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ADHESION STRENGTH IMPROVEMENT OF LAMINATED FABRICS 

THROUGH PLASMA SURFACE MODIFICATION 

SUMMARY 

Laminated fabrics are used in textile industry for their functional and technical 

properties instead of their aesthetic and appearance features. A good interface 

adhesion strength for laminated fabrics is required to prevent the delamination of the 

laminated layers. The adhesion is problematic especially in the material surface with 

low surface tension such as polypropylene nonwoven fabrics. Polypropylene fabrics 

are widely used in textile industry such as protective clothes, military textiles, 

footwear, bags and medical uses. Conventional surface pre-treatments such as 

chromic acid etching, oxidizing flame method etc. are applied to laminates prior to 

lamination when high adhesion strength is required. In this study, the use of plasma 

process is chosen as an alternative to conventional pre-treatment processes to 

enhance the adhesion properties of laminated fabrics.  

Plasma applications have brought innovations in textile industry. It has dry and clean 

technology. The amount of water, chemicals and waste materials are reduced 

dramatically compared with the traditional textile wet processes. It requires less 

energy consumption compared with the equivalent conventional treatments. Surface 

characteristics of materials may be modified without affecting their bulk properties. 

The topography and chemical properties of textile surfaces may be altered by plasma 

treatment. Hydrophilicity, hydrophobicity, flame retardancy, biocompatibility, 

dyeability, surface cleaning and adhesion properties of material surfaces may be 

improved by plasma treatments.  

Plasma treatment renders material’s surface clean and active/functional. Wettability 

of nearly all kinds of textiles improves with plasma treatment. The improvement in 

wetting of the fabric may have contributed to the adequate wetting of the surface by 

the adhesive. This may have contributed to the promotion in bond strength by 

increasing the possible area of contact between the adhesive and the fabric over 

which the load is distributed. 

In this study, polypropylene nonwoven or cotton woven fabric was selected as the 

base laminate. As the second laminate, a polypropylene spunbond nonwoven fabric 

or a pre-laminate (a knitted fabric laminated with 100% polyester based membrane) 

was used. The potential applications of these laminated fabrics include outdoor and 

military clothing, footwear industry, car seat coverings and interior design. 

An acrylic based adhesive that has low strength and washing durability, and a 

polyurethane based adhesive, which has high strength and washing durability were 

selected and used in lamination. Knife (doctor blade) coating method was applied in 

adhesive coating. Low-pressure plasma technique was utilized as a pre-treatment 

process by using various plasma treatment conditions with regard to plasma 

discharge power and exposure time.  
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Argon and oxygen were used as processing gasses for the plasma pre-treatment. The 

results showed that adhesion strength of oxygen pre-treated laminated fabrics were 

comparatively higher than the argon pre-treated laminated fabrics. 

Plasma induced surface modification of fabrics were analyzed by SEM, AFM and 

XPS measurements. The increase in surface roughness and contact area after plasma 

treatment may facilitate the interaction between the adhesive and the laminated 

layers, and thus contribute the mechanical adhesion of the laminates. The promotion 

in oxygen content that has polar characteristic indicates the improvement of surface 

wettability resulting in better penetration of the adhesives.   

Wettability properties were investigated by water contact angle, vertical wicking and 

absorption time analyses. The results showed that increasing plasma power and 

plasma time improved the wettability properties of textile surfaces. Improved 

wettability, may be due to the introduced polar groups and surface cleaning through 

plasma pre-treatment, resulting in better penetration of the adhesive into the fabric 

samples. 

Adhesion strength of laminated fabrics was determined by the peel bond strength 

(known as peel-off) test. Plasma treatment improved the adhesion strength of 

laminated fabrics compared to the untreated/reference laminated fabrics. Overall, the 

selected plasma conditions (with regard to plasma power and time) contributed 

(between 28 % and 150 %) to the adhesion properties of laminated fabrics compared 

to the untreated samples. There was an increase (between 1 % and 20 %) observed in 

peel bond strength with increase in plasma power and plasma exposure time among 

different plasma pre-treated and laminated fabrics.    

Interface adhesion strength between the laminates decreases with the effect of water 

and/or water vapor. After washing cycles, the decrease in peel bond strength was 

lower for the plasma pre-treated laminated fabrics compared with the untreated 

laminated fabrics.  

While laminated samples using acrylic based adhesives had much lower peel strength 

than the samples using polyurethane based adhesives, plasma induced adhesion 

improvements were observed in laminated fabrics using both polyurethane and 

acrylic based adhesives compared with the untreated samples. Plasma pre-treatment 

of laminates prior to lamination was found to be an effective way of improving the 

adhesion strength of laminated samples using acrylic and polyurethane based 

adhesives. 

Overall, surface modification through low-pressure plasma pre-treatment improved 

the adhesion strength and washing resistance of laminated textile fabrics. 
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PLAZMA YÜZEY MODİFİKASYONU İLE LAMİNE KUMAŞLARIN 

YAPIŞMA MUKAVEMETİNİN İYİLEŞTİRİLMESİ 

ÖZET 

Lamine kumaşlar tekstil endüstrisinde estetik ve görünüm özelliklerinden ziyade 

teknik performans ve fonksiyonellikleri için kullanılmaktadır. Lamine kumaşlardaki 

tabakaların biribirinden ayrılmasını önlemek için arayüzey yapışma mukavemetinin 

iyi olması gerekmektedir. Özellikle polipropilen dokusuz kumaşlar gibi düşük yüzey 

gerilimine sahip malzeme yüzeylerinde yapışma sorunlu olmaktadır. Polipropilen 

kumaşlar koruyucu ve askeri giysiler, ayak giyimi, çanta ve medikal kullanımları gibi 

tekstil endüstrisinde geniş bir kullanıma sahiptir. Polipropilen kumaşlara, yüksek 

mukavemet gerektiren laminasyonlara ön işlem olarak kromik asit dağlama, alevle 

oksidasyon metodu gibi geleneksel yüzey hazırlama işlemleri uygulanmaktadır. Bu 

çalışmada, lamine kumaşların yapışma mukavemetini artırmak için geleneksel ön 

işlemlere alternatif olarak plazma işlemi kullanımı seçilmiştir. 

Plazma uygulamaları tekstil endüstrisine yenilikler getirmiştir. Kuru ve temiz bir 

teknolojidir. Geleneksek tekstil işlemlerine göre, kullanılan su, kimyasal ve atık 

miktarı dikkate değer bir şekilde düşmektedir. Eşdeğer geleneksel yöntemlere göre 

daha az enerji tüketimi gerekmektedir. Malzemelerin genel özellikleri değişmeden 

sadece yüzey özellikleri modifikasyona uğramaktadır. Tekstil yüzeylerin 

topoğrafyası ve kimyasal özellikleri plazma işleminden etkilenmektedir. 

Malzemelerin; hidrofilite, hidrofobite, güç tutuşurluk, biyo-uyumluluk, 

boyanabilirlik, yüzey temizliği ve adezyon (yapışma) özellikleri plazma işlemi 

sonrasında iyileşmektedir.  

Plazma işlemi malzeme yüzeyini temizler ve aktifleştirir/fonksiyonelleştirir. 

Neredeyse tüm tekstillerin ıslanabilirlikleri plazma işlemi ile iyileşmektedir. 

Kumaşın ıslanmasıdaki iyileşme, yüzeyin yapıştırıcı tarafından yeterli şekilde 

ıslatılmasına katkı sağlayabilmektedir. Bu da yapıştırıcı ile kumaş arasındaki 

muhtemel temas alanını artırıp yükün yayılmasını sağlayarak yapışma 

mukavemetinin artmasına katkı sağlayabilmektedir.  

Bu çalışmada, ana tabaka olarak polipropilen dokusuz veya pamuk dokuma kumaş 

seçilmiştir. İkinci takaba olarak, polipropilen dokusuz kumaş veya prelamine (%100 

polyester membran kaplı örme kumaş) kumaş kullanılmıştır. Bu tip lamine 

kumaşların potansiyel kullanım alanları olarak açık hava ve askeri giysiler, ayakkabı 

endüstrisi, araba koltuk kaplama ve iç döşemeri gelmektedir. 

Laminasyon için düşük mukavemet ve yıkama dayanımına sahip akrilik bazlı 

yapıştırıcı ile yüksek mukavemet ve yıkama dayanımına sahip poliüretan yapıştırıcı 

seçildi ve kullanıldı. Yapıştırıcı kaplama için rakle ile kaplama metodu uygulandı. 

Düşük basınç plazma tekniği, plazma gücü ve süresine bağlı çeşitli plazma 

şartlarında, ön işlem olarak kullanıldı. 
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Plazma ön işlemi için argon ve  oksijen gazları kullanılmıştır. Sonuçlar göstermiştir 

ki, oksijen ön işlemli lamine kumaşların yapışma mukavemetleri argon ön işlemli 

lamine kumaşların yapışma mukavemetlerinden çok yüksek çıkmıştır. 

Plazma kaynaklı kumaş yüzey modifikasyonu, SEM (taramalı elektron mikroskobu), 

AFM (atomik kuvvet mikroskobu) ve XPS (x-ışını fotoelektron spektrometresi) 

karakterizasyonları ile analiz edilmiştir. Plazma sonrasında yüzey pürüzlülüğü ve 

temas alanındaki artış yapıştırıcı ve lamine tabakalar arasındaki etkleşimi 

kolaylaştırabilmiş, ve bu da lamine tabakaların mekanik adezyonuna katkı 

sağlamıştır. Polar karaktere sahip oksijen içeriğinin artması yapıştırıcının daha iyi 

penetre olmasını netice veren yüzey ıslanabilirliğinin iyileştiğine işaret etmektedir. 

Islanabilirlik özellikleri; su temas açısı, dikey kılcal ıslanma ve emilme (absorplama) 

zamanı analizleri ile incelenmiştir. Bu analizler sonucunda, artan plazma gücü ve 

plazma süresi kumaş yüzeylerinin ıslanabilirliğini iyileştirmiştir. Plazma ön işlemi ile 

beslenen polar grupların ve yüzey temizliğinin sebep olabileceği ıslanabilirlikteki 

iyileşme, yapıştırıcının kumaş yüzeyine daha iyi penetre olmasını sağlamıştır. 

Lamine kumaşların yapışma mukavemetleri, ayrılma bağ mukavemeti (peel-off) testi 

ile belirlenmiştir. Plazma işlemi, lamine kumaşaların yapışma mukavemetini, 

plazmasız/referans kumaşalarla kıyaslandığında, iyileştirmiştir. Seçilen tüm plazma 

koşullarında (plazma deşarj gücü ve işlem süresine bağlı olarak) lamine kumaşların 

yapışma özelliklerine, plazmasız lamine kumaşalara göre, katkı (28% ile 150% 

arasında) sağlamıştır. Artan plazma gücü ve süresinin farklı plazma ön işlemli lamine 

kumaşların kendi içersinde de yapışma bağ mukavemetleri üzerinde bir yükselme 

(1% ile 20% arasında) yaptığı gözlenmiştir.   

Lamine tabakalar arasındaki arayüz yapışma mukavemeti su ve/veya su buharı 

etkisiyle düşmektedir. Yıkama döngülerinden sonra, plazma ön işlemli lamine 

kumaşlardaki ayrılma bağ mukavemetindeki düşüş plazmasız lamine kemaşlara göre 

daha düşük olmuştur.  

Akrilik bazlı yapıştırıcılar kullanılan lamine kumaşların ayrılma mukavemeti, 

poliüretan bazlı yapıştırıcılar kullanılan lamine kumaşlardan düşük çıkarken, hem 

poliüretan hem de akrilik bazlı yapıştırıcılar kullanılan kumaşlarda plazma kaynaklı 

adezyonda plazmasız numunelere göre iyileşme gözlenmiştir. Laminasyon öncesi 

plazma ön işlemi, akrilik ve poliüretan bazlı yapıştırıcı kullanılan lamine kumaşların 

yapışma mukavemetini iyileştirmek için etkili bir yoldur.  

Sonuç olarak, düşük basınç plazma ön işlemi yoluyla yapılan yüzey modifikasyonu 

lamine tekstil kumaşların yapışma mukavemetini ve yıkama dayanımını 

iyileştirmiştir. 
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1.  INTRODUCTION 

Plasma treatment has made a breakthrough in the textile industry. Plasma is a dry and 

clean technology. Plasma treatment reduces, in some cases eliminates, the required 

water and chemicals in textile wet processes. Plasma treatment includes less energy 

consumption compared to the traditional chemical treatments. These advantages 

make plasma treatments more attractable. Comparison chart between plasma 

processing and wet processing are presented in Table 1.1 (Shisho, 2007). 

Plasma treatment alters topography and chemical properties of textile surfaces 

without affecting their bulk properties. The plasma surface modification is limited to 

a very thin layer (~100 nm) on the surface of material. Hydrophilicity, 

hydrophobicity, flame retardancy, biocompatibility, dyeability, surface cleaning and 

adhesion properties of material surfaces may be improved by plasma treatments 

(Bogaerts et al, 2002). There are various kinds of plasma processes that make 

numerous changes on textile surface characteristics. 

Table 1.1 : Comparison chart between plasma processing and wet processing. 

  Plasma processing  Traditional wet chemistry 

Medium 
No wet chemistry involved. Treatment by 

excited gas phase 
Water-based 

Energy 
Electricity – only free electrons heated  

(<1% of system mass) 

Heat – entire system mass 

temperature raised 

Reaction type 
Complex and multifunctional; many 

simultaneous processes 
Simpler, well established 

Reaction 

locality 

Highly surface specific, no effect on bulk 

properties  

Bulk of the material 

generally affected 

Potential for 

new processes 

Great potential, field in state of rapid 

development  
Very low; technology static 

Equipment 
Experimental, laboratory and industrial 

prototypes; rapid industrial developments 
Mature, slow evolution 

Energy 

consumption 
Low High 

Water 

consumption 
Negligible High 
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1.1 What is Plasma ? 

Plasma is the highest energy level of material states. Plasmas are excited and ionized 

gases generated by applying an electrical field to a gas. When the average kinetic 

energy of molecules were increased by certain methods (e.g. heating) from gas phase 

to further, ionization takes place (Figure 1.1, Vangeneugden, 2007).  

 

Figure 1.1 : Plasma phase. 

Mixture of free electrons, photons, positive and negative ions, free radicals, excited 

molecules and neutral atoms compose the gas plasmas as seen in Figure 1.2 (Yousefi 

et al, 2003).   

 

Figure 1.2 : Plasma ingredients. 

More than 96% of universe is in the plasma state while the Earth is composed of 

materials that are in the state of solid, liquid and gas phase. Thunderbolt, candle 

flame, neon light and sun aura are some examples of plasmas (Gurnett et al, 2005). 

