemical resistance
of films were measured based on the weight loss (%) values after immersion into the
solutions. A high GF (%) value corresponds to the high crosslinking densities whilst
DS (%) and weight loss (%) after exposure to chemicals decrease whenever
crosslinking density increases. Results showed that the increasing NCO:OH ratio in
the formulation, increased the GF (%) value from 80 % to 99 % considering the X and
Y-1 samples. Reactive diluent inclusion to the formulations increased the GF (%)
values for all samples. With the inclusion of reactive diluent to the oligomer structure
and increasing NCO:OH ratio, the DS (%) values decrease in all solvents. This result

is stemming from the highly crosslinked structure of the samples. Due to the existence
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of strong intermolecular interactions and secondary bondings such as hydrogen
bonding, and bonding of rigid phenyl groups, all samples presented a good chemical
resistance property in both NaOH and HCI solutions. Eventually, the weight loss (%)
after exposing to chemicals decreased whenever the reactive diluents exist and the

NCO:OH ratio increases in the formulation [6, 17].

Table 4.16 : Physicochemical characteristics of UV-cured film samples.

Chemical Resistance

Sg(r)r:jpélse DS (%) (E);/oF) Weight Loss (%)
Toluene Ethanol Water NaOH (10%) HCI (10%)
X 9.96 12.26 8.72  80.78 3.23 1.98
X-1 9.02 10.06 758 86.21 1.48 0.74
X-2 9.46 10.92 7.83  83.75 1.99 1.01
Y 1.82 1.94 1.74  98.65 2.51 1.84
Y-1 0.37 0.89 0.26  99.97 0.98 0.59
Y-2 1.58 1.62 149 99.41 1.71 0.75
Z 4.27 5.69 391 88.75 2.61 1.89
Z-1 3.09 4.74 254  93.33 1.28 0.61
Z-2 3.54 5.02 2.76  92.13 1.86 1.17

Figure 4.30 shows the TGA curves of UV-cured free films for each sample
composition. Accordingly, all samples thermally decomposed similarly in two-step.
The urea and urethane bonds depolymerized into TDI and HEMA at around 240-260
°C. In 350-385 °C region, the chain scission of HEMA and the decomposition of the
aromatic group of TDI were recorded. In the first step, a 20-40 % weight loss was
observed in 300-385 °C region for each sample due to the decomposition of urethane
linkages. In the second step, in 400-500 °C region, the carbodiimide and isocyanurate
groups decomposed resulting the main weight loss (60-90 %) of the films. Figure
4.30.a shows the thermal decomposition character of the films in terms of the NCO:OH
ratio. Increase in NCO:OH ratio caused increase in thermal stability of the films due
to the formation of isocyanurate units (trimerization) (Figure 4.28), that is formed by
the excess isocyanate groups, resulting increase in crosslinking density [6, 183]. When
the reactive diluents are included into the formulations as in Figure 4.30.b, c, and d,
thermal stabilities of the films all increased because of the increasing crosslinking
density. The increase in thermal stability is more significant in the samples of X-1, Y-
1 and Z-1, comparing to the X-2, Y-2, and Z-2, because of the cycloaliphatic, bulky
character of TCDDA, that is effective on crosslinking density and thermal stability, by

decreasing the chain mobility in the structure [184].
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Figure 4.30 : TGA curves of UV-cured free films in terms of NCO:OH ratio (a), and
reactive diluent types (b, c, d).

The thermogravimetric data and the thermal transitions of the UV-cured free films can
be seen in Table 4.17. Due to the decomposition of carbodiimide and isocyanurate
groups and performing the thermal analysis under nitrogen atmosphere, carbonization,
also known as pyrolysis, occurs. Thus char formation was observed after testing [183].
The 5 %, 50 %, and 80 % weight loss values during thermal exposure were given in
order to evaluate the thermal behavior of free films in detailed. According to the
results, when the NCO:OH ratio increases, the decomposition temperatures also
increase. Due to the existence of cyclic, bulky groups in TCDDA, films having
TCDDA as reactive diluent showed higher thermal stabilities and high char yields,
comparing to the films with TMPTMA. As mentioned before, TCDDA increases

thermal stability by increasing the crosslinking density of the structure.
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Table 4.17 : Thermogravimetric and thermal transitions data of UV-cured free films.

" ’ Weight Loss (%0), Char
Sgr:cgln;e Tq (°C) (0-2’) (0-2’) Temperature (°C) Yield
5% 50% 80% (%)

X -49 45 262 178 366 440 9.8
X-1 45 123 303 196 380 459 10.8
X-2 22 109 296 192 370 453 10.3
Y 24 132 305 190 400 470 12.2
Y-1 95 196 326 210 429 475 13.1
Y-2 58 144 312 197 423 472 12.5
Z -20 101 294 195 382 458 10.4
Z-1 61 156 318 220 423 462 11.5
Z-2 32 140 303 198 410 460 10.8
Tg glass transition temperature, 1Tq first decomposition temperature, 2Tq second decomposition