The principle process of a low-pressure plasma system is simplified in Figure 1.2 

(Diener, 2007). 
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Figure 1.3 : Schematic of low pressure plasma system.  

1.2 Plasma Classification 

Plasmas are generally classified as thermal and non-thermal. Temperatures reach 

several thousands degrees in thermal plasmas, and all the species are in a state of 

thermal equilibrium. Contrary to the thermal plasmas, non-thermal plasmas are 

produced around at room temperature. In this case, electrons have higher energies 

than ions and molecules. Non-thermal plasmas are called as cold plasmas or gas 

discharge plasmas (Shishoo, 2007).  

While it is not easy to make accurate classification of plasmas, low-temperature 

plasma or gas discharge plasma is the subject of this study because most of the textile 

materials are heat sensitive polymers (Morent et al, 2008). Low temperature or so-

called cold plasmas are divided as high-pressure plasma and low-pressure plasma. 

High-pressure plasma is called as atmospheric pressure plasma. Plasma processes 

take place at atmospheric pressure levels as 10
5 

Pascal. It is mainly classified as 

Dielectric Barrier Discharge (DBD), Corona Discharge and Atmospheric Pressure 

Glow Discharge (APGD) as shown in Figure 1.4 (Shisho, 2007). 
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Figure 1.4 : Atmospheric pressure plasmas.  

Low-pressure plasma is called as vacuum plasma. A vacuum vessel is pumped down 

to a pressure in the range of 10
-2

 to 10
-3

 mbar with the use of vacuum pumps. The 

introduced gas is ionized by using high frequency generator. Low-pressure plasma is 

a well-controlled and reproducible technique (Shishoo, 2007). 

While its plant is rather expensive, surface treatment of textiles is much uniform than 

the atmospheric plasma treatment (Diener, 2007). 

Figure 1.5 represents the elements of low-pressure plasma system (Chen et al, 1996). 

 

Figure 1.5 : Low-pressure plasma system. 
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1.3 Plasma Generation 

There are three types of power supply to generate plasma. These are Low-frequency 

(LF, 50-450 kHz), Radio-frequency (RF, 13.56 or 27.12 MHz) and Microwave (MW, 

915 MHz or 2.45 GHz). 

To begin a discharge, some charged particles are required to start the process of 

ionization and excitation of gas particles. There are free electrons existed in ambient. 

By applying an electric field, electrons gain enough energy for ionization, which 

contributes to creating so-called discharge with avalanching current Figure 1.6 

(Alami, 2005).  

 

Figure 1.6 : A schematic of the discharge created by applying an electric field 

between two plates. 

The possible processes realized in plasma ambient is given in Table 1.2 (Friedrich, 

2012).  

Table 1.2 : Elementary collision processes in the plasma. 
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Plasma generation takes place in the low-pressure plasma device (Diener PICO RF 

Diener electronic GmbH + Co. KG, Germany) is shown in Figure 1.7. 

 

Figure 1.7 : Plasma generation. 

1.4 Plasma Surface Modification 

Plasma surface modification is mainly divided into surface 

activation/functionalization, plasma polymerization/film deposition and surface 

cleaning/abrasion/etching. 

Functional groups and reactive species are introduced directly to the material surface 

in plasma surface activation, and chemically functionalized surface is obtained 

consequently as given in Figure 1.8. Applications of plasma activations are pre-

treatment of materials for finishing and printing (Diener, 2007). 

 

Figure 1.8 : Plasma surface activation. 

In plasma polymerization, reactive precursor gases, which can polymerize, are fed to 

the material surfaces forming thin films coatings as seen Figure 1.9 (Diener, 2007). 
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Coating thickness is in 10-50 nm range, and deposited coatings can be categorized 

under either hydrophilic or hydrophobic/oleophobic coatings (Shishoo, 2007).   

 

Figure 1.9 : Plasma polymerization.  

The important effect of plasma treatment is the surface cleaning (Figure 1.10, Url-1, 

2013). Waxes, sizing materials, dirt and other residuals are removed. Besides the 

cleaning, etching effect is also considered important (Figure 1.11, Url-1, 2013). 

Reactive radicals are easily produced on plasma pre-treated surface; wettability and 

adhesion properties of materials enhance, and consequently, coating and lamination 

processes improve (Shindler and Hauser, 2004).  

 

Figure 1.10 : Plasma cleaning and abrasion.  

 

Figure 1.11 : Plasma etching effect.  
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1.5 Plasma Applications of Textile Materials 

Plasma treatments of textiles have been extensively studied especially for the last 

decades. Numerous papers have been published, and many patents were registered on 

different aspects of plasma processing. 

Hydrophilicity/wettability, hydrophobicity/oleophobicity, surface cleaning, flame 

retardancy, dyeability/printability, anti-static and anti-bacterial finishing, and 

adhesion properties of material surfaces may improve by plasma treatments. Table 

1.3 reports some of the properties of textiles that plasma treatments can affect 

(Shishoo, 2007). 

Table 1.3 : Some properties of textile materials that can be modified by plasma 

treatments. 

Property Material Treatment 

Wettability Synthetic fibres Oxygen, air, NH3 

Hydrophobicity Cellulosic fibres, wool, silk, PET Fluorocarbons, SF6, siloxanes 

Dyeability Synthetic fibres, wool, silk 
Oxygen, air, nitrogen, argon, SF6, 

acrylates 

Flame retardance Cellulosic fibres, synthetic fibres Phosphorus compounds 

Softness Cellulosic fibres Oxygen 

Wrinkle resistance Wool, silk, cellulosic fibres Nitrogen, siloxanes 

Antistaticity Synthetic fibres Chloromethylsilanes, acrylates 

Adhesiveness Synthetic fibres, cellulosic fibres 
Air, oxygen, nitrogen, argon, 

acrylates 

Antibacterial, 

antimicotic 
Cellulosic fibres, synthetic fibres 

 

Bleaching Wool Oxygen 

Antifelting Wool Oxygen, air 

1.5.1 Hydrophilicity / Wettability 

Wettability of nearly all kinds of textile surfaces is increased by plasma treatment. 

Water drops on the surfaces of pristine, 1 min and 10 min plasma treated UHMWPE 

fabrics were given respectively in Figure 1.12.  
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Figure 1.12 : Water droplets on the surface of various He/O2/N2 plasma treated 

UHMWPE fabric: (a) 0 min, (b) 1 min, and (c) 10 min.  

The aim is producing water compatible groups such as –COOH, –OH and –NH2 on 

the surface (Morent et al, 2008a). The change in wettability/hyrophilicity is 

determined by direct method such as contact angle measurements, and indirect 

methods such as absorbtion time and wicking rate. 

There are various study conducted on wettability/ hydrophilicity properties of textile 

surfaces. Molina et al. (2003) stated that hydrophilicity of water vapor plasma treated 

wool fabric is increased even as short as 10 seconds. XPS analyzis showed that 

hydrophobic wax layer was removed and new hydrophilic groups formed instead. 

Yousefi et al. (2003) indicated that low-pressure O2 plasma formed polar groups such 

as –CO and –OH on the polypropylene film surface and wettability increases. Sun et 

al. (2004) found that hydrophilicity of plasma treated cotton and wool fabrics were 

increased.  

Wettability improvements induced by the plasma treatments are discussed 

extensively in following parts (Part 2, 3, 4 and 5). 

1.5.2 Hydrophobicity 

Fluorocarbon polymers are fed to the surface to get hydrophobic, oleophobic and dirt 

repellent fabrics by the plasma polymerization. Poly (ethylene terephthalate), cotton 

and silk fabrics were plasma treated with SF6 gas, and its contact angle results were 

reached just like Teflon surface results (Riccardi et al, 2001). McCord et al. (2003) 

studied CF4 and C3F6 plasma treated cotton fabric to determine the hydrophobicity. 

Contact angle and wetting time results are increased consequently. SF6 plasma 

treated silk fabric had higher contact angle and wetting time result rather than the 

untreated fabrics (Chaivan et al, 2005). Ceria and Hauser (2010) stated that the 
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plasma treatment improved the durability of the finish (water and oil repellent) after 

artificial ageing. An example of liquid repellent plasma coatings is given in Figure 

1.13 (Url-1, 2013). 

 

Figure 1.13 : Liquid repellent plasma coatings.  

1.5.3 Adhesion promotion 

Adhesion is defined as an attraction between materials that contact each other. 

Cohesion is defined as the internal strength of an adhesive due to the variety of 

interactions within the adhesive. Degree of adhesion is determined by the cohesive 

forces between surfaces and inter-layer interactions (Smith, 2010). Moreover, 

wetting and spreading values of interlayer adhesion interfaces specify the adhesion 

level (Fowkes, 1964). The Figure 1.14 illustrates the adhesion and cohesion forces 

present within an adhesive, and between an adhesive and substrate (Url-2, 2013). 

  

Figure 1.14 : Adhesion and cohesion.  

There are mainly six theories of adhesion; these are physical adsorption, chemical 

bonding, diffusion, electrostatic, weak boundary layer theories and mechanical 

interlocking. Physical adsorption includes van der Waals forces across the interface. 

The chemical bonding includes the formation of covalent, ionic or hydrogen bonds 

across the interface. In diffusion theory, polymers in contact may interdiffuse, and 

the initial boundary is removed. The electrostatic theory states that if two metals are 
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in contact, electrons will be transferred from one to the other, forming an electrical 

double layer, which gives a force of attraction. The weak boundary layer theory 

states that clean surfaces can give strong bonds to adhesives, but some contaminants 

such as oils give a layer, which is cohesively weak. In mechanical interlocking; if a 

substrate has an irregular surface, the adhesive may get in the irregularities prior to 

hardening, which contributes to adhesive bonds with porous textiles materials 

(Comyn, 1997).  

According to mechanical theory, adhesion takes place by the penetration of 

adhesives into pores, cavities and other surface irregularities of the substrate or 

adherend. Mechanical interlocking of the adhesive and the adherends make positive 

contribution to the adhesive bond strength. Even though good adhesion may take 

place between smooth surfaces, adhesives bond better to porous abraided surfaces 

than to smooth surfaces (Ebnesajjad, 2006).   

Enhanced adhesion after abrading the surface of a material may be due to the one or 

more of the following; mechanical interlocking, formation of a clean surface, 

formation of a highly reactive surface, and higher contact surface area. Wetting and 

chemical bonding are expected consequences of increased contact surface area. The 

changes in physical and chemical properties of the adherend’s surface may increase 

adhesive’s strength (Ebnesajjad, 2006).  

Increasing the surface roughness and interatomic/intermolecular attractions between 

the materials being joined generally improves the bond strength (Fung, 2002). 

Wetting properties of surface is also important for good adhesion of adhesives. A 

fluid adhesive spread over a substrate is shown in Figure 1.15 (Fowkes, 1964). 

 

Figure 1.15 : Wetting of substrate by adhesive.  

The improvement in wetting of the fabric may have contributed to the adequate 

wetting of the surface by the adhesive. This may have contributed to the 

improvement in bond strength by increasing the possible area of contact between the 
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adhesive and the fabric over which the load is distributed (Dillingham et al., 2008; 

Pizzi & Mittal, 2003). Wolf et al. (2010) stated that plasma treatment significantly 

enhances the wettability, printability and adhesion properties. 

The main reasons for applying surface treatments prior to bonding are cleaning the 

surface and maximizing the degree of molecular interaction between the 

adhesive/primer and the substrate interface (Ebnesajjad, 2006).   

Textile fibers can be used as supporting materials in the fiber-matrix composites. The 

adhesion improvement is important for composites as fiber to matrix interactions, 

and interface adhesion of layered materials (Morent et al, 2002). 

Yaman et al. (2008) stated that adhesion properties of textile fibers inside matrix 

were increased with the plasma surface modification. Jasso et al. (2006) stated that 

adhesion between the plasma pretreated poly (ethylene terephthalate) fiber strips and 

styrene-butadiene rubber was increased. Carlotti et al. (1998) studied the adhesion 

strength between the plasma pretreated poly (ethylene terephthalate) fiber strips and 

latex coatings. Krump et al. (2005; 2006) studied the adhesion strength properties 

between the plasma pretreated poly (ethylene terephthalate) fibers and rubber matrix. 

Simor et al. (2004) studied the adhesion strength between the plasma pretreated 

polyester fibers and rubber matrix. Polar groups formed on the fiber surface and the 

increasing fiber surface area enhanced the adhesion of fibers to the matrix. Luo et al. 

(2002) studied the effects surface modification of textile fiber / polymeric matrix 

bond strength on fiber supported composite materials. Koo et al. (2006) and Wei et 

al. (2008) studied about the plasma-induced adhesion promotions of material 

surfaces.  

There are also some studies about the adhesion improvement of coated and laminated 

textile. Simor (2010) stated that the adhesion interface strength of PU/PVC-coated 

polyester woven fabric was enhanced by CO2 plasma treatment. Increasing surface 

roughness and introducing oxygen related groups to the surface are resulted in 

adhesion improvement. Yeh et al. (2010) stated that the adhesion strength of plasma 

treated ultra-high molecular weight polyethylene laminated woven fabrics were 

approx. 3 to 4 times higher than those of untreated ones. 

Additional discussion about adhesion improvement induced by the plasma pre-

treatment is mentioned in the following parts (Part 3, 4, 5 and 6). 
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1.5.4 Other applications 

Plasma pre-treatment also improves the consequent application;  

 Dyeing properties (Costa et al, 2006; Gorensek et al, 2010; Kan et al, 1999; 

McCord et al, 2002; Malek et al, 2003; Mak et al, 2006; Naebe et al, 2010a, 

2010b; Pandiyaraj et al, 2008; Yuen et al, 2007).  

 Printing properties (Özdoğan et al, 2009; Zhang et al, 2009).  

 Flame retardancy (Akovalı et al, 1990, 1991; Quede et al, 2002, 2004; 

Tsafack at al, 2006a, 2006b, 2007).  

 Anti-static properties (Bai and Liu, 2010; Bhat et al, 1999; Samanta et al, 

2010).  

 Anti-bacterial / anti-microbial properties (Bogaerts et al, 2002; Kostic, 2008).  

 Wrinkle recovery properties (Cireli et al, 2007; Chen et al, 2010; Kutlu et al, 

2010). 

1.6 Laminated Fabrics 

1.6.1 Introduction 

Laminated fabric is called layered or bonded fabric. According to the textile terms 

and definitions, laminated fabric is defined as, ‛a material composed of two or more 

layers, at least one of which is a textile fabric, bonded closely together by means of 

an added adhesive, or by the adhesive properties of one or more of the component 

layers’ (McIntyre and Daniels, 1995). Figure 1.16 represents the laminated fabrics 

(Url-3, 2013). 
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Figure 1.16 : Laminated fabric.  