temperature

The DSC curves and data of UV-cured free films can be seen in Figure 4.31 and Table
4.17, respectively. Accordingly, all films showed mainly three different termal
transitions (Tg, 1Ty, and >T4). Due to the existence of soft and hard segments in the
oligomer structure, two different decomposition temperatures were recorded. The first
one (}Td) was observed in 45-196 °C region and corresponds to the microdomains of
the structure. The second one (°Td) refers to the hard segments of
urethane/isocyanurate groups in high crosslinking density. The second decomposition
temperature (°Td) is related to the hard segment domains formed by the
urethane/isocyanurate groups with high crosslinking densities. According to the Figure
4.31.a, increasing NCO:OH ratio in the formulation, caused increase in Tg and
decomposition points. Due to the trimerization reaction (Figure 4.28) of excess
isocyanate groups, the highest decomposition temperatures (132 °C, 305 °C), and the
highest Tg (24 °C) value were all obtained in Y sample. All transitions jumped to the
higher temperatures considering the Figure 4.31.b, c, and d, due to the inclusion of
reactive diluents to the formulations. Tg of TCDDA (186 °C) is higher than the Tg of
TMPTMA (80 °C), because of the cyclic, bulky structure of TCDDA. Thus the highest
decomposition temperatures (196 °C, 326 °C) with the highest Tq (95 °C) value were
recorded in Y-1 sample which has the highest NCO:OH ratio and TCDDA [17, 180,
185, 186].
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Figure 4.31 : Thermal transitions of UV-cured free films in terms of NCO:OH ratio
(@), and the reactive diluent type (b, c, d).

FTIR spectra of untreated cord fabric and the fabrics coated with X, Y, Z formulations
and then cured by UV light can be seen in Figure 4.32. The characteristic polyester
peaks of C=0 stretching at 1732 cm™, C-C-O asymmetric stretching peak involving
the carbon in aromatic unit at 1267 cm™, O-C-C asymmetric stretching peak of
ethylene glycol unit at 1099 cm™, and C-H bending peak at 722 cm™ were observed in
all spectra. The acrylate absorption peaks of C=C at 1635 cm™, =CH; at 1450 cm™,
and =CH at 810 cm* supported the inclusion of HEMA into the structure. The broad
peak at 3328 cm* corresponds to the OH group of unreacted HEMA in Figure 4.28.b.
The N-H stretching peak of carbamate ester unit at 1529 cm™ and the C=0 stretching
vibration peak at 1732 cm, which is overlapping with the polyester peak, illustrate
the existence of polyurethane acrylates in the oligomer structure [187-189]. The photo-
polymerization was also followed by acetone extraction method for 4h in Y-1 coated

UV-cured cord fabric. This sample is chosen due to having the highest GF value in the
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free-film form. Accordingly, weight loss value was found as 0.03% after extraction.
Thus, photo-polymerization was completed in 2 minutes UV-light exposure.

Raw Fabric (a) 17321635 12671099 722

810

X Coated Fabric (b)

’
3328 (OH)

Y Coated Fabric (c)

Z Coated Fabric (d)

4000 3700 3400 3100 2800 2500 2200 1900 1600 1300 1000 70(
Wavenumber (cm™)

Figure 4.32 : FTIR spectra of untreated and coated UV-cured cord fabrics.

Figure 4.33 shows the contact angle values and the images of water droplets on coated
UV-cured cord fabric surfaces. The surface functionality is highly effective on surface
energy values. According to the images of X, Y, and Z samples, when the NCO:OH
ratio increases, contact angle values decrease thus the wettability character of the
fabrics are improved. Surface functionality and the crosslinking density increase with
the addition of the reactive diluents to the oligomer structure. Thus surface energies
are high and contact angles are low in reactive diluent included samples [190]. The
best wettability property with the lowest contact angle value (57.1°) was obtained in
Y-1 sample, due to the highest NCO:OH ratio and TCDDA usage in the structure. The
bulky and cyclic nature of tricyclodecane units of TCDDA and the side reactions of
excess isocyanate increase the surface functionality so improves the surface
wettability. Excess isocyanate cause the formation of some side groups (Figure 4.28)
such as urea, biuret, allophanate, and urethane groups, which is capable of making

hydrogen bonding with water droplets.

86



VA Z1 Z2
m& 2vo

Figure 4.33 : Contact angle values and images of water droplets on coated UV-cured
fabric samples.

The T-peel test was performed in cord/rubber composites after thermal curing stage
between the coated UV-cured cord fabrics and rubber layers as given in Figure 3.7.
The peel strength values between the cord/rubber surfaces can be seen in Figure 4.34.
According to the figure, the adhesion strength value increases to 64 N/cm from 34
N/cm with increasing NCO:OH ratio from 1 to 4 when there is no reactive diluent
existing in the formulation. Increasing NCO:OH ratio leads to the better adhesion
strength values because of the higher crosslinking densities of the structure that is
formed by the excess isocyanate groups in the reaction [6]. The acrylate groups in the
oligomer structure can be reacted with the double bonds of SBR during the thermal
curing stage. The other binding mechanism between cord/rubber surfaces is the strong
hydrogen bonding between the carbonyl groups of polyester cord fabric and the NH
groups in urea, urethane, allophanate, and biuret units [154]. The adhesion strength
value increased up to 103 N/cm with the inclusion of TCDDA to the formulation as

reactive diluent, due to the bulky, and cyclic structure of tricyclodecane units [191].
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Figure 4.34 : Adhesion strength values for each compositions.

Table 4.18 shows the peel strength value, the optical microscopy images of cord
fabrics after T-peel test, and the rubber residue (%) amount in 1 cm? fabric region.
According to the images, the black regions refer to the rubber residue remained
adherent on fiber surface after T-peel test. The amount of the rubber residue (%) on
fabric was determined by measuring the weight uptake (%) of dip coated UV-cured
cord fabric after peel test. Considering the images, the black regions on fabric surface
are greater in Y-1 and Z-1 samples comparing to the other samples due to the usage of
TCDDA as reactive diluent in the formulation. The best adhesion strength value of
103 N/cm with the highest rubber residue (40.99 %) were obtained in the sample of
Y-1, when the NCO:OH ratio was adjusted to 4. This result can be explained by the
side reactions of excess isocyanate groups in the reaction (Figure 4.28) and the cyclic,
fused nature of TCDDA. Thus, the crosslinking density and the surface functionality

is high in Y-1 sample resulting enhancement in peel strength value.
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Table 4.18 : Adhesion strength and the rubber residue values with the fabric images
after peel testing.

Sample Peel Strength Rubber Light Microscopy
Code (N/cm) Residue (%)
X 34 1.42
X-1 64 9.82
X-2 58 7.11
Y 79 14.48
Y-1 103 40.99
Y-2 88 2794
zZ 67 10.85
Z-1 88 2981
Z-2 75 11.14

4.4 Synthesis and Application of PVB Based Adhesive Formulations for
Cord/Rubber Applications

In this study, dual-curable formaldehyde-free polyurethane acrylate based adhesive
formulations were prepared by using the TDI-HEMA-PVB reaction (Figure 4.35). The
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adhesive strength between the cord/rubber surfaces were investigated by changing the
PVB ratio and the reactive diluent types in the oligomer structure. The dip-coating,
UV- and thermal-curing stages can be seen in Figure 4.36. Table 4.19 shows the

sample codes with the compositions.
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Figure 4.35 : Reaction scheme of the oligomer.

Table 4.19 : Sample compositions in various PVB amounts.

Sample Codes Sample Compositions
S1 Untreated polyester fabric
S2 TDI-HEMA-PVB (0%) coated fabric
S3 TDI-HEMA-PVB (1%) coated fabric
S4 TDI-HEMA-PVB (3%) coated fabric
S5 TDI-HEMA-PVB (5%) coated fabric
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Figure 4.36 : Application, and curing of adhesive formulations, and T-peel test
process for cord/rubber composites.

Figure 4.37 shows the *H NMR spectra of PVB-modified TDI-HEMA adduct. The
methacrylic groups of HEMA in the oligomer structure can be observed from the
characteristic peaks of (-O-CH2-CH»-0O) at 4.27-4.39 ppm, (C(CH3)=CHz> trans) peak
at 5.59-5.60 ppm, and (C(CH3)=CHj cis) peak at 6.10-6.18 ppm. The —CH3 groups of
TDI can be seen at 2.14-2.17 ppm. The inclusion of PVB into the oligomer structure
can be proved by the broad peak of —O-CH-CH.- unit at 3.39-3.87 ppm. The reaction
between the hydroxyl and isocyanate groups can be supported by the existence of the
carbamate groups (-NH-COOQ) peak at 4.99 ppm. The phenyl ring proton peaks can be
seen at 7.10-7.92 ppm region [89, 187, 192]. The characteristic PVB proton peaks of
methyl, methylene, and methine were appeared at 0.95 ppm, 1.2-1.8 ppm, and 3.4-4.1
ppm region, respectively. The peak at 4.4 ppm refers to the dioxymethine (O-CH-O)

proton in the acetal vinyl butyral ring in the oligomer structure [193].
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Figure 4.37 : 'H NMR spectra of the sample of S5.

The FTIR spectra of untreated polyester fabric (S1) and S5 formulation applied UV-
cured fabric can be seen in Figure 4.38. Considering the FTIR spectra of S5, no
unreacted isocyanate group (2270 cm™) was observed in the reaction. A complete
reaction between the isocyanate group and the hydroxyl groups of HEMA and PVB
was supported by the existence of N-H stretching peak at 3300 cm™ and N-H bending
peaks at 1596 and 1639 cm™. The methacrylate group inclusion to the structure can be
indicated by the peak of C=CH at 812 cm™. Moreover, the characteristic small PVB
peaks of C-O-C in butyral ring unit at 1132 cm™* can be observed [146, 189, 194, 195].
Acetone extraction method was employed to investigate the formation of crosslinked
structure of coating layer. Accordingly, the weight loss value on coated UV-cured
fabric (S5) after extraction was found as 0.08%. This result confirms the existence of

a crosslinked coating layer on fabric surface.
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Figure 4.38 : FTIR spectra of the samples S1 and S5.

Figure 4.39 shows the TGA curves of untreated cord fabric (S1) and coated UV-cured
cord fabric (S5), respectively. The usage area and performance of a coating material
mainly depend on the melting temperature and the decomposition temperature of the
material. As can be seen in Figure 4.39, after coating of the fabric, thermal stability
decrased due to the lower thermal decomposition temperature of the coating material
compared to the polyester cord. Considering the TGA curve of S5, thermal
decomposition of the coating layer starts at 300 °C with the degradation of pendant
groups. It can be observed that above 300 °C, PVB in the oligomer structure starts to
decompose [196]. In 350-450 °C region, the aromatic groups of TDI-HEMA adduct in
the oligomer decompose. Above 500 °C, the coated UV-cured cord fabric thermally
decomposes completely [89]. Regarding to the TGA curve of S1, in untreated cord
fabric, no decomposition was recorded till 400 °C, whereas in 400-500 °C region, a
rapid and one-step decomposition was observed. Moreover, decomposition of
amorphous structures is easier and faster than crystalline structures because of the
chain interactions and intermolecular forces existing in crsytalline region. Thus
thermal stability of cord fabric after coating stage decreased due to the amorphous

structures of the coating layer [197, 198].
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Figure 4.39 : TGA curves of the samples S1 and S5.