Laminated fabric is different from the coated fabric. In coated fabrics, only one side 

of the fabric is coated with additional polymer, and chemical bonds take place 

between fabric and coated polymer. In laminated fabrics, layers bonded together with 

the help of adhesive resins, and physical bonding may occur between layers 

(Armağan, 2007). Generally, coated and laminated fabrics are regarded as the similar 

status.  

The properties that would not be obtained with only one layer could be obtained by 

the formation of multilayered and stable structure is the purpose of the laminated 

fabric.  

The important aspect of laminated fabric is the strong adhesion between the layers. 

Adhesion is realized with adhesive, heat, pressure or mechanical bonding. Substrates 

(layers) are bonded closely with adhesives using appropriate coating methods. The 

purpose is to be uniform and stable coating, and good adhesion (Smith, 2010). 

1.6.2 Adhesives  

There are several types of adhesives and numerous techniques used in the lamination 

process. 

The primary function of adhesives is to join parts together. Adhesives are applicable 

as water-based or solvent-based fluids or as a ‘hot melt’ material, which melts on the 

application of heat. The comparison chart of adhesive types is given in Table 1.4 

(Fung, 2002).  
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Table 1.4 : Adhesive types. 

 

Water based Solvent based Hot melt 

Form 

supplied  

Solution or dispersion 

in water  
Solution in solvent 

Powder (various  particle 

size), Granules, Gel, Web, 

Film  

Advantages 

Non-flammable, 

Generally safe to use, 

Easy clean up,  

Easy storage,  

Fewer health and 

safety problems  

Generally good 

tack/grab,  

Quick dry off,  

Good water resistance,  

‘Wets’ surfaces easily 

Clean,  

No dry off necessary,  

No fumes,  

Instant bond in many 

cases,  

Storage generally easily 

Disadvantages 

High energy required 

to dry off water 

(latent heat of 

evaporation is 539 

calories per gram), 

Process may be slow, 

Generally low solids 

content, Limited 

durability to washing 

and moisture,  

‘Wetting’ of surfaces 

and spreading 

sometimes not easy 

Fumes potentially toxic, 

Extraction/emission 

treatment necessary, 

VOCs environmentally 

unfriendly, 

Legislation 

requirements, 

Careful storage is 

necessary,  

Fire risk,  

Health and safety 

requirements 

Initial plant may be 

expensive,  

Heat necessary to activate 

the adhesive which may 

damage substrates (e.g. 

pile crush, glazing, 

stiffening, 

discoloration),  

Short ‘open time’ and loss 

of tack on cooling,  

Certain operations require 

high operative skill 

Cost 
Inexpensive to 

moderate 
Moderate to expensive 

Granules generally 

inexpensive, 

Powders vary from 

inexpensive to moderate,  

Webs vary from moderate 

to expensive,  

Films vary from expensive 

to very expensive,  

Gels vary from expensive 

to very expensive – but 

may be cost effective if 

optimised 
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All adhesives must have affinity to the materials being joined. They must wet, cover 

and penetrate the material surfaces to be joined, and then solidify by evoperation of 

the carrier liquid to form the permanent bond. There are several different chemical 

types of adhesives such as polyolefin, polyurethane, polyester, polyamide, or alloys, 

or blends of different polymers or copolymers (Fung, 2002). 

Polyurethane based adhesives are widely used for high strength coated and laminated 

textiles, which have good adhesive properties, durability, and resistance to high 

temperature. They are flexible and relatively expensive. On the other hand, acrylic 

based adhesives are generally inexpensive and have good ultraviolet resistance. 

Although acrylic adhesives have limited strength properties, they have large number 

of variants and co-polymers used in applications where strength is required (Fung, 

2002). 

1.6.3 Coating and lamination 

There are various coating techniques. Most common techniques are direct coatings, 

foam coatings, transfer coating and calendar coating. Whether there is no certain 

coating weight or thickness, most common coating thickness varies from 50 to 1000 

µm, and coating weight varies from 5 to 50 g/m
2 

(Fung, 2002). 

Among all the coating techniques, the knife coating or so-called doctor blade method 

(as a direct coating) is the simplest and most common technique used in coating and 

laminating processes. The technique is exemplified in Figure 1.17 (Aegerter & 

Mennig, 2004). The coating add-on is influenced by blade profile and fabric tension. 

 

Figure 1.17 : Doctor blade (knife) coating technique. 

In foam coating, a solution or a water dispersion of foam chemical is directly coated 

on a fabric. In this technique, there is no residual liquor left in the pad bath, so there 

is less water to dry off and less waste remained at the end of the production (Fung, 

2002). 
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The principle of transfer coating is to spread the polymer on to release paper to form 

a film and then to laminate this film to the fabric. The transfer coating is more 

expensive than direct coating (Fung, 2002).  

In calendar coating, calenders consist of a number of massive rollers, sometimes five 

or more in various configurations, which rotate to crush the paste and smooth it into 

films of uniform thickness (Fung, 2002). 

Most common industrially applied lamination techniques are flame lamination and 

hot melt lamination.  

Flame lamination is a quick and economical process. The method is exemplified in 

Figure 1.18. The gas flame burner-1 melts the surface of the foam, which then acts as 

the adhesive for the scrim fabric. On the other side, burner-2 melts the other surface 

of the foam, which then acts as the adhesive for the face fabric. Thus, three separate 

materials are fed in and a single triple laminate emerges. 

 

Figure 1.18 : Flame lamination. 

Flame lamination process has environmental concern because it produces potentially 

toxic fumes by burning of the adhesives. Alternative methods have been developed 

using hot melt adhesives.  

In hot melt lamination, two materials being joined are formed into a sandwich with a 

hot melt adhesive film, web or powder in the center. There are numerous methods 

used hot melt lamination processes such as calenders, IR heaters, powder scattering, 
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doctor knife application of adhesive paste, melt-print gravure roller, spray 

application etc.  

The industrially applied lamination process is exemplified in Figure 1.19. The 

modular design of the lamination technique is illustrated (Fung, 2002). 

 

Figure 1.19 : Schematic representation of lamination of three substrates. S1, S2 and 

S3, in a single, continuous process, using three different hot melt 

systems.  

Besides these industrially applied processes, lamination can be modelled in a 

laboratory utilizing a simple flat iron or Hoffman press by adjusting the time, 

temperature and pressure.  

1.6.4 Usage areas 

Lamination techniques have been utilized in the garment industry for collars, 

waistbands and selvages, generally replacing or supplementing sewing. Lamination 

process minimizes production times, reduces cost and allowed stable quality (Fung, 

2002).  

Laminated fabrics are extensively used in waterproof and breathable clothing, 

protective and military outwear, car seat upholstery, car coverings, footwear, outdoor 

garments, women brassiere and in several other applications.  

Laminated fabric samples used in military purpose are given in Figure 1.20 with the 

permission of Öztek Stampa A.Ş. 
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Figure 1.20 : Laminated fabrics used for military purpose. 

According to the Textile Institute’s definition, car headliners, parcel trays and door 

casings are also laminated fabrics, or covered by a laminated fabric (Fung, 2002). 

Some of the usage areas of laminated samples are given Figure 1.21 and 1.22.  

 

Figure 1.21 : Laminated textiles. 
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Figure 1.22 : Footwear laminated fabric samples. 

1.7 Characterization 

1.7.1 Scanning electron microscopy (SEM) analysis 

The SEM has been extensively used in analysis of the surface characteristics of 

plasma treated textiles. Qualitative information providing an image of the surface at 

high magnification is obtained from SEM. Accelerated beam of high-energy 

electrons generate a variety of signals at the surface. These signals are collected and 

transferred to the screen in order to obtain high-resolution images. The SEM uses a 

magnification ranging from 20X to approximately 30,000X. If the material is not 

electrically conductive, like most of the textiles, material surface has to be coated 

with conductive elements such as carbon, gold, platinium etc. before the tests. 

1.7.2 Atomic force microscopy (AFM) analysis 

AFM is commonly used for analysis in plasma treated textiles. It has a scanning 

probe with a tip (generally Si3N4) at the end of the cantilever. While the probe scan 

the surface, the force formed between the tip and sample is measured, and matched 

to the surface contour. There is no need a surface preparation (e.g. metallic coating) 

to get images from the sample surface unlikely to the SEM.     

1.7.3 X-ray photoelectron spectroscopy (XPS) analysis 

X-ray photoelectron spectroscopy or XPS (also known as Electron spectroscopy for 

chemical analysis – ESCA) is a surface analysis method used for obtaining chemical 

information about the surfaces of solid materials. Elemental composition and 

chemical bonding structure of a material surface are determined by XPS analysis.  

The materials characterization method utilizes an x-ray beam to excite a solid sample 

resulting in the emission of photoelectrons. An energy analysis of these 

photoelectrons provides both elemental and chemical bonding information about a 
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sample surface.  The main advantage of XPS is its ability to observe at a broad range 

of materials (polymers, glasses, fibers, metals, semi-conductors, paper, etc.) and to 

identify surface compounds as well as their chemical state (Url-4, 2012). 

XPS is an ultra-high vacuum technique, and extensively used in plasma treated 

material surfaces.  

1.7.4 Contact angle analysis  

Contact angle, θ, is a measure of the wetting of a solid by a liquid. It is described 

geometrically as the angle formed by a liquid at the three phase boundary where a 

liquid, gas and solid interface as shown in Figure 1.23 (Url-5, 2013). 

 

Figure 1.23 : Three phase boundary layer and contact angle. 

A low value of contact angle (θ) states that the liquid spreads, or wets well, while a 

high contact angle indicates poor wetting. If the angle θ is less than 90 degrees, the 

liquid wets the solid. If it is greater than 90 degrees, it is said to be non-wetting. A 

zero contact angle exemplify complete wetting.  

Static contact angle on a flat surface is first defined by the Young’s Equation (Stacy, 

2009). Contact angle and it’s relation with Young Equation is given in Figure 1.24 

(Url-2, 2013). 
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Figure 1.24 : Young’s model showing relationship between the three interfacial 

tensions (solid and liquid, solid and vapor, and liquid and vapor, and 

the contact angle). 

The static contact angle technique is known as the static sessile drop method. This 

method is realized by a contact angle goniometer using an optical subsystem to 

capture the profile of a liquid on a solid substrate. The angle between the liquid/solid 

interface and the liquid/vapor interface is the contact angle. The system employs 

high-resolution cameras and software to capture and evaluate the contact angle. 

A contact angle meter (KSV Cam 200, KSV Instruments, Finland) is given in Figure 

1.25.   

 

Figure 1.25 : Contact angle meter. 
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1.7.5 Vertical wicking test 

Vertical wicking test can be used to evaluate the hydrophilicity properties of a fabric. 

The purpose of the test is to evaluate the ability of vertically aligned fabric 

specimens to transport liquid through the fabric. The rate (distance per unit of time) 

of the liquid travels along the fabric is visually observed and recorded at specified 

time intervals. Test scheme is illustrated in Figure 1.26. 

 

Figure 1.26 : Vertical wicking test scheme. 

1.7.6 Absorption time test  

Another method to determine the hydrophilicity of a fabric is the absorption time 

measurement. Generally, distilled water is dropped on a fabric surface with using a 

syringe, and the time is recorded as a wetting time until the water drop was 

completely absorbed. Shorter wetting time states better hydrophilicity. An example 

of an absorbancy test scheme is given in Figure 1.27.   

  

Figure 1.27 : Absorbancy test scheme. 
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1.7.7 Peel strength test  

Adhesion strength of a laminated fabric is determined by the peel strength test 

(known as peel bond test or peel-off test) as shown in Figure 1.28 (Yeh et al, 2011). 

 

Figure 1.28 : Preparation and testing of laminated samples for peel strength. 

ASTM 2724 test method is used to determine the peel strength of laminated fabrics 

in an appropriate test device. A tensile strength test device (James H. Heal - Titan
2
 

Universal test device) is shown in Figure 1.29. 

 

Figure 1.29 : Tensile strength test device.  

1.8 Outline of the Experimental Study 

Plasma treatment conditions are examined with the wettability measurements of 

polypropylene nonwoven fabrics using water contact angle test results of samples 

treated with various plasma conditions in Part 2. Laminated polypropylene (PP) 

nonwoven fabrics were produced by using selected plasma pre-treatment conditions 
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and adhesive application in Parts 3 and 4, respectively. Industrially applied 

cotton/polypropylene and cotton/pre-laminate (membrane-laminated textile) 

laminated fabrics were produced by using selected plasma pre-treatment conditions 

and adhesive application in Parts 5 and 6, respectively. Wettability results of both 

untreated and plasma treated fabric surface were investigated by using water contact 

angle test, vertical wicking test and absorption time tests. Adhesion strength results 

of both untreated and plasma pre-treated laminated fabrics were evaluated and 

compared with each other. Washing durability results of untreated/plasma pre-treated 

laminated fabrics were also examined. Surface characteristics of plasma treated 

textile surfaces were analyzed by SEM, AFM and XPS techniques.   
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2.  WETTABILITY BEHAVIOUR OF PLASMA TREATED 

POLYPROPYLENE NONWOVEN FABRIC 

In this study, the effect of plasma treatment on the wettability behavior of 

polypropylene nonwoven fabrics was analyzed by using water contact angle results 

based on an experimental design. A low temperature, low pressure, radio frequency 

plasma device was utilized. Argon was used as discharge gas. Plasma pressure was 

fixed as 0.3 mbar while plasma discharge power (40 watt – 80 watt) and exposure 

time (3 minutes – 10 minutes) were changed. Within 0.3 seconds, all water droplets 

were completely absorbed by samples treated with selected plasma conditions. 

Contact angles at t=0 s and t=0.05 s were selected to evaluate the wettability 

properties of samples using statistical analysis, and the wettability properties of 

samples were compared to each other by means of selected plasma conditions. After 

the plasma treatment, wettability of all samples has greatly enhanced, and water 

droplets were absorbed by samples.  Increasing plasma discharge power and plasma 

exposure time significantly decreased the water contact angles and wetting time of 

samples. While all plasma treatments improved the wettability of samples, 80W-

10min plasma treatments had the best result among them. Statistical analysis showed 

that plasma exposure time was more significant than plasma discharge power on 

wettability properties of nonwoven polypropylene fabric. In conclusion, plasma 

treatment is an alternative method to improve wettability behavior of hydrophobic 

structures.  

2.1 Introduction 

Polypropylene is a very hydrophobic material with low surface tension. It is used in a 

wide range of technical and industrial applications where an improved wettability is 

an advantage. Plasma technology can be used to improve wetting and absorption 

characteristics of polypropylene through surface modification.   

Plasma induced surface functionalization is widely used for textile materials 

(Shishoo, 2007). Plasma treatment enhances wettability properties of all textile 
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fibers, including highly hydrophobic polypropylene fibers, introducing polar groups 

such as –OH, –COOH (Morent et al, 2008). Higher wet pickup takes place on the 

easily wetted fabrics, it means that better wetting provides higher wet uptake for 

chemical treatments of textiles (Shindler and Hauser, 2004). Wettability of textiles 

can be characterized by indirect methods such as absorption time (Poll et al, 2001; 

Samanta et al, 2009), wicking (Ferrero et al, 2003; Pandiyaraj et al, 2008) and by 

direct methods such as water contact angle measurement (Hossain et al, 2006; 

Masaeli et al, 2007; Luo et al, 2002).  

Argon gas is widely used in plasma surface modification of polymeric material 

surfaces (Chen et al, 2010; Koo et al, 2005; Morent et al, 2007; Yaman et al, 2010; 

Wei et al, 2005). In this study, the effect of argon plasma treatment on wettability 

behavior of polypropylene nonwoven fabrics was analyzed by using water contact 

angle measurement results based on an experimental design.   

2.2 Experimantal 

2.2.1 Materials 

Polypropylene spunbonded nonwoven fabrics having a weight per unit area of 70 

g/m
2
 (ASTM D3776) and a thickness of 0.46 mm (ASTM D1777) were supplied 

from Mogul Tekstil San. Tic. A.S. Fabric samples, dimensions of 4 cm x 4 cm, were 

washed with ethanol, rinsed with distilled water twice, dried at 40ºC in an oven for 

half an hour and were maintained in desiccator before plasma treatment. Pure argon 

(purity higher than 99.99 %) was used as processing gas. 

2.2.2 Plasma process 

For plasma treatment, a low temperature, low pressure, PICO RF plasma device from 

Diener (Diener electronic GmbH + Co. KG, Germany) was used. 4 cm x 4 cm fabric 

samples were exposed to plasma treatments at different conditions as seen in Table 

2.1.  

Above 10 minutes of treatment time, the plasma treatment process seems to be not 

appropriate for the industrial use. Therefore, in this study the plasma exposure time is 

limited within 10 minutes. 
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Table 2.1 : Plasma treatment conditions. 

Fabric 

Plasma  

Discharge  

Pressure (mbar) 

Plasma 

Gas 

Frequency 

(Radio, 

MHz) 

Plasma  

Discharge  

Power (Watt) 

Plasma 

Exposure 

Time (min) 

Polypropylene   

spunbonded 

nonwoven 

fabric 

(70 g/m
2
) 

0.3  Argon 13.56  40  

3  

5 

10  

0.3  Argon 13.56  60  

3  

5  

10  

0.3  Argon 13.56  80  

3  

5  

10  

2.2.3 Water contact angle 

Contact angles of water droplets on untreated and plasma treated samples were 

measured using a KSV CAM 200 optical contact angle meter from KSV Instruments, 

Finland. 5 different samples were tested where the average of 3 measurements 

performed on each sample were taken. 5 µl of distilled water was injected to the 

surface by using a micro-syringe. Measurements could be taken at 1 s time intervals 

for untreated hydrophobic nonwoven surface because water droplets remained on the 

surface. On the other hand, measurements were taken at 17 ms time intervals for 

plasma treated nonwoven surfaces because water droplets were absorbed 

immediately. Within 0.3 seconds, all water droplets were completely absorbed by 

samples treated with selected plasma conditions. Static water contact angle values 

were taken at each plasma conditions at t=0 s, and t= 0.05 s for comparison.  

2.2.4 Experimental analysis 

MINITAB
®
 statistical analysis program was used for comparing selected contact 

angle results in an experimental design format. Coded and actual values of the 

plasma parameters are given in Table 2.2. Full factorial design scheme can be seen in 

Table 2.3.   

Table 2.2 : Coded and actual values of the plasma parameters.   

Parameters 1 2 3 

Discharge Power (Watt-W) 40 60 80 

Exposure Time (Minute-M) 3 5 10 
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Table 2.3 : The full factorial design scheme for the experimental design.   

Sample 

No 

Discharge 

Power (W) 

Exposure 

Time (min) 

Water Contact Angle (º) 

t=0 s t=0.05 s 

1-5 1 1 WCA1-5 WCA1-5 

6-10 1 2 WCA6-10 WCA6-10 

11-15 1 3 WCA11-15 WCA11-15 

16-20 2 1 WCA16-20 WCA16-20 

21-25 2 2 WCA21-25 WCA21-25 

26-30 2 3 WCA26-30 WCA26-30 

31-35 3 1 WCA31-35 WCA31-35 

36-40 3 2 WCA36-40 WCA36-40 

41-45 3 3 WCA41-45 WCA41-45 

2.3 Results and Discussion 

2.3.1 Wettability / water contact angle 

Wettability behavior of a material can be determined by the contact angle values. 

Materials that have contact angle over 90º are accepted as hydrophobic structure and 

materials that have contact angle under 90º are accepted as hydrophilic structure 

(Gowri et al, 2010).  Mean static water contact angle (WCA) values of untreated 

samples are given in Table 2.4. Average value of 3 measurements of 5 different 

samples was calculated as 127.7º, 124.1º and 129.9º. It can be said that 

polypropylene nonwoven fabric has highly hydrophobic structure. 

Table 2.4 : Mean water contact angle values (°) of untreated samples. 

Tests 
1.  

Sample 

2. 

Sample 

3. 

Sample 

4. 

Sample 

5. 

Sample 
Average 

1.Measurement 128.4 132.1 125.7 123.5 129.0 127.7±2.9 

2.Measurement 126.2 115.6 126.9 121.1 130.5 124.1±5.1 

3.Measurement 133.3 136.5 132.3 125.5 121.7 129.8±5.4 

WCA results of treated samples for t=0 s is given in Table 2.5. t=0 s means that 

results were taken at the moment when the water droplets contact the surface. After 

the plasma treatment, the water contact angle decreased dramatically. Wettability 

behavior of surfaces was improved with the increasing plasma discharge power and 

exposure time. Wettability increase was slight with regard to increasing plasma 

discharge power, and was high with regard to increasing plasma exposure time. 80 

watt discharge power and especially 10 minutes exposure times had significant effect 

on wettability properties of polypropylene nonwoven fabrics.  
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Table 2.5 : Mean water contact angle results of treated samples for t=0 s. 

Process Parameters Water Contact Angle (°) for t=0 s  

 Fabric 
Power 

(watt) 

Time 

(min) 
1 2 3 4 5 Av. 

Polypropylene 

Spunbond 

Nonwoven 

Fabric 

(70 g/m
2
) 

40 

3 72.4 61.7 62.8 63.7 67.3 65.6 ± 3.9  

5 66.6 58.6 64.9 64.4 65.1 63.9 ± 2.8 

10 46.6 47.1 48.8 53.7 49.2 49.1 ± 2.5 

60 

3 58.3 63.5 65.6 69.1 63.9 64.1 ± 3.5 

5 56.3 69.5 70.1 55.6 63.2 62.9 ± 6.2 

10 45.6 46.2 42.5 43.1 45.4 44.6 ± 1.5 

80 

3 60.2 61.9 62.9 62.9 62.9 62.2 ± 1.1 

5 63.9 59.2 64.9 56.4 60.4 60.9 ± 3.1 

10 35.8 31.7 34.4 37.6 35.2 34.9 ± 1.9 

WCA results of water droplets on the treated fabric surfaces after t=0.05 s is given in 

Table 2.6. WCAs decreased about 20º to 30º comparing to initial (t=0 s) results. This 

indicates that the plasma treated fabric absorbs water droplets quickly. Effects of 

plasma discharge power and exposure times on the WCA results of polypropylene 

nonwoven fabrics are parallel to the initial results. Moreover, no WCA could be 

obtained from the fabric surface treated with 80W-10M plasma processes. It means 

that droplets were completely absorbed within 0.05 s. Similar behavior was observed 

for plasma conditions of 40W-10M and 60W-10M for t=0.05 s. The results show that 

10 min plasma exposure time has much significant effects on WCA and wettability 

properties of fabrics. 

Table 2.6 : Mean water contact angle results of samples for t=0.05 s. 

Process Parameters Water Contact Angle (°) for t=0.05 s 

Fabric 
Power 

(watt) 

Time 

(min) 
1 2 3 4 5 Average 

Polypropylene 

Spunbond 

Nonwoven 

Fabric 

(70 g/m
2
) 

40 

3 47.4 31.4 37.7 47.3 37.2 40.2 ± 6.9 

5 50.6 23.2 34.6 48.2 40.1 39.3 ± 9.8 

10 22.6 22.1 23.2 21.0 21.5 22.1 ± 0.9 

60 

3 34.9 29.2 44.3 41.0 37.9 37.4 ± 5.8 

5 35.9 39.4 31.4 32.1 40.5 35.9 ± 4.1 

10 14.7 11.2 12.8 13.4 14.3 13.3 ± 1.4 

80 

3 36.3 37.1 36.9 37.2 36.2 36.7 ± 0.5 

5 43.7 30.3 37.3 32.6 29.8 34.7 ± 5.8 

10 - * -* -* -* -* -* 

-* droplet was fully absorbed 
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Overall WCA results for polypropylene nonwoven fabric treated with various plasma 

conditions are given in Figure 2.1. 

 

Figure 2.1 : Mean WCA results for PP nonwoven fabric treated with various plasma 

conditions. 

Image of water droplets on the plasma treated surface for selected time intervals is 

given in Figure 2.2. The images of water droplets are just representatives of mean 

contact angles that are obtained from the selected plasma treated samples at t=0 s and 

t=0.05 s. 

 

Figure 2.2 : Images of water droplets on the plasma treated surface for selected time    

intervals. 
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2.3.2 Statistical analysis 

General linear model for WCA (t=0s; t=0.05s) versus plasma power and plasma time 

is given in Table 2.7. Both plasma power and plasma time is significant (p<0.01) for 

the WCA results. Plasma exposure time and the plasma discharge power for WCA 

results found to be significant at p<0.001 as seen on Table 2.7. 

Table 2.7 : General linear model: WCA (t=0s; t=0.05s) versus plasma 

power; plasma time. 

Factor               Type      Levels      Values 

Plasma Power     fixed   3        40; 60; 80 

Plasma Time       fixed      3          3;   5; 10 

 

Analysis of Variance for WCA (t=0 s), using Adjusted SS for Tests: 

Source        DF      Seq SS     Adj SS     Adj MS             F              P 

Plasma Power      2      359,55       359,55       179,78      13,38     <0,001 

Plasma Time        2   4179,79     4179,79     2089,90    155,54     <0,001 

P.Power*P.Time    4      211,85       211,85         52,96        3,94       0,009 

Error           36   483,71       483,71         13,44 

Total           44   5234,90 

 

S = 3,66556   R-Sq = 90,76%   R-Sq(adj) = 88,71% 

 

Analysis of Variance for WCA (t=0.05 s), using Adjusted SS for Tests: 

Source         DF       Seq SS      Adj SS      Adj MS            F              P 

Plasma Power            2        757,67       757,67        378,83      13,14     <0,001 

Plasma Time            2      6564,10     6564,10      3282,05    113,88     <0,001 

P.Power*P.Time        4        570,70       570,70        142,68         4,95       0,003 

Error                       36      1037,54     1037,54         28,82 

Total           44      8930,01 

 

S = 5,36849   R-Sq = 88,38%   R-Sq(adj) = 85,80% 

Main effects plots of WCA for t=0 s and t=0.05 s are given in Figure 2.3 and 2.4. It 

can be seen that mean water contact angle values decreases with increasing plasma 

discharge power and increasing exposure time. Especially 10 minutes plasma 

exposure time had a significant role on decreasing WCA results as seen in Figure 

2.4. 
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Figure 2.3 : Main effects plot of WCA for t=0 s.  

 

Figure 2.4 : Main effects plot of WCA for t=0.05 s.  

Interaction plots of  plasma power and plasma time over the WCA for t=0 s and 

t=0.05 s are given in Figure 2.5 and 2.6. Mean water contact angle values decreases 

with increasing plasma discharge power and increasing exposure time. 10 minutes 

plasma exposure time had a significant role on decreasing WCA results amongst the 

all plasma exposure time. It can be said that plasma exposure time had much 

effective results than plasma discharge power over the WCA.  
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Figure 2.5 : Interaction plots of WCA for t=0 s. 

 

Figure 2.6 : Interaction plots of WCA for t=0.05 s. 

Regression analyses were also conducted for water contact angle results. Normal 

probability plots of WCA for t=0s and t=0.05s are given in Figure 2.7 and 2.8. It is 

seen that distribution is normal. 
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Figure 2.7 : Normplot of residuals of WCA for t=0 s. 

 

Figure 2.8 : Normplot of residuals of WCA for t=0.05 s. 

2.4 Conclusion 

Wettability properties of argon plasma treated polypropylene nonwoven fabrics are 

studied by using water contact angle values. Average static water contact angle of 

untreated polypropylene nonwoven fabric was about 127º, and it has highly 

hydrophobic structure. It is shown that plasma treatments dramatically decrease the 

contact angles. Moreover, plasma treated fabrics absorbed water droplets within 0.3 

seconds. Statistical analysis also proved that plasma discharge power and plasma 

exposure time has significant effect on wettability of samples. 80 watt plasma 

discharge power and especially 10 minutes plasma exposure time had a significant 
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effect on the wettability properties of fabrics based on the contact angle results. 

Within 0.05 seconds, contact angles of fabrics decreased by a range of 20º to 30º. 

Moreover, no contact angles were obtained from 80 watt and 10 minutes plasma 

treated fabrics at t=0.05 s, because water droplet was completely absorbed by the 

plasma treated surface. Statistical analysis showed that plasma exposure time is more 

significant than plasma discharge power on wettability of nonwoven polypropylene 

fabric. 
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3.  ADHESION STRENGTH IMPROVEMENT OF POLYPROPYLENE 

NONWOVEN LAMINATED FABRICS USING LOW-PRESSURE 

PLASMA 

In this study, the adhesion strength properties of laminated polypropylene nonwoven 

fabrics treated with low-temperature, low-pressure, radio frequency argon plasma 

were investigated. Change in wettability was determined by water contact angle 

measurements. In order to observe the effect of plasma treatment on washing 

resistance of laminated samples, washing treatment for 10 wash cycles was also 

carried out. After the peel-off test, the remaining adhesives on the peeled surfaces 

were examined by SEM images in order to see the effect of plasma treatment. 