The thermogravimetric data of the samples of S1 and S2 were given in Table 4.20. The
differences between the cord fabric and coating material in thermal decomposition
temperatures and the existence of amorphous structures in coating material, caused
decline in thermal stability Thus, thermal decomposition temperatures decrased after
the application of PVB modified TDI-HEMA adduct onto the cord fabric surface. The
thermal analysis was performed under nitrogen atmosphere, therefore pyrolysis occurs
resulting the formation of the carbonization stage with the char yield. The char yield

values were recorded as 11 % and 8 % for S1 and S5 samples, respectively.

Table 4.20 : Thermogravimetric data of the samples of S1 and S5.

Temperature at  Temperature at

Sample Residue at Char Yield

0 i 0 [
Codes 5% Weight 50% Weight 400 °C (%) (%)
Loss Loss
ST 396 438 90 11
S5 252 437 84 8

The DSC curves of the samples of S1 (untreated cord fabric) and S5 (coated UV-cured
cord fabric) can be seen in Figure 4.40. Accordingly, melting peak of polyester
associated with the crystalline regions at 265 °C with a sharp peak was observed. This
peak was shifted to 255 °C after dip-coating and UV-curing processes. This result can
be explained by the differences in thermal decomposition temperatures of polyester
cord and the coating material. Thermal decomposition temperature of coating layer is

lower than polyester cord as can be seen in Table 4.20. Besides, the amorphous coating
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layer partially diffused onto the crystalline regions of the polyester cord fabric
resulting a lower thermal decomposition temperature [154, 197].
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Figure 4.40 : DSC curves of the samples of S1 and S5.

The images of water droplets on coated UV-cured cord fabrics with the contact angle
values were illustrated in Figure 4.41. The contact angle measurement cannot be
applied on raw cord fabric surface due to the immediate absorption of water droplet.
Functionality of a surface affects the wettability property of the surface by liquid [190].
Wettability property of the surfaces can be enhanced with increasing surface
functionality. In other words, contact angle value decreases with increasing surface
functionality. After the inclusion of PVB into the oligomer structure, surface
functionality increase due to the increase of carbamate ester groups so as the urethane
linkages in the structure. Additionally the hydroxyl groups of PVB enhance the
hydrophilicity of the surface [199, 200]. Polarity of the surface was increased by the
unreacted hydroxyl groups of PVB in the oligomer structure, resulting lower contact
angle values. Because of having the highest functionality and polarity, the lowest

contact angle value (59.8°) was recorded in S5 sample.

Figure 4.41 also shows the adhesion strength values between cord/rubber surfaces.
When the untreated cord fabric was adhered onto the rubber surface in a heated press,
the adhesion strength value of 12.3 N/cm was observed. The S2 sample was coated
by the adhesive formulation without any PVB inclusion. The possible bonding

mechanisms between the cord/rubber surfaces are as follows: the unsaturated groups
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of SBR can be reacted with the methacrylate functionality of the oligomer during
thermal curing stage (Figure 4.42). The peel strength values were gradually increased
with increasing PVB amount in the oligomer structure. The unreacted hydroxyl groups
of PVB within the oligomer increase the surface polarity. Strong H bonding was
formed between the carbonyl groups of polyester and the NH groups of carbamate
ester groups. Besides, flexibility of the cord/rubber composite increased with PVB
functionality resulting higher peel strength values [154]. In the sample of S5, having

5 % PVB inclusion, the best peel strength value of 94.7 N/cm was recorded.
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Figure 4.41 : Peel strength values between cord/rubber surfaces, and the images of
water droplets with contact angle values on dip-coated UV-cured cord fabrics.
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Figure 4.42 : Bonding mechanism between the SBR and polyester layers after
coating and thermal curing stages.

Figure 4.43 illustrates the light microscopy images of cord fabrics with their grayscale

binary images after peel test. Accordingly, the SBR residue, remained adherent after

96



peel test, is represented by the black regions on the images. This regions are more
visible in grayscale binary images. The density of the black regions is much higher in
the sample of S5. In other words the cord fabric in S5 sample showed a better resistance
against to peel from rubber surface due to the good adhesion, so the best peel strength

value was obtained in S5 sample.

S2 S3 S4 S5

Figure 4.43 : Cord fabric optical microscopy images after peel test.

The peel strength between cord fabrics and rubber surfaces was also investigated in
terms of reactive diluent types by using urethane acrylate based oligomers in the
adhesive formulation. TMPTMA and TCDDA were chosen as reactive diluent types.
The sample codes and compositions were illustrated in Table 4.21. The prepared
adhesive formulations were applied on polyester/polyamide cord fabrics by dip-

coating and the coating layer on fabric surface was cured by UV-light.

Table 4.21 : Sample codes and compositions.

Oligomer Reactive Diluent Sample Codes
-- S1
-- S2
PVB Modified TDI-HEMA Adduct TMPTMA, 50% S3
TCDDA, 50% S4

The completion of photopolymerization was investigated by acetone extraction
method on S4 sample for 4h. Accordingly, about 0.06% weight loss was recorded with
extraction. The FTIR spectra of raw and dip-coated UV-cured polyamide (weft) and
polyester (warp) fibers can be seen in Figure 4.43 and Figure 4.44, respectively.
Regarding the Figure 4.44, in all samples, characteristic peaks of polyamide such as
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N-H stretching vibration peaks at 3090 and 3298 cm™, N-H bending peaks at 686 and
1560 cm?, -CH,- stretching vibration peak at 2913 cm™, C=0 vibration peak at 1666
cmt, and -CH- stretching vibration peak at 2850 cm™ were all obsreved. The peaks at
1560-1666 cm™ region are representing the characteristic polyamide peaks of N-H and
C=0 groups, and are overlapping with the carbonyl peaks of carbamate group in the
formulation. No displacement or shift in primary amide peaks was observed. This
result supports the idea of that, the interaction between the fabric surface and coating
layer was not performed by the primary amide functional groups [201, 202]. After the
application of adhesive formulation and UV-curing stage, the urethane acrylate
oligomer on fabric surface can be followed by the methacrylate peaks of HEMA
(C=CHy) at 812 cm'}, the butyral ring group peak (C-O-C) at 1132 cm™, and the ester
peak (C=0) at 1732 cm™ [146, 189, 194, 195].
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Figure 4.44 : FTIR spectra of untreated (S1) and coated UV-cured (S2, S3, S4)
polyamide fibers.

The FTIR spectra of untreated polyester fiber and coated UV-cured polyester fibers
were given in Figure 4.45. Accordingly, the characteristic polyester peaks of C=0
stretching, C-C-O asymmetric stretching with the carbon of aromatic group, O-C-C
asymmetric stretching of ethylene glycol unit, and C-H bending were all observed at
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1732 cm?, 1267 cm™, 1099 cm™, and 722 cm™ [188, 203-205]. After the application
of adhesive formulations, new peaks were appeared such as the methacrylate groups
of HEMA peak (C=CH,) at 812 cm, bending and stretching peaks of carbamate ester
unit (N-H) at 1560 and 3298 cm™. Furthermore, the existence of PVB was supported
by the stretching vibration peaks (-CH-, -CH-) at 2913 and 2850 cm™, and the
formation of carbamate group in the oligomer was observed with the peak (C=0) at
1666 cm?, respectively [146, 189, 194, 195].
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Figure 4.45 : FTIR spectra of untreated (S1) and coated UV-cured (S2, S3, S4)
polyester fibers.

The 'H NMR spectra of the urethane acrylate oligomer with and without PVB
inclusion can be seen in Figure 4.46. Accordingly, the existence of HEMA in oligomer
structure can be followed by the methacrylate group peaks in 1.79-1.83 ppm (-O-CHo-
CH>-0), in 5.61-5.72 ppm (C(CH3)=CHz trans), and in 6.10-6.18 ppm (C(CHz)=CH>
cis) regions. The TDI in the oligomer structure can be observed from the aromatic ring
and methyl protons at 7.10-7.92 ppm and 2.14-2.17 ppm, respectively. The reaction
between the hydroxyl and isocyanate group can be supported by the carbamate group
peak (-NH-COO) at 4.83 ppm. After the inclusion of PVB to the reaction, the intensity
of the carbamate peak increased. Additionally, the methyl group peak at 0.87 ppm, the

99



methylene group peaks at 1.25-1.75 and 2.21 ppm, -O-CH-CH> peak at 3.32-3.71 ppm,
and O-CH-O dioxymethine proton peak at 4.4 ppm were all supported the existence of
PVB [89, 187, 192, 193]. The peaks at 6.51 and 6.78 ppm correspond to the aryl-

alkylalkyl urea that is formed by the side reactions of secondary amine functional
groups with urethane linkages [206].
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Figure 4.46 : 'H NMR spectra of polyurethane methacrylate oligomer before and
after PVB inclusion.

The TGA curves and the thermogravimetric data of UV-cured free films can be seen
in Figure 4.47 and Table 4.22, respectively. No remarkable decomposition was
observed up to 200 °C in all samples. The decomposition of urethane linkage to its
structural (isocyanate and alcohol) units starts at 200 °C [207]. The aromatic structure
in TDI-HEMA unit starts to decompose in the range of 350-450 °C. Thermal
decomposition is completed at around 500 °C in all films. After the inclusion of

reactive diluents to the formulations, as in S3 and S4, thermal stability increased.
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Additionally, reactive diluent inclusion caused to formation of more thermally stable
materials. More than half of the films remain stable till 400 °C. The cycloaliphatic and
bulky nature of TCDDA inhibits the molecular movements comparing to the
TMPTMA, thus the thermal stability increase is much greater in S4 than S3 [184]. Due
to performing the thermal analysis under nitrogen atmosphere, carbonization occurs

and pyrolysis with char yield is observed.
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Figure 4.47 : TGA curves of UV-cured free films.
Table 4.22 : Thermogravimetric data of UV-cured free films.
Sample Temperature at Temperature at Residue at Char
Codes 5% Weight Loss  50% Weight Loss 400 °C (%) Yield (%)
S2 157 339 40 9.7
S3 182 423 59 10.4
S4 191 445 64 135

The DSC curves of UV-cured free films can be seen in Figure 4.48. Accordingly, the
glass transition temperature (Tg) of the polyurethane methacrylate oligomer was found
as 65 °C. After the reactive diluent inclusion to the formulations, the glass transition
temperaures were shifted to 82 °C and 175 °C for the sample of S3 and S4, respectively.
This result is stemming from the higher glass transition values of reactive diluents by
themselves (TCDDA, around 186 °C and TMPTMA, around 80 °C). The T4 of
TCDDA is greater than the Tq of TMPTMA due to the bulky and cycloaliphatic groups
in TCDDA resulting in a higher crosslinking density. The mentioned cyclic structure
leads to a small free volume in polymer matrix by decreasing the oxygen diffusion
inside the polymer resulting increase in thermal stability with higher glass transition
temperatures as in S4 sample [208].
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Figure 4.48 : DSC curves of UV-cured free films.