Contact angles of highly hydrophobic polypropylene nonwoven samples decreased 

by increasing plasma exposure time and discharge power. Peel bond strength of 

plasma treated laminated fabrics improved by up to 150% compared to the untreated 

fabrics. SEM and AFM analyses also showed that surface roughness increased by the 

etching effect of plasma treatment leading to the improvement of the mechanical 

adhesion of polypropylene nonwoven fabrics. 

3.1 Introduction 

Polypropylene is used in a wide range of technical and industrial applications. 

However, it has very low surface tension resulting in weak hydrophilic and adhesion 

properties (Masaeli et al, 2007). Plasma technology can be used to improve surface 

characteristics of polypropylene through surface modification (Černáková et al, 

2007; Garcia et al, 2008; Hegemann et al, 2003; Hwang et al, 2005; Morent et al, 

2008; Lai et al, 2006; Lee et al, 1997; Pandiyaraj et al, 2009; Urbaniak-Domagała et 

al, 2010; Wei et al, 2004a, 2004b, 2005, 2006, 2007, 2008; Yaman et al, 2010). 

Polypropylene laminated fabrics are used in textile industry for their functional and 

technical properties instead of their aesthetic and appearance features. They are 

utilized mainly as automobile interior coverings, footwear interiors, edge folds and 

collars to support seaming in apparel industry (Bulut et al, 2008). 
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Plasma treatments became a breakthrough in the textile processing technology. It is a 

clean and dry process requiring no water or an organic solvent during processing. 

Plasma surface modification changes surface properties without affecting bulk 

properties of materials and less energy is consumed compared to conventional 

treatments (Wei, 2009). 

Plasma induced surface modification is an effective way to produce functional 

textiles. Numerous studies indicated that the plasma treatment improves the adhesion 

characteristics of surfaces. These studies stated that the etching effect of plasma 

gases caused nano- or micro-roughness that contributes to the enhancement of 

adhesion on the surfaces (Carlotti e al, 1998; Krump et al, 2005, 2006; Luo et al, 

2002; Simor et al, 2004; Yaman et al, 2008). Yeh et al. (2011) stated that higher 

amount of total surface might be one of the main reason that could improve adhesion 

strength of the laminated fabrics. 

There are few studies in the literature studying the effect of plasma treatment on peel 

off behavior of laminated textile fabrics. It was found that the adhesion strength of 

ultra high molecular weight polyethylene (UHMWPE) laminated woven fabric 

increased by about 3-4 times compared with the untreated one applying He/O2/N2 

plasma treatment (Yeh et al, 2011). In another study, the adhesion interface strength 

of PU and PVC coated polyester woven fabric was improved by CO2 plasma 

treatment (Simor et al, 2010). Adhesion improvement on polyamide laminated fabric 

through argon and CO2 plasma treatment was studied. It was observed that adhesion 

properties of polyamide fabrics improved with plasma induced surface roughness 

compared to the untreated samples (Özdoğan et al, 2006). 

The main problems of laminated fabrics are low bonding strength between layers and 

resistance to washing. High adhesion strength is required in order to prevent 

delamination during end-use of the laminated fabric. PP nonwoven fabrics are 

commonly used in laminated textiles, however as the fiber surface is smooth, surface 

modification might be beneficial as a pretreatment before lamination to improve 

adhesion. Therefore, in the current study, the adhesion properties of argon plasma 

treated polypropylene laminated nonwoven fabrics were investigated. Argon plasma 

treatment was selected to enhance mechanical adhesion of laminated layers. There is 

very limited information in the literature on the improvement of washing resistance 

of laminated fabrics through plasma modification. The washing resistance of these 
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products also needs to be investigated because polypropylene laminated fabrics are 

also used for apparel purposes besides their use in automotive interiors, backing 

materials in home textiles, carpeting etc. Therefore, this study also investigates the 

effect of plasma treatment on washing resistance of these products. Peel bond 

strength of plasma treated laminated samples was observed after 10 wash cycles. 

Effects of plasma treatment on the fabric surfaces were determined by static water 

contact angle measurements. Wettability behavior of a material can be determined by 

the contact angle values. AFM and SEM analysis were carried out to characterize the 

change in surface modification and roughness. After the peel-off test, the remaining 

amount of adhesives on the peeled surfaces was compared by SEM analysis. 

3.2 Experimantal 

3.2.1 Materials 

Point-bonded polypropylene spunbonded nonwoven fabrics having a weight per unit 

area of 70 g/m
2
 (ASTM D3776) and a thickness of 0.46 mm (ASTM D1777) were 

supplied from Mogul Tekstil San. Tic. A.S. (Turkey). The nonwoven samples with a 

length of 12 cm and a width of 10 cm were washed with ethanol, rinsed with distilled 

water twice, dried at 40°C in an oven for half an hour and were kept in desiccator. 

Pure argon (purity higher than 99.99 %) was used as processing gas. Fixamin PUK 

(polyurethane based adhesive), Mirox AS 1 (defoamer), and Mirox VD P5 

(thickener) were used for preparation of adhesive solution which was then used for 

lamination. Polyurethane based adhesives are commonly used in laminated textiles 

and have high resistance to washing. Chemicals were supplied by Bozzetto Kimya 

San. ve Tic. A.S. (Turkey). 

3.2.2 Plasma processes 

Diener PICO RF plasma device (Diener Electronics, Germany) was utilized in this 

study. It has low temperature, low pressure, glow discharge plasma generation. Only 

one side of the double-layered laminated fabrics was exposed to various plasma 

treatments as seen in Table 3.1. Pure argon (purity higher than 99.99%) was used as 

processing gas. Plasma conditions were determined based on the experimental design 

and statistical significance analysis of water contact angle data using Minitab 

statistical software. 
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Table 3.1 : Plasma treatment conditions. 

Plasma Treatment Conditions 

Fabric 

Plasma 

Pressure 

(mbar) 

Plasma 

Gas 

Radio 

Frequency 

(MHz) 

Plasma 

Power 

(Watt) 

Plasma 

Treatment 

Time (min) 

Polypropylene 

Spunbond 

Nonwoven 

Fabric 

(70 g/m
2
) 

0.3  Argon 13.56 40  

3  

5  

10  

0.3  Argon 13.56 60 

3  

5  

10  

0.3 Argon 13.56  80  

3  

5  

10  

3.2.3 Water contact angle 

Static contact angles of water on untreated and plasma treated samples were 

measured using an optical contact angle meter with a goniometer (KSV CAM 200, 

KSV Instruments, FINLAND) at room temperature. 3 measurements were made on 5 

different samples, the average contact angle values were recorded for untreated, and 

plasma treated samples. Droplets of distilled water with a constant volume of 5 µl 

were dispensed using a micro-syringe. Measurements were taken at 1s time intervals 

for untreated hydrophobic nonwoven surface, because water droplets remained stable 

on the surface. On the other hand, measurements were taken at 17 ms time intervals 

for plasma treated nonwoven surface, because water droplets were absorbed 

immediately by the plasma treated nonwoven surfaces. Water contact angle values 

were taken at different time intervals at t=0 s, and at t=0.05 s. 

3.2.4 Preparation of laminated PP nonwoven fabrics 

For preparing the adhesive solution, 100 g of Fixamin PUK adhesive was stirred by a 

mechanical mixer with the stirring rate of 450 r.p.m. 0.5 g of Mirox AS1 was added 

to the solution and stirred for about 5 minutes. 0.2 g of Mirox VDP5 was added to 

the solution at every 5 minute intervals until the appropriate viscosity around 10000-

15000 mPa.s was obtained similar to the industrial applications. Viscosity 

measurements were performed using Brookfield DV-II type rotational viscometer at 

20°C. The spindle number of 21 and the shear rate of 1 r.p.m were selected to 

evaluate the viscosity of the solution. The adhesive solution shows pseudoplastic 
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behavior. The laminated samples were dried and cured at 120°C for 7 minutes. 

Adhesive solution becomes active at about 120°C curing temperature. 

Two layers of polypropylene nonwoven fabrics were laminated. Adhesive solution 

application is shown in Figure 3.1. PU based adhesive solution was coated on the 

plasma treated side of the nonwoven fabric with a bar adjusted so that coating 

thickness was 150±10 µm and weights of 30±5 g/m
2
, then second layer of untreated 

fabric was immediately adhered on the adhesive coated base fabric under a constant 

pressure. Prepared samples were dried and cured in an oven at 120ºC for 7 minutes. 

The same procedure was also applied to nonwoven fabric samples, which were not 

exposed to plasma treatment in order to compare their adhesion properties. 

 

Figure 3.1 : Adhesive solution application. 

The prepared samples were coded based on the plasma conditions (Table 3.2). 

Plasma discharge power was represented by “W” and plasma exposure time was 

represented by “M”. For example, “40W-5M” means that the sample was treated by 

40 Watt plasma discharge power and 5 Minutes plasma discharge time. 

Table 3.2 : Actual units and codes of the plasma treatment parameters. 

Parameters Actual Units Codes 

Plasma Discharge Power Watt W 

Plasma Exposure Time Minute M 

3.2.5 Peel bond strength test 

Adhesion strengths of untreated and plasma treated laminated fabrics were 

determined by peel bond strength test. Peel bond strength of laminated samples were 

measured by using ASTM D 2774 test standard with James H. Heal - Titan
2
 

Universal test device. Testing mechanism is illustrated in Figure 3.2. The test 

specimens of 25 mm x 100 mm were prepared from laminated fabrics. Adhesive was 

only applied on 50 mm of the sample length. The remaining uncoated 50 mm fabric 

layers were attached to the jaws from both sides at a distance of 25mm. The peeling 

speed was selected as 10 mm/min due to high adhesion strength of the adhesive in 
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reference to previous studies (Simor et al, 2010; Yeh et al, 2011) while it was defined 

as 300 mm/min in the test standard. The peeling strength was measured in N/25mm. 

3 different measurements were performed and the average values were calculated. 

Peel bond strength of laminated fabrics after 10 wash cycles were also measured on 

three different samples. TS 5720 EN ISO 6330 test method was applied to study 

durability against washing.  

 

Figure 3.2 : Laminated fabric sample and peel bond strength test scheme. 

Bonding interface of double-layered nonwoven laminated fabric is shown in Figure 

3.3. Plasma treated and untreated sides of the peeled nonwoven laminated fabric can 

be seen. 

 

Figure 3.3 : Optical photographs of bonding interface of two layered nonwoven 

laminated fabric. 

3.2.6 Atomic force microscopy (AFM) analysis 

The surface morphology of untreated and argon plasma treated polypropylene 

nonwoven samples were scanned with AFM device (Shimadzu/SPM-95000J3). A 

triangular-pyramidal silicon nitride tip was used as a probe, and an area of 2x2 µm
2 
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was scanned by dynamic mode (tapping mode). Root mean square roughness of the 

surface (Rrms) was calculated from AFM profiles. 

3.2.7 Scanning electron microscopy (SEM) Analysis 

JEOL JSM 6390LV scanning electron microscope was utilized to observe the change 

in surface characteristics of polypropylene fibers of nonwoven fabric after plasma 

treatment. Samples were coated with gold. Remaining adhesives on the peeled 

surfaces of each laminated fabric after peel test was analyzed using LEO 1550VP 

Field Emission scanning electron microscope. Samples were coated with carbon 

before analysis. 

3.3 Results and Discussion 

3.3.1 Contact angle and wettability 

Wettability behavior of a material can be determined by the contact angle values. 

Decrease in contact angle indicates an increase in wettability (Garcia et al, 2008; 

Hegemann et al, 2003; Hwang et al, 2005; Masaeli et al, 2007; Lai et al, 2006; 

Pandiyaraj et al, 2009; Wei et al, 2004a, 2004b, 2005, 2006, 2007, 2008; Yaman et 

al, 2010). Materials that have over 90 degrees contact angle are accepted as 

hydrophobic structure and materials that have less than 90 degrees contact angle are 

accepted as hydrophilic structure (Gowri et al, 2010).  

Mean water contact angle of plasma treated samples are shown in Figure 4 for 

droplet absorption times of 0 and 0.05 s. Average static water contact angle of 

untreated polypropylene nonwoven fabric was 127º showing highly hydrophobic 

structure. This showed that cleaning the untreated sample in ethanol before the 

contact angle measurement did not improve the surface wetting behavior. This may 

be due to the fact that the inter-fiber capillary spaces may be blocked by remaining 

contamination on the fibers (Hwang et al, 2005).  

Plasma treatments dramatically decreased the water contact angle and wetting time. 

Moreover, plasma treated fabrics absorbed water droplets within 0.3 seconds. It was 

seen that contact angle decreased by increasing plasma power and plasma exposure 

time. The highest decrease in water contact angle was observed at 10 minutes plasma 

exposure time as can seen from Figures 3.4. Within 0.05 seconds, contact angles of 
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fabrics decreased about 25°. Moreover, contact angle could not be taken from 80W-

10M plasma treated fabric, because water droplet was completely absorbed by the 

treated surface. The results showed that as the treatment time was increased from 3 to 

10 minutes, the wettability increased. 

 

Figure 3.4 : Mean water contact angle results for PP nonwoven fabric treated 

with various plasma conditions. 

3.3.2 Peel bond strength 

Adhesion strength is measured by peel bond strength in laminated fabrics. Peel bond 

strength of untreated and plasma treated PP nonwoven laminated samples are given 

in Figure 3.5. Adhesion bond strength of plasma treated laminated samples showed 

an increase of about 150% compared to the untreated laminated samples. 

As can be seen from Figure 3.5, increasing plasma power and exposure time 

enhanced peel bond strength. As the plasma treatment time was increased from 3 min 

to 10 min, peel bond strength increased by 64%, 71%, and 84% at plasma power of 

40, 60 and 80 W respectively. The highest peel bond strength values were obtained at 

a plasma power of 80 W and plasma time of 10 min. The results showed that plasma 

treatment time was more effective in improving the adhesion than plasma power. The 

results are in agreement with the recent studies showing that degree of plasma 

modification depended on plasma exposure time and discharge power (Yeh et al, 

2011; Cireli et al, 2007). 
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Figure 3.5 : Peel bond strength results for PP nonwoven laminated fabrics.  

The comparative results of peel bond strength of laminated fabrics before and after 

10 washing cycles are given in Table 3.3. After 10 WC (wash cycles), untreated 

laminated fabric had 11% decrease in peel strength while plasma treated laminated 

fabric showed lower peel strength decrease ranging from 2.9 to 7.8%. This showed 

that washing resistance of laminated textiles was not considerably improved after 

argon plasma treatment. Moreover, the washing treatment on untreated laminated 

samples did not result in an important decrease in peel bond strength as well. This 

may be due to the high adhesion strength obtained by the PU based adhesives.   