Figure 4.49 shows the contact angle values and the water droplet images on coated
UV-cured cord fabric surfaces for each formulation. Surface energy increases with
increasing crosslinking density so increasing functionality. It means that contact angle
values decrease with increasing surface functionality [190]. The image of the water
droplet on untreated fabric (S1) cannot be captured due to the immediate absorption of
the water droplet by the surface. According to the images, the lowest contact angle
value (70.2°) was observed in S4 sample due to the higher functionality with a higher
crosslinking density of TCDDA caused by the tricyclodecane unit, resulting a

hydrophilic character on the surface.

S2 S3 S4

97.4° 83.3° 70.2°

Figure 4.49 : Contact angle values and images of water droplets on coated UV-cured
fabric surfaces.
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Figure 4.50 illustrates the T-peel test values between polyester/polyamide cord fabrics
and rubber surfaces. The adhesion strength value of 24.1 N/cm was obtained when the
rubber and raw fabric were adhered together by heated press. When the urethane
methacrylate oligomer was included in adhesive formulation without PVB inclusion
(S2), the peel strength value was recorded as 47.3 N/cm. So the formulation in S2
sample doubles the peel strength results comparing to the untreated (S1) sample. The
possible bonding mechanism between the cord and rubber layers can be occured
between the unsaturated groups of SBR and the arylate groups of the oligomer during
the thermal curing stage [154]. Another bonding mechanism can be observed between
the carbonyl groups of polyester cord fabric and the NH groups of carbamate ester
units in the oligomer. Moreover, the NH groups of polyamide fabric can be bonded
with the carbonyl groups in the oligomer structure via hydrogen bonding mechanism.
In the sample of S3 and S4, due to the inclusion of reactive diluents to the formulation,
adhesion strength values increased. It can be seen that reactive diluents act as adhesion
promoters by increasing the bonding mechanism between cord/rubber surfaces. In the
sample of S4, having TCDDA as reactive diluent, showed the best adhesion strength
value of 100.4 N/cm. This result can be explained by the cyclic, fused-ring structure
of TCDDA which improves the bonding properties of the surfaces [191].
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Figure 4.50 : Peel strength values of polyester/polyamide cord fabric-rubber
composites.

Figure 4.51 shows the polyester/polyamide fabric surfaces after T-peel test. According
to the images, the black regions correspond to the SBR which remains adherent on the
surface in other words resists peeling from the fiber surface after T-peel test. Whenever

peel strength increases, the black regions on fabric surface also increases. It is obvious
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that the sample of S4 has the highest rubber residue due to having the highest peel
strength value.

S2 S3 S4

Figure 4.51 : Polyester/polyamide cord fabric images after peel testing.

Adhesive formulations were also prepared by using 5 % PVB modified TDI-HEMA
adduct and different types of acrylate based reactive diluents. The effects of reactive
diluent combination (TCDDA/TMPTMA) on the adhesion strength between
cord/rubber surfaces were investigated. Table 4.23 shows the sample codes and the

reactive diluent compositions.

Table 4.23 : Sample codes with reactive diluent compositions.

Sample Codes Reactive Diluent Compositions

(TCDDA/TMPTMA)

S1 --

S2 0/100
S3 25/75
S4 40/60
S5 50/50
S6 60/40
S7 75/25
S8 100/0

Table 4.24 illustrates the GF (%), DS (%), and weight loss (%) againist chemical
exposure values for each free film sample. GF (%) value is attributed to high
crosslinking densities whereas weight loss (%) with chemical exposure and DS (%)
values decrease with increasing crosslinking density. Accordingly, the lowest GF (%)
value with the highest DS (%) and weight loss (%) with chemical exposure were all
observed in the sample of S1. After the inclusion of reactive diluents to the formulation
GF (%) value increased, DS (%) and weight loss (%) value in chemical solutions
decreased. This result can be explained by the increase in crosslinking desity with
reactive diluent inclusion. The lowest DS (%) and weight loss (%) values after

chemical exposure were observed in the sample of S8 with TCDDA inclusion. Due to
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the cyclic and bulky nature of tricyclodecane units in TCDDA the crosslinking density
increase is higher comparing to the TMPTMA. Whenever TCDDA ratio increases in
the formulation crosslinking density increases resulting higher GF (%) value and lower

DS (%), weight loss (%) values in chemical solutions.

Table 4.24 : Physicochemical characteristics of UV-cured free films for each
reactive diluent compositions.

Chemical Resistance

Sg(r)rézlse DS (%) (((;;/('):) Weight Loss (%)
Toluene Ethanol Water NaOH (10%) HCI (10%)
S1 10.79 20.79  18.09 82.37 3.05 13.04
S2 4.11 3.76 1.18  89.66 1.71 1.06
S3 5.18 5.26 198 86.79 1.83 3.95
S4 5.97 6.53 199 85.42 1.87 4.21
S5 7.99 6.73 9.35 8555 2.11 7.69
S6 5.65 4.31 1.42  88.72 1.73 3.53
S7 1.55 2.61 031 92.34 1.41 0.69
S8 1.48 2.09 0.23 9941 1.39 0.39

Figure 4.52 shows the water droplet images with contact angle values on coated UV-
cured cord fabrics in various reactive diluent compositions. Images proved that,
increase in surface functionality leads to higher surface energy values, thus wettability
character of the surface was enhanced with reactive diluent inclusion. So the contact
angle values decreased after the inclusion of reactive diluents. The lowest contact
angle value (66.2°) with the highest wettability property was observed in the sample
of S8 when TCDDA was used as reactive diluent. The contact angle values decrase
with increasing TCDDA ratio in the formulation. TCDDA leads to higher surface
functionality compared to the TMPTMA, due to the cyclic, bulky character of

tricyclodecane units in the formulation.

105



S1

S2 S3
IIIIIIIIIIIIIIIIIII IIIIIIIIIIIIIIIII

S4 SS S6
iiiiiill!!!lilll 4

S7 S8
iiiiilll!!iiillliiiiIIIIIIIiil!

Figure 4.52 : Contact angle values and water droplet images on coated UV-cured
cord fabrics in various reactive diluent compositions.

Figure 4.53 shows the adhesion strength values between the coated UV-cured cord
fabric and rubber surfaces by means of reactive diluent compositions. The images were
captured from the fabric surfaces after T-peel test in order to show the rubber residue
remained adherent on fibers. The black resgions belong to the adherent rubber residue.
Accordingly, when there is no reactive diluent exist in the formulation, the adhesion
strength was recorded as 65.1 N/cm. After the inclusion of reactive diluents to the
formulation the adhesion strength values were all enhanced. The adhesion strength
value increased with increasing TCDDA ratio in the formulation. The highest adhesion
strength value of 111.6 N/cm was obtained in the sample of S8 with TCDDA usage as
reactive diluent. Considering the fabric images, the black regions are greater in the
sample of S8 due to the highest peel strength value. The contribution of TCDDA to
the adhesion work is greater than TMPTMA because of the cyclic bulky pendant

groups of tricyclodecane units in the formulation.
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Figure 4.53 : Adhesion strength values between cord/rubber surfaces with the cord
fabric images after peel test.

Table 4.25 shows the mechanical properties of the UV-cured free films for various
adhesive formulations. Considering the EA adhesive formulations, tensile strength and
modulus increase with increasing acrylate functionality. Acrylate functional groups
are responsible for the flexibility of the films resulting increase in elongation at break
value. Furthermore, hardness of the films also increases because the acrylate groups

increase the crosslinking density of the structure.

VPA inclusion to the EA coating formulations caused the formation of polarized
functional groups in the structure resulting in higher crosslinking densities. Thus
tensile strength, modulus, and hardness values all increase with increasing VPA
amount in the formulation. A slightly increase was observed in elongation at break
value due to the increase of the flexibility of the structure with hydroxyl groups of
VPA.

Regarding the reactive diluent combinations in polyurethane methacrylate based
adhesive formulations, tensile strength, modulus, and hardness values all increased
with reactive diluent inclusion due to the increase in crosslinking densitiy. The

increase in elongation at break value is lower in S8 sample compared to the S2 sample.
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This result can be explained by the bulky, cyclic nature of TCDDA that restricts the
mobility of the chains resulting decrease in flexibility.

Table 4.25 : Mechanical properties of the UV-cured free films.

Tensile Young

Elongation at Shore D

Sample Codes SZKzgg;h Break (%0) M(I?/? g;l;s Hardness
EA 25 164 0.9 3116 54
EA 50 189 1.9 3437 59
EA 75 202 2.7 3602 65
EA 100 226 3.4 3819 69
EA+2.5 % VPA 115 1.2 4213 49
EA+5 % VPA 133 14 4228 52
EA+7.5 % VPA 159 1.6 4278 68
EA+10 % VPA 182 1.7 4346 70
S1 58 1.5 1056 49
S2 92 2.3 1792 60
S3 88 2.2 1652 64
S4 84 2.0 1413 61
S5 82 1.9 1303 62
S6 89 1.9 1610 64
S7 96 1.8 1744 65
S8 104 15 1813 70
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5. CONCLUSION

The presented thesis work includes synthesis, characterization, and application of three
different types of formaldehyde-free dual-curable adhesive formulations. In the first
part, bisphenol-A based epoxy was reacted with AA in various molar ratios. The
obtained EA oligomers were characterized by FTIR and *H NMR analysis in order to
observe formation/diasappearance of some chemical units in the oligomer structure.
Adhesive formulations were prepared by EA oligomers and applied on
polyester/polyamide cord fabric by dip-coating. The oligomer on fabric surface was
cured by UV. FTIR spectroscopy was also used to observe the completion of the
photopolymerization. Thermal properties of dip-coated UV-cured cord fabrics were
investigated by TGA and DSC analysis. Due to the increase in carbon amount, thermal
stability of the cord fabrics increased after coating stage. The melting temperature of
the coated fabric is lower than the melting temperature of the untreated fabric because
the coating layer provided an amorphous structure onto the fabric thus decreases the
melting temperature. The smoothness of the coating layer on single fiber surface was
observed by SEM. Accordingly, the oligomer covered the fiber surface completely
without any agglomeration. Contact angle test form the coated UV-cured fabric
surfaces illustrated that the increasing AA amount in the oligomer structure increases
the contact angle values so increases the hydrophobic behavior, due to the hydrogen
bonding between the OH groups of the acid and the oxygen atom of the polyester cord
fabric. The coated UV-cured fabrics were put between two SBR layers and thermally
cured in a heated-press. After thermal curing stage, peel test was applied on
cord/rubber composites in order to evaluate the adhesion property of the formulations.
The effects of the carboxyl/epoxide ratio of the oligomer structure on adhesion strength
between cord/rubber surfaces were searched. The best adhesion strength value of 18.0
N/cm was recorded when the carboxyl/epoxide ratio was set as 1. Due to the highest
acrylate functionality in the formulation, more connection points between cord/rubber
surfaces were obtained via the double bonds of SBR and acrylate groups of the
oligomer during the thermal curing stage. In order to increase the adhesion strength,

VPA was included into the adhesive formulations in various percentages. Results
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proved that, VPA acts as adhesion promoter and better peel test values were obtained
with flame resistant property due to the inherent flame-resist behavior of phosphorous
in VPA. The existence of phosphorous in the structure also caused increase in thermal
stability and char yield values. Non-ionic washing and alkali treatment were applied
on cord fabrics prior to the dip-coating stage in order to get a more hydrophilic and
functionalized fabric surfaces. The best adhesion strength value of 50.8 N/cm was

observed in the sample including 10 % VPA.