Table 3.3 : Peel bond strength comparison of laminated fabrics before and after 

10 washing cycles. 

Plasma Treatment 

Conditions 

Peel Bond Strength 

(N/25mm) 

Peel Bond Strength 

(N/25mm) / 10WC 

Untreated 3.09 ± 0.18 2.75 ± 0.13 

40W-3M 3.54 ± 0.26 3.34 ± 0.28 

60W-3M 3.64 ± 0.32 3.47 ± 0.24 

80W-3M 4.16 ± 0.42 3.98 ± 0.32 

40W-5M 4.15 ± 0.36 4.03 ± 0.30 

60W-5M 4.84 ± 0.46 4.57 ± 0.26 

80W-5M 5.40 ± 0.47 5.02 ± 0.43 

40W-10M 5.82 ± 0.36 5.42 ± 0.48 

60W-10M 6.24 ± 0.30 5.98 ± 0.27 

80W-10M 7.66 ± 0.41 7.06 ± 0.44 

The peel bond strength of untreated laminated sample increased from 3.09 to 7.66 

N/25mm after plasma treatment at plasma power of 80 W and treatment time of 10 

min.  After 10 wash cycles peel bond strength decreased from 7.66 to 7.06 N/25mm 
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showing a decrease in peel strength of only 7.8% while the decrease for untreated 

sample was 11%. Overall, argon plasma treatment improved the peel bond strength 

of laminated samples compared to untreated samples at increasing plasma power and 

treatment times. 

3.3.3 Atomic force microscopy (AFM) analysis 

The surface modifications of untreated and various argon plasma treated PP 

nonwoven fabrics were observed using AFM images and results are given in Figure 

3.6. As can be seen from Figure 3.6, argon plasma treatment resulted in a roughening 

effect on the PP surface. 

 

 

Figure 3.6 : The AFM images of Ar plasma treated PP nonwoven fabrics;  (a) 

untreated, (b) 40W-10M treated,  (c) 80W-5M treated, (d) 80W-10M 

treated. 

Table 3.4 shows the surface roughness values of untreated and plasma treated 

samples. Untreated fabric surface had 4.977 nm roughness values; while plasma 

treated sample surfaces had higher roughness as indicated in Table 3.4. Root mean 

square roughness of surfaces was increased remarkably after plasma treatment. It 
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was observed that increasing plasma exposure time and discharge power led to 

increase in surface roughness due to etching effect. The increased adhesion strength 

of laminated fabrics may be attributed to the increase in surface roughness due to 

argon plasma treatment. 

Table 3.4 : Roughness values (Rrms) of the untreated and plasma-treated PP 

nonwoven fabrics. 

Sample Rrms (nm) 

Untreated   4.977 

80W-  5M 14.828 

40W-10M 22.416 

80W-10M 36.816 

3.3.4 Scanning electron microscopy (SEM) analysis 

Figure 3.7 shows the SEM images of untreated and plasma treated polypropylene 

nonwoven samples. The morphological changes on the fiber surface after argon 

plasma treatment can be observed. Untreated PP fiber surface has smooth-like 

properties while plasma treated PP fibers show rougher surfaces. Plasma induced 

roughening was also observed for the polypropylene fiber surfaces as given in 

previous studies (Gouveia et al, 2011; Masaeli et al, 2007; Yousefi et al, 2003). 

  

(a1) (a2) 

Figure 3.7 : SEM images of PP fibers, (a1) untreated, magnification x5060, and 

(a2) treated at 80W-10M Ar, magnification x5490. 

It is clear that argon plasma treatment etched the fiber surfaces. The morphological 

alteration of the fiber surface might lead to improved mechanical adhesion due to 

roughening effect. 

After the peeling test, the remaining adhesive on the separated lamination layers can 

be seen in SEM micrographs in Figure 3.8. There was more remaining adhesive on 

the plasma treated surfaces than that of untreated surfaces as also revealed in 
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previous studies (Özdoğan et al, 2006; Yeh et al, 2011). PU adhesive is mainly 

attached on the surface of plasma treated PP filling the spaces between the fibers. 

  

(a) (b) 

  

(c) (d) 

Figure 3.8 : SEM images of remained adhesives on the surface (x250): (a) 

untreated, (b) 40W-10M Ar plasma treated side (c) untreated, (d) 

80W-3M Ar plasma treated side.  

3.4 Conclusion 

The adhesion strength of argon plasma treated polypropylene nonwoven laminated 

fabric was investigated in this study. It was seen that contact angle decreased by 

increasing plasma power and plasma exposure time indicating wettability increased 

through plasma treatment. Peel bond strength was measured for various plasma 

conditions, i.e., exposure time and plasma power, in order to evaluate the effect of 

plasma treatment on adhesion between the laminated fabric layers. The results 

showed that plasma treatment time was more effective in improving the adhesion 

than plasma power. Adhesion bond strength of plasma treated laminated samples 
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showed an increase of about 150% compared to the untreated laminated samples. On 

the other hand, washing resistance of laminated fabrics did not significantly improve 

by the plasma treatment as well. This was explained by the high adhesive strength of 

PU based adhesive providing minor decrease in adhesive strength after 10 wash 

cycles. 

SEM and AFM images indicate that surface roughness was increased with the 

increasing plasma power and increasing plasma time, and etching on the fiber surface 

was an important factor for the improvement of adhesion strength.  

In the next chapter, the effect of using two different adhesives on the adhesion 

strength of oxygen plasma pre-treated laminated polypropylene nonwoven fabrics 

was studied. 
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4.   ADHESION STRENGTH BEHAVIOUR OF PLASMA PRE-TREATED 

AND LAMINATED POLYPROPYLENE NONWOVEN FABRICS USING 

ACRYLIC AND POLYURETHANE-BASED ADHESIVES 

The adhesion strength enhancement of oxygen plasma pre-treated laminated 

polypropylene nonwoven fabrics using two different types of adhesives was 

investigated in this study. Fabric surface modification was performed using low-

pressure, radio-frequency oxygen plasma treatment. Effect of plasma treatment on 

fabric surface wettability was determined by vertical wicking measurements. 

Wettability of highly hydrophobic polypropylene nonwoven samples dramatically 

increased with increasing plasma power and exposure time. Plasma treated PP fibers 

showed rougher surfaces with increased plasma power and treatment times. XPS 

analysis showed that oxygen plasma treatment of PP fiber surface led to a significant 

increase in atomic percentage of oxygen compound responsible for hydrophilic 

surface. Peel strength enhancement of produced laminated fabrics was observed for 

plasma treated samples compared to untreated samples. PU based adhesive attached 

on the surface of both plasma treated and untreated PP nonwoven, filling the spaces 

between the fibers due to the penetration of the adhesive agent. The improvement in 

surface wettability of PP nonwoven and the introduced sites through oxygen plasma 

treatment resulted in good adhesive bonding. For both adhesives, peel strength 

improvement of produced laminated fabrics was observed for plasma treated samples 

compared to untreated ones. After lamination with PU based adhesive and 20 wash 

cycles, decrease in peel bond strength was between 22% and 25% for plasma treated 

samples while it was 36% for untreated fabrics. Laminated samples using acrylic 

based adhesives showed much lower peel strength values and washing resistance 

than samples laminated with polyurethane based adhesives. 

4.1 Introduction 

Surface treatment of textile surfaces has gained much attention for the production of 

functional textile products. Pre-treatment and/or finishing of textiles by plasma 
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treatment is one of the most popular surface modification techniques. Plasma 

treatment is a clean and dry process requiring no water or an organic solvent during 

processing (Shishoo, 2007). Bulk properties of materials do not change by plasma 

surface modification and much less energy is required compared to conventional 

treatments (Wei, 2009). 

Polypropylene is widely used in technical and industrial applications. However, it 

has very low surface energy resulting in poor wetting and adhesion properties 

(Masaeli et al, 2007). Plasma technology can be used to improve surface 

characteristics of polypropylene through surface modification (Černáková et al, 

2007; Garcia et al, 2008; Hegemann et al, 2003; Hwang et al, 2005; Morent et al, 

2008; Lai et al, 2006; Lee et al, 1997; Pandiyaraj et al, 2009; Urbaniak-Domagała et 

al, 2010; Wei et al, 2004a, 2004b, 2005, 2006, 2007, 2008; Yaman et al, 2010). 

Polypropylene laminated fabrics are widely used in textile industry in areas such as 

automobile interior coverings, footwear interiors, military clothing. Although they 

are used for their functional and technical properties instead of aesthetic and 

appearance features, polypropylene nonwovens are also used as support materials for 

edge folds and collars to support seaming in the garment industry (Bulut et al, 2008).  

Wei et al. (2004a; 2004b, 2005, 2006, 2007) conducted a series of studies on the 

oxygen plasma treated polypropylene fibers and nonwovens; where improvement of 

hydrophilic characteristics of polypropylene surfaces through surface modification, 

i.e., plasma etching, were investigated. There also exist other studies investigating 

the effects of O2 plasma treatment on PP surfaces with regard to surface 

hydrophilicity and wetting properties (Masaeli et al, 2007; Lee et al, 1997; Yousefi et 

al, 2003). 

Moon et al. (1997) observed that O2 plasma induced surface etching resulted in pit-

like surface roughness that contributed to the mechanical interlocking between 

UHMWPE fiber and vinyl ester composites. It was reported that the adhesion 

strength of copper sputter coating on the O2 treated PP nonwoven surfaces was 

improved (Hegemann et al, 2003).  

Many studies showed that the etching effect of plasma gases caused nano and micro 

roughnesses that contributed to the enhancement of adhesion on the surfaces (Carlotti 

et al, 1998; Krump et al, 2005, 2006; Luo et al, 2002; Simor et al, 2004; Yaman et al, 
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2008). Yeh et al. (2011) stated that higher amount of total surface area due to 

increased surface roughness might be one of the main reasons contributing the 

adhesion strength of the laminated fabrics. 

There exist only few investigations focusing on the effect of plasma treatment on the 

strength behavior of laminated textile fabrics (Özdoğan et al, 2006; Simor et al, 

2010; Yeh et al, 2011). However, there is lack of studies that investigate the 

improvement of washing resistance of laminated textile fabrics through plasma 

modification. Moreover, researchers focused mainly on nonporous film-like 

structures instead of porous nonwoven fabrics or fibers related to polypropylene 

surfaces (Masaeli et al, 2007). It was found that the adhesion strength of plasma 

treated ultra-high molecular weight polyethylene laminated woven fabrics were 

significantly higher, approx. 3 to 4 times, than those of untreated ones (Yeh et al, 

2011). The adhesion interface strength of PU and PVC coated polyester woven fabric 

was enhanced by CO2 plasma treatment (Simor et al, 2010). It was observed that the 

interface adhesion properties of polyamide laminated fabrics improved with argon 

and CO2 plasma induced surface modification (Özdoğan et al, 2006). 

Delamination of bonded layers, when exposed to mechanical agitation, is the main 

problem of the laminated fabrics. This is due to low adhesion strength between the 

bonded layers, especially for materials with low surface energy.  

The current study aims to study the adhesion strength and washing resistance of 

plasma pre-treated polypropylene nonwoven laminated fabrics using acrylic and 

polyurethane based adhesives. Polyurethane based adhesives are commonly used for 

high strength laminated textiles, which have good adhesive properties, durability, and 

resistance to high temperature. These types of adhesives are flexible and relatively 

expensive. On the other hand, acrylic based adhesives are generally inexpensive and 

have good UV resistance. Although acrylic adhesives have limited strength 

properties, they have large number of variants and co-polymers used in applications 

where strength is required (Fung, 2002). Plasma may be used as an alternative pre-

treatment process among other methods, such as chromic acid etching, oxidizing 

flame method, immersion in an aqueous solution of chlorine, prior to lamination 

especially when high adhesion strength of laminates is required (Ebnesajjad, 2006).  
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In the current study, the adhesion strength properties of oxygen plasma treated 

polypropylene laminated nonwoven fabrics were investigated before and after 20 

wash cycles by means of peel bond strength tests. The change in wettability of the 

samples after plasma treatments were determined by vertical wicking measurements. 

4.2 Experimental 

All tests were carried out at 65% RH (relative humidity) and 21ºC. 

4.2.1 Materials 

Point-bonded polypropylene spunbonded nonwoven fabrics having a weight per unit 

area of 70 g/m
2
 (ASTM D3776) and a thickness of 0.46 mm (ASTM D1777) were 

supplied from Mogul Tekstil San. Tic. A.S. (Turkey). Fabric thickness was 

determined according to standard ISO 5084 where pressure of 1±0.01 kPa was 

applied to the sample. Two kinds of adhesive solutions were prepared. Polyurethane 

based adhesive (aliphatic polyester-polyurethane), defoamer and thickener were used 

for the preparation of first adhesive solution. The other adhesive solution was 

prepared using acrylic based adhesive (acrylic acid ester), thickener and ammonia 

(25%, pH stabilizer). Prepared adhesives were then used for lamination of the 

samples. Chemicals were supplied from Bozzetto Kimya San. ve Tic. A.S. (Turkey). 

4.2.2 Plasma process 

Diener PICO, RF plasma device (Diener electronic GmbH + Co. KG, Germany) was 

utilized in this study. The device has a horizontally placed cylindrical plasma 

chamber having a length of 32 cm and a diameter of 15 cm. It has 1 piece electrode 

with a length of 25 cm and a width of 12 cm, 1 piece tray with a length of 30 cm and 

a width of 15 cm and 2 pieces gas channels controlled with needle valves. Oxygen 

(purity higher than 99.99 %) was used as processing gas with a gas flow rate of 0.2 

l/m. Plasma chamber pressure was fixed at 0.3 mbar and 13.56 MHz radiofrequency 

was utilized during the process. Polypropylene nonwoven samples (having a length 

of 12 cm and a width of 10 cm) were placed over the tray in the plasma chamber. 

Then, oxygen gas was fed in plasma chamber using various plasma treatment 

conditions (discharge power: 40 W, 60 W and 80 W, and exposure time: 1, 3, 5 and 

10 min). The one side of nonwoven prior to lamination was exposed to plasma. 
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Before plasma treatment, samples were washed with ethanol for about 10 min in a 

beaker, rinsed with distilled water twice, dried at 40°C in an oven for half an hour 

and were conditioned in desiccators. 

4.2.3 Atomic force microscopy (AFM) analysis 

The surface morphology of untreated and oxygen plasma treated polypropylene 

nonwoven samples were analyzed with AFM device (PSIA / XE-100E). A triangular 

pyramid silicon tip was used as a probe, and an area of 2x2 µm
2
 was scanned by non-

contact mode (tapping mode). 