In the second part of the thesis, bio-based oligomers were synthesized by using TO as
bio-source due to the high unsaturation degree compared to the other vegetable oils.
TO was epoxidized first, and then reacted with AA and VPA. The obtained oligomers
were characterized by FTIR, *H NMR, and thermal analysis. Adhesive formulations
were prepared by using various percentages of AETO and VPAMETO with PUA
resin, and then applied on cord fabrics via dip-coating. Contact angle measurement
was performed on coated UV-cured cord fabrics. Hydrophilicity of the surface
increased with increasing AETO and VPAMETO amount in the formulation due to the
inclusion of hydroxyl groups of the acids to the structure. Epoxidation reaction caused
increase in thermo-oxidative stability due to the existence of epoxide groups in the
oligomer. The peel strength was measured after thermal curing stage between
cord/rubber surfaces. The highest peel strength values of 26.0 N/cm and 20.5 N/cm
were obtained with the inclusion of 50 % AETO and 75 % VPAMETO oligomers to

the formulations.

In the third part of the thesis, polyurethane methacrylate based oligomers were
synthesized by the reaction of TDI and HEMA in various NCO:OH molar ratio. In
order to increase the functionality of the oligomer, the obtained TDI-HEMA adduct
was also reacted with PVB in various percentages. Oligomers were characterized by
FTIR, 'H NMR, and thermal analysis, respectively. Thermal analysis showed that
thermal stability and melting temperature of coated UV-cured cord fabrics decreased
compared to the untreated fabric due to the inclusion of amorphous regions into the
fabric structure. Adhesive formulations were prepared by using the obtained oligomers
and reactive diluents (TMPTMA and TCDDA), then applied on cord fabrics by dip-
coating. Surface wettability of the coated UV-cured cord fabrics were investigated by
contact angle measurement. After thermal curing stage between two SBR layers, the
peel test was applied in order to investigate the adhesion properties of the formulations.
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The effects of NCO:OH molar ratio, PVB percentage, and the reactive diluent type on
adhesion strength were searched. Results showed that adhesion strength increased with
increasing PVB amount in the formulation. PVB gives strong binding ability and acts
as adhesion promoter. The highest adhesion strength value of 94.7 N/cm was recorded
in 5 % PVB added formulation. Considering the reactive diluent type in the
formulation, the bulky and cycloaliphatic character of TCDDA gives higher thermal
stability, higher rigidity, with a better adhesion property compared to the TMPTMA.
Thus, the highest adhesion strength value of 100.4 N/cm was obtained when TCDDA
was used as reactive diluent. Regarding the NCO:OH molar ratio in the formulation,
when the NCO:OH ratio increased, thermal stability, gel fraction, glass transition and
melting temperatures, adhesion strength were all increased whereas swelling degree
and weight loss with chemical exposure decreased. This result can be explained by the
excess isocyanate groups in the formulation resulting in trimerization reactions, and
formation of intermolecular hydrogen bondings, giving a three-dimensional highly
crosslinked network. The highest adhesion strength value of 103 N/cm was recorded
when the NCO:OH molar ratio was set as 4. The adhesion strength was also
investigated by means of reactive diluent combinations. TCDDA and TMPTMA were
used as reactive diluents in various percentages. Results proved that adhesion strength
value increased with increasing TCDDA ratio in the formulation. The contribution of
TCDDA to the adhesion strength is greater than TMPTMA due to the higher
functionality with the cycloaliphatic units of TCDDA. The highest adhesion strength
value of 111.6 N/cm was recorded in the sample having only TCDDA as reactive

diluent.

It can be concluded that adhesive formulations can be prepared without using vinyl
pyridine latex and formaldehyde resin. In this thesis work, it was aimed to observe the
effects of both high modulus EA and low modulus PUA oligomers on the adhesion
between cord/rubber surfaces. Due to the high unsaturation ratio, which allows more
crosslinking sites in the molecule, TO was chosen as bio source to design a bio-based
oligomer. In conclusion, adhesive formulations were all prepared by using the
synthesized oligomers with various modifications, and different types of reactive
diluents in various combinations, consequently the adhesion strength between
cord/rubber surfaces successfully increased up to 111.6 N/cm from 18 N/cm.

Regarding the conventional RFL dipping process, the adhesion strength between
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cord/rubber layers, can be varied in the range of 3-290 N according to the type of the
cord fabric (aramid, polyester, polyamide etc.), structural properties of the cord fabric
(thickness, weight, yarn count etc.), type of the peel test (T-peel test, H-pull test etc.),
type of the rubber (SBR, ethylene methyl acrylic, silicon, natural rubber, ethylene-
propylene-diene, nitrile etc.). Thus, the obtained adhesion strength results in this thesis
are promising for the usage in industrially scale.
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