4.2.4 Scanning electron microscopy (SEM) analysis 

Zeiss EVO/MA10 scanning electron microscope was utilized to observe the change 

in surface characteristics of polypropylene fibers of nonwoven fabric after plasma 

treatment. Remaining adhesives were also observed on the peeled surfaces of 

laminated fabrics after the peel bond test. Samples were coated with Au/Pd before 

analysis. 

4.2.5 X-ray photoelectron spectroscopy (XPS) analysis 

K-Alpha Monochromatic High-performance XPS (Thermo Fisher Scientific – USA) 

device was utilized to determine the changes on chemical composition of the PP 

surfaces after plasma treatment. Al Kα-radiation was operated at 1.4 kV and 6 mA. 

The operating pressure in the chamber was maintained at 10
-7

 mbar. Analyzing area 

was 4 mm x 4 mm. Take-off angle between the direction of the emitted 

photoelectrons and the surface was equal to 60º. The samples were analyzed almost 

three hours after the plasma treatment. 

4.2.6 Vertical wicking test 

The effect of plasma treatment on the wettability of nonwoven fabrics was 

determined by vertical wicking tests according to BS 3424-18 standard. Fabric 

samples with dimensions of 2 cm x 15 cm were prepared for the test. Solution for the 

wicking tests was prepared by mixing a water-soluble reactive dyestuff with distilled 

water. Here, the colored solution was used for an easier reading of the wicking 

height. Five mm of fabric length was immersed in solution, and liquid rising (height) 

on the sample was recorded at 15 s, 30 s and every following 30 s. Three 
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measurements were conducted for each plasma condition and mean value was 

calculated. Vertical wicking height results of the plasma treated samples produced at 

different plasma treatment conditions, plasma power and treatment time, were 

compared. The plasma conditions providing the highest wettability, maximum liquid 

height on the fabric, were selected. These conditions were applied during plasma pre-

treatment before the production of laminated fabrics. 

4.2.7 Adhesive solution preparation 

Two different adhesive solutions were prepared and employed to produce laminated 

fabrics. While 100 g of PU based adhesive (Fixamin PUK) was stirred by a 

mechanical mixer with the stirring rate of 450 r.p.m., 0.5 g of defoamer (Mirox AS 

1) was added to the solution and stirred for about 5 min. Thickener (Mirox VD P5) of 

0.2 g was added to mixture at every 5 min intervals until the appropriate viscosity, 

around 10,000-15,000 mPa.s, was reached as similar to the industrial applications. 

Viscosity measurements of adhesive solutions were performed using Brookfield DV-

II type rotational viscometer at 20°C. The spindle number of 21 and the shear rate of 

1 r.p.m were selected to evaluate the viscosity of the solution. The adhesive solution 

shows pseudoplastic behavior. 

Different from the preparation of PU based adhesive solution; NH3 (ammonia 25%, 

pH stabilizer) is used to adjust the pH at 7-8 for acrylic based adhesive solution 

instead of the defoamer. Fixamin AC W38 and Mirox VD 02 were used as the 

acrylic based adhesive and the thickener, respectively. 

4.2.8 Preparation of laminated PP nonwoven fabrics 

Knife coating method was used for the application of adhesive solution on the fabric 

samples. Directly after the plasma treatment, adhesive solution was coated on the 

plasma treated side of the nonwoven fabric with a coating thickness of 150±10 µm 

and weights of 30±5 g/m
2
. Then untreated fabric was immediately adhered on the 

adhesive coated base fabric under a constant pressure of 100 kg/m
2
. Prepared 

samples were dried and cured in an oven at 120ºC for 7 min. Adhesive solution 

becomes active at about 120°C curing temperature. The same procedure was applied 

for nonwoven fabric samples, which were not exposed to plasma pre-treatment in 

order to compare their adhesion properties.  
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The prepared samples were coded based on the plasma conditions. Plasma power 

was represented by “W” and plasma exposure time was represented by “M”.  

4.2.9 Peel bond strength test 

Peel bond strength tests were utilized to determine the adhesion strength of untreated 

and plasma treated laminated fabrics. Peel bond strength of laminated samples were 

measured by using ASTM D 2724 test standard with James H. Heal - Titan
2
 

Universal test device. Testing mechanism is illustrated in Figure 4.1. The dimensions 

of the test specimens were 25 mm x 100 mm. The fabric tested is a two-layered 

structure. Adhesive was applied only on 50 mm of the sample length. The remaining 

uncoated 50 mm fabric layers were attached to the jaws from both sides at a distance 

of 25 mm. The testing speed was 10 mm/min (Simor et al, 2010; Yeh et al, 2011). 

The peeling strength was measured in N. Three different measurements were 

performed and the average value was recorded. Peel bond strength of laminated 

fabrics after different wash cycles were also measured. 

 

Figure 4.1 : Peel bond strength test scheme of two layered nonwoven laminated 

fabric. 

4.2.10 Washing tests 

TS 5720 EN ISO 6330 test method was used to study the durability of laminated 

fabric samples against washing. Washing was performed at 27±3 ºC with ECE 

reference detergent not including phosphate. 

4.3 Results and Discussion 

4.3.1 Atomic force microscopy analysis 
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The surface morphology of untreated and oxygen plasma treated PP nonwoven 

fabrics were observed using AFM imaging. As can be seen from Figure 4.2, oxygen 

plasma treatment roughens the PP fiber surface. Measured roughness values (Rrms) of 

the untreated and plasma-treated PP nonwoven fabrics were 21.775 nm and 89.616 

nm, respectively. The increase in surface roughness after oxygen plasma treatment 

may facilitate the interaction between the adhesive and the laminated fabric layer 

(Carlotti et al, 1998; Moon et al, 1997; Krump et al, 2005, 2006; Luo et al, 2002; 

Simor et al, 2004; Simor et al, 2010; Özdoğan et al, 2006; Yaman et al, 2008; Yeh et 

al, 2011). 

 

 
       (a)           (b) 

Figure 4.2 : The AFM images of (a) untreated and (b) 80W-10M O2 plasma 

treated PP nonwoven fabrics. 

4.3.2 Scanning electron microscopy analysis 

SEM images of untreated and plasma treated polypropylene nonwoven samples are 

given in Figure 4.3. The morphological changes on the fiber surface after oxygen 

plasma treatment can be observed. Untreated PP fibers have smooth surfaces while 

plasma treated PP fibers showed rougher surfaces with increased plasma power and 

treatment times. Plasma induced roughening was also observed on the polypropylene 

fibers surfaces in previous studies (Cireli et al, 2007; Gouveia et al, 2011; Masaeli et 

al, 2007; Yousefi et al, 2003). The rough surface formed on the fiber surface 

contributed to the better adhesion of the coated adhesive. 
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a1)   a2)  

b1)    b2)  

c1)    c2)  

d1)    d2)  

e1)    e2)  

Figure 4.3 : SEM images of PP fibers, untreated and O2 plasma treated; (a1) 

untreated (x2000), (a2) untreated (x5000), (b1) 40W-5M treated 

(x2000), (b2) 40W-5M treated (x5000), (c1) 80W-5M treated 

(x2000), (c2) 80W-5M treated (x5000), (d1) 40W-10M treated 

(x2000), (d2) 40W-10M treated (x5000), (e1) 80W-10M treated 

(x2000), (e2) 80W-10M treated (x5000). 
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4.3.3 X-Ray photoelectron spectroscopy analysis 

Figure 4.4 indicates the wide scan spectra for the elements on the PP fiber. There are 

two specific energy peaks present in the spectra. Carbon (1s) peak existed at ~285 eV 

and oxygen (1s) peak existed at ~531 eV. After plasma treatment, intensity of 

oxygen related peak dramatically increased while the intensity of carbon related peak 

decreased. Increased oxygen content ratio on the plasma treated surface (Table 4.1) 

indicated the improvement of surface wettability as was also observed in vertical 

wicking results. 

 

Figure 4.4 : XPS wide scan spectra of the PP fiber; (a) untreated, (b) plasma 

treated. 

Carbon content (C1s) of the untreated polypropylene fabric was expected to be 100% 

due to the polypropylene molecular structure. However, oxygen content (O1s) was 

28.59 % on the untreated fabric, which may be due to finishing agents or 

contamination on the fibers (Hwang et al, 2005). The presence of oxygen on the 

surface of the untreated PP nonwoven suggests that the material contains some 

contamination or probably surface oxidation (Morent et al, 2008b). 

Degradation/oxidation of polymers during the fiber production might be another 

reason for presence of oxygen on the surface (Yeh et al, 2011). 

Table 4.1 : Relative chemical composition determined by XPS for PP fabrics 

untreated and treated with O2 plasma. 

 

Chemical composition (%) 

Fabric C1s O1s 

Untreated 71.41 28.59 

O2Treated 52.81 47.19 
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Functional group changes of polypropylene fabrics are shown in C1s deconvolution 

analysis as given in Table 4.2. Untreated polypropylene fiber surface has a potential 

carbon-containing component (C-C and C-H) at binding energies of 285.0 eV. 

However, as stated before some oxygen related functional groups were observed on 

the polypropylene fiber surface at binding energies of ~286 eV (-C-O-) and ~289 eV 

(-COO-) (Hwang et al, 2003; Simor et al, 2010; Yeh et al, 2011). Corresponding to 

the C1s peaks, as given in Table 2, C-O and COO- related bonds increased while C-C 

related bond decreased after O2 plasma treatment. 

Table 4.2 : Deconvolution analysis of C1s peaks for untreated and O2 plasma treated 

PP fabrics. 

 

Functional group composition (%) 

Fabric C-C C-O COO 

Untreated 60.47 22.78 16.75 

O2 Plasma Treated 44.29 28.23 27.48 

The methyl group on the polypropylene substrates is highly sensitive to bond 

cleavage and could be easily replaced by other functional groups such as carboxyl, 

carbonyl, and hydroxyl groups through plasma treatment (Hwang, 2005; McCord, 

2002). 

As seen in Figure 4.5, the intensity of C-C related binding energy levels decreased 

while oxygen related binding energy levels increased and expanded for the plasma 

treated sample. 

 

Figure 4.5 : Carbon (1s) peak of XPS spectrum: (a) untreated PP; (b) PP oxygen 

plasma treated for 10 min, at a power of 80 W. 
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4.3.4 Vertical wicking 

Vertical wicking test results of samples treated with various O2 plasma treatments are 

shown in Figures 4.6, 4.7 and 4.8. There was no liquid rising observed on the 

untreated polypropylene fabric samples in spite of the presence of oxygen content 

observed on the surface of untreated PP nonwoven. Cleaning the untreated sample in 

ethanol before the wicking test did not change the wicking result. This implies that 

inter-fiber capillary spaces may be blocked by finishing agents or remaining 

contamination on the fibers. The oxygen plasma treatment results in both higher 

levels of polar carboxyl groups and carbonyl groups, and polymer etching and the 

removal of the material on the fiber surface. Hydrophilic groups and etching on the 

fiber surface help the physical adsorption of water molecules, leading to a more 

wettable fiber surface (Malek, 2003). The results showed that surface cleaning was 

mainly achieved through oxygen plasma modification. On the plasma treated fabrics 

however, solution rose immediately to around 4.5 cm within 15 s, and slowly 

reached up to 11.8 cm and to 14.3 cm within 7 min. Final vertical wicking distance 

increased with increasing plasma power and treatment time. The observed distance 

travelled by the wicked liquid was affected more by the change in plasma treatment 

time than plasma power. Plasma condition of 80 W and 10 M resulted in the highest 

vertical wicking distance. Based on the wicking results, plasma power of 40 W and 

80 W and plasma treatment times of 5 min and 10 min were selected as conditions to 

be applied during plasma pre-treatment before the production of laminated fabrics. 

 

Figure 4.6 : Vertical wicking results of samples treated with O2 plasma using 

plasma power of 40 W. 
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Figure 4.7 : Vertical wicking results of samples treated using O2 plasma for 

plasma power of 60 W. 

 

Figure 4.8 : Vertical wicking results of samples treated using O2 plasma for 

plasma power of 80 W. 

4.3.5 Peel bond strength 

Adhesion strength of laminated fabric was determined by peel bond strength test. 

The comparative results of peel bond strength of untreated and plasma treated PP 

nonwoven laminated samples produced with polyurethane based adhesive are given 

in Table 4.3. Increasing plasma power and exposure time enhanced the peel bond 

strength. The highest peel bond strength values were obtained at a plasma power of 

80 W and plasma time of 10 min. Before washing, adhesion bond strength of plasma 

treated laminated samples showed an increase about 160% to 180% at different 
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plasma conditions compared to the untreated laminated samples. Overall, oxygen 

plasma treatment improved the peel bond strength of laminated samples compared to 

untreated samples at increasing plasma power and treatment times. The results are in 

agreement with the recent studies showing that degree of plasma modification was 

affected by plasma exposure time and discharge power (Cireli et al, 2007; Yeh et al, 

2011). 

After 20 wash cycles, compared to unwashed samples, peel bond strength of 

untreated laminated fabrics decreased about 35.7% while the decrease was between 

22% and 25% for plasma treated fabric at different plasma conditions. The results 

indicated that plasma pre-treatment improved the washing resistance of laminated 

fabrics for PU based adhesive.  

Before washing, the increase in peel bond strength was about 160% to 180% on the 

plasma pre-treated samples compared to untreated samples. However, after 20 wash 

cycles, the increase in peel bond strength was about 210% to 240%, which indicates 

the improvement in washing resistance due to plasma treatment. Delamination of 

laminated samples did not take place even after 20 wash cycles due to of high 

adhesion strength obtained using the PU based adhesive. 

Table 4.3 : Peel strength comparison of laminated fabrics for polyurethane based 

adhesive before and after 1, 5, 10, 15 and 20 wash cycles (N). 

Plasma 

conditions 

Before 

washing 

(N) 

Increase in 

peel bond 

strength 

compared 

to 

untreated 

(%) 

Wash cycles After 20 wash cycles 

1 5 10 15 20 

Increase in 

peel bond 

strength 

compared 

to 

untreated 

(%) 

Decrease in 

peel bond 

strength 

after 20 

wash cycle 

compared 

to 

unwashed 

(%) 

(N) 

Untreated 4.2±0.8 - 4.1 

±0.6 

3.5 

±0.6 

3.3 

±0.5 

3.1 

±0.4 

2.7 

±0.4 
- 35.7 

40W.5M 11.1±1.1 164.3 10.9 

±0.9 

10.4 

±0.8 

9.2 

±0.9 

8.7 

±0.7 

8.3 

±0.8 
207.4 25.2 

80W.5M 11.2±0.9 166.7 11.1 

±1.2 

10.5 

±0.7 

9.4 

±0.8 

9.0 

±0.7 

8.7 

±0.6 
222.2 22.3 

40W.10M 11.6±1.3 176.2 11.3 

±1.1 

10.9 

±0.9 

10.0 

±1.1 

9.2 

±0.9 

9.0 

±0.5 
233.3 22.4 

80W.10M 12.0±1.1 185.7 11.9 

±1.4 

11.6 

±1.1 

10.8 

±1.2 

9.6 

±0.8 

9.1 

±0.7 
237.0 24,2 
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The comparative results of peel bond strength of untreated and plasma treated PP 

nonwovens laminated with the acrylic based adhesive are given in Table 4.4. Before 

washing, bond strength of plasma treated nonwoven saples laminated with the acrylic 

adhesive showed an increase between 20% and 95% at different plasma conditions 

compared to the untreated ones. 

Table 4.4 : Peel strength comparison of acrylic based laminated fabrics before and 

after 5 wash cycles (N). 

Plasma 

conditions 

Before 

washing 

Increase in 

peel bond 

strength 

compared 

to 

untreated 

Wash cycles After 1 wash cycle 

(%) 1 2 3 4 5 Increase in 

peel bond 

strength 

compared 

to 

untreated 

(%) 

Decrease in 

peel bond 

strength 

after 1 wash 

cycle 

compared to 

unwashed 

(%) 

(N) 

 
(N) 

Untreated 1.12±0.16 - 
0.66 

±0.12 
* * * * - 41 

40W.5M 1.34±0.18 20 
1.08 

±0.14 

0.85 

±0.15 

0.61 

±0.08 
* * 64 19 

80W.5M 1.39±0.15 24 
1.16 

±0.10 

0.97 

±0.22 

0.68 

±0.16 
* * 76 17 

40W.10M 1.79±0.24 60 
1.54 

±0.12 

1.36 

±0.14 

1.04 

±0.15 

0.63 

±0.11 
* 133 14 

80W.10M 2.18±0.22 95 
1.93 

±0.16 

1.53 

±0.12 

1.21 

±0.18 

0.74 

±0.21 
* 192 11 

   *Measurement was not taken due to delamination after washing. 

After 1 wash cycle, compared to unwashed samples, the decrease in peel bond 

strength of untreated laminated fabrics was about 41% while the value was between 

11% and 19% for plasma treated fabric, indicating the improvement in bond strength 

stability. Plasma treated laminated samples did not show delamination up to 4 wash 

cycles for plasma conditions of 80 W and10 M, while untreated sample layers peeled 

off after 2 wash cycles.  

Bond strength value after 5 wash cycles was about 10 N and it was below 1 N after 4 

wash cycles for samples laminated using PU-based and acrylic based adhesives, 

respectively. Overall, samples laminated using acrylic based adhesives showed much 
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lower peel strength values and washing resistance than that of polyurethane based 

adhesives. 

For acrylic based adhesive, increasing plasma power did not increase the number of 

successive wash cycles without delamination. On the other hand, increasing plasma 

treatment time, from 5 min to 10 min led to a slight improvement in bond strength 

values.  

After the peeling test, the remaining adhesive on the separated lamination layers was 

observed by SEM, see Figure 4.9. PU based adhesive attached on the surface of both 

plasma treated and untreated PP nonwoven, filling the spaces between the fibers. 

This is due to the penetration of the adhesive agent into both untreated and treated 

porous nonwoven samples. Therefore, adhesive release was not observed between 

PU based adhesive and laminated nonwoven fabrics. The penetration of the adhesive 

agent into the nonwoven fabrics may also have contributed to the durability of the 

adhesive agent against washing. 

  
(a)      (b) 

Figure 4.9 : SEM images of remained adhesives on the surface after peel-off test 

(x250): (a) untreated side, (b) 80W-10M O2 plasma treated side. 

4.4 Conclusion 

In this study, the adhesion strength behavior of oxygen plasma pre-treated 

polypropylene nonwoven laminated fabrics using polyurethane and acrylic based 

adhesives were examined. Vertical wicking results clearly showed the improvement 

in wettability of plasma treated polypropylene fabrics compared to untreated ones, 

which may be due to introduced polar groups and surface cleaning through oxygen 

plasma. XPS analysis indicated the increased oxygen content on PP nonwoven 

surface after plasma treatment. Functional groups formed on the fiber surface 
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contributed to the better adhesion between the adhesives and the plasma pre-treated 

fibrous surface. Formation of functional groups may have permitted covalent 

bonding between the substrate and the adhesives, such as the reactive hydroxyl 

groups reacting with the isocyanides groups coming from the PU coating.  

The increase in surface roughness of PP nonwoven after plasma treatment increased 

the area of contact between the adhesive and the substrate contributing to the 

mechanical adhesion. 

For both adhesives, peel strength improvement of produced laminated fabrics was 

observed for plasma treated samples compared to untreated ones. Peel bond strength 

of plasma the treated laminated fabrics produced with the polyurethane based 

adhesive improved by up to 180% compared to peel bond strength of the untreated 

fabrics. After 20 wash cycles, the plasma pre-treated samples showed about 210% to 

240% higher peel strength values compared to untreated samples. This indicated the 

improvement in washing resistance of laminated nonwoven samples due to plasma 

treatment. As the wash cycles were increased from 1 to 20, peel strength values 

decreased for both plasma treated and untreated samples. Compared to unwashed 

samples, the decrease in peel strength after 20 wash cycles was about 36% for the 

untreated fabrics, whereas decrease was between 22% and 25% for the plasma 

treated samples. Laminated samples using acrylic based adhesives showed much 

lower peel strength values and washing resistance than samples laminated with 

polyurethane based adhesives. Overall, surface modification through oxygen plasma 

pre-treatment improved the strength properties and washing resistance of 

polypropylene laminated fabrics. 
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5.  PLASMA INDUCED ADHESION IMPROVEMENT OF COTTON / 

POLYPROPYLENE LAMINATED FABRICS 

In this study, improvement in the adhesion strength of plasma pretreated and 

laminated cotton/polypropylene fabrics using acrylic based adhesive was 

investigated. Low-temperature, low-pressure oxygen plasma was utilized for surface 

modification of cotton/polypropylene laminated fabrics. Water absorption time was 

measured on plasma treated cotton fabrics at different plasma power and treatment 

time conditions. The plasma conditions providing the fastest liquid absorption on the 

surface were selected and applied during plasma pre-treatments. Surface wettability 

increased with increasing plasma power and plasma exposure time. Plasma induced 

surface morphology changes were observed via SEM images. XPS analysis showed 

that oxygen content on the surface increased with plasma treatment, which 

contributed to the surface polarity and hydrophilicity. Peel bond strength results of 

untreated and plasma treated samples were analyzed to determine the effect of 

plasma pretreatment process. Adhesion strength values of laminated samples, before 

washing and after 40 wash cycles, were determined by peel bond strength tests. 

Before washing, adhesion strength of plasma pretreated and laminated samples were 

28% to 60% higher than that of untreated laminated fabrics. After 40 wash cycles, 

adhesion strength of plasma pretreated and laminated samples were about 40% to 

69% higher than the untreated laminated fabrics. Peel bond strength values decreased 

with the increased number of wash cycles. Plasma pretreatment enhanced both the 

adhesion strength and washing resistance of laminated samples. 

5.1 Introduction 

Plasma technologies have taken much attention in various industries with regard to 

cost saving and environmentally friendly process. Low temperature gas plasma 

treatment is widely utilized in modifying surface properties of materials. Surface 

modification of textile surfaces by non-thermal plasma treatment has become a 

promising approach in the production of functional textiles (Shishoo, 2007). 
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Plasma modification of cotton textiles has been widely studied with regard to 

physical, chemical and morphological changes on the surface (Inbakumar et al, 2010; 

Karahan et al, 2009; Sun et al, 2005, 2006), improvement of surface 

wettability/hyrophilicity (Bhat et al, 2011; Malek et al, 2003; Pandiyaraj et al, 2008; 

Poll et al, 2001; Tian et al, 2011), hydrophobicity (Kamlangkla et al, 2010; Shahidi 

et al, 2007; Vohrer et al, 1998; Zhang et al, 2003), dyeability (Gorjanc et al, 2010; 

Juhue et al, 2002; Pandiyaraj et al, 2008; Sun et al, 2004), desizing (Bhat et al, 2011; 

Cai et al, 2003), and also wrinkle resistance (Chen et al, 2010; Lam et al, 2011). 

Although hydroxyl (-OH) groups mainly dominates the cotton fiber functionality, 

plasma treatment allows the introduction of other functional groups and give rise to 

surface carbonyl, ether and carboxylic groups (Wei, 2009).  

Laminated fabric is composed of layers bonded closely together by the applied 

adhesive or adhesive properties of layers, which finds applications in protective 

clothing, car seat upholstery, footwear and outdoor clothing. Laminated fabrics are 

required to have some functional properties such as protection, waterproofness, 

breathability, etc. (Fung, 2002). Surface cleaning before lamination, for increased 

wettability, is important for strong adhesion of layers. On the other hand, there is no 

need for extra preparation for laminated surfaces pretreated with plasma processes, 

because required preparation is provided by plasma treatment itself (Ebnesajjad, 

2006).  

The major problem in laminated materials is the delamination of layers due to low 

bonding strength between the layers. Plasma treatment is an alternative method for 

improving adhesion in textile fibers besides the oxidation treatment (Luo et al, 2002). 

Etching effect, increased surface roughness/contact area, and introduction of new 

functional groups induced by plasma treatment enhance the adhesion properties of 

fiber surfaces (Yaman et al, 2008). Adhesion strength improvement of plasma 

pretreated and laminated polyethylene (Yeh et al, 2011), and polyamide (Özdoğan et 

al, 2006) textile fabrics was studied. Few studies exist on washing durability of 

plasma coated cotton textiles (Shahidi et al, 2007; Vohrer et al, 1998). However, 

plasma pretreated and laminated cotton fabrics with regard to washing resistance 

have not been investigated so far.  

In our previous study, adhesion strength behavior of plasma pretreated and laminated 

polypropylene fabrics using acrylic and polyurethane based adhesives, and effect of 
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washing on peel strength was investigated (Armağan et al, 2012). In this study, 

adhesion strength improvement of plasma pretreated and laminated 

cotton/polypropylene fabrics used in military outwear camouflage clothes was 

examined with respect to washing resistance. Within this scope, plasma induced peel 

bond strength improvement was comparatively analyzed. The change in wettability 

of the cotton samples after various plasma treatments was determined by water 

droplet absorption time measurements. The plasma conditions providing the highest 

wettability were selected and applied during plasma pretreatment, before the 

production of laminated fabrics. SEM analysis was performed to characterize the 

change in surface morphology after plasma treatment. Chemical composition of 

fabric surfaces before and after plasma treatment was analyzed by XPS analysis. 

After the peel-off test, the remaining adhesive on the peeled surfaces was also 

observed by SEM analysis. 

5.2 Experimental 

5.2.1 Materials 

Finished (dyed, camouflage printed, and coated with 3XDRY® commercial 

hydrophobic coating) commercial cotton fabrics (115±5 g/m
2
, 52 picks x 32 ends, Ne 

35 warp/weft cotton yarn) were used as the first laminate. As the second laminate, 

point-bonded polypropylene spunbonded nonwoven fabrics having a weight per unit 

area of 40 g/m
2
 (ASTM D3776) were used. Both cotton and polypropylene fabrics 

were supplied from Öztek Stampa Tic. San. A.S. (Turkey). 

Acrylic (acrylic acid ester) adhesive, thickener and ammonia (25%, pH stabilizer) 

were used for the preparation of adhesive solution. Prepared adhesive was then used 

for lamination of the samples. Chemicals were supplied from Bozzetto Kimya San. 

ve Tic. A.S. (Turkey). Extra surface cleaning process was not applied to the fabric 

samples to be treated with plasma due to the removal of impurities by plasma itself 

(Ebnesajjad, 2006).  All experiments were carried out at 65% RH and 20ºC. 

5.2.2 Plasma process 

Plasma device, Diener PICO RF (Diener electronic GmbH + Co. KG, Germany), was 

used in this study. The device has a horizontally placed cylindrical plasma chamber 

having a length of 32 cm and a diameter of 15 cm. It has one electrode with a length 
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of 25 cm and a width of 12 cm, one metallic tray with a length of 30 cm and a width 

of 15 cm and two gas channels controlled with needle valves. Oxygen (purity higher 

than 99.99%) was used as processing gas with a gas flow rate of 0.2 l/m. Plasma 

chamber pressure was fixed at 0.3 mbar and 13.56 MHz radiofrequency was utilized 

during the process. Fabric samples (having a length of 12 cm and a width of 10 cm) 

were placed over the tray in the plasma chamber. Then, oxygen gas was fed in 

plasma chamber using various discharge power (40 W and 80 W), and exposure time 

(1, 3, 5 and 10 min). In our previous study (Armağan et al, 2012), these plasma 

parameters were applied to polypropylene nonwoven samples to observe the change 

in vertical wicking behavior. In the current study, the same plasma parameters were 

applied for both cotton and polypropylene treatment. Only the backside of the cotton 

fabric was exposed to plasma treatment on which the polypropylene spunbonded 

fabric was laminated. Both untreated and plasma treated polypropylene spunbonded 

fabrics were used for lamination with cotton fabric. The prepared samples were 

coded based on the plasma conditions. Plasma power was represented by “W” and 

plasma exposure time was represented by “M”. For instance, “40W5M” means that 

the sample was treated with 40 watt plasma power and for 5 minutes of plasma 

treatment time. 

5.2.3 Scanning electron microscope (SEM) analysis 

Zeiss EVO/MA10 scanning electron microscope was utilized to observe the change 

in surface characteristics of fabrics after plasma treatment. Remaining adhesives 

were also observed on the peeled surfaces of laminated fabrics after the peel bond 

test. Samples were coated with Au/Pd before SEM imaging. 

5.2.4 X-ray photoelectron spectroscopy (XPS) analysis 

K-Alpha Monochromatic High-performance XPS (Thermo Fisher Scientific – USA) 

device was utilized to determine the changes on chemical composition of the 

surfaces after plasma treatment. Al Kα-radiation was operated at 1.4 kV and 6 mA. 

The operating pressure in the chamber was maintained at 10
-7

 mbar. Analyzing spot 

size was 400 μm. Take-off angle between the direction of the emitted photoelectrons 

and the surface was equal to 60º. Survey scan spectra was obtained at pass energy of 

150 eV, while an individual C1s high-resolution spectra was taken at a pass energy of 

30 eV. The samples were analyzed about three hours after the plasma treatment. 
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5.2.5 Wettability 

The effect of plasma treatment on the wettability of cotton fabrics was determined 

according to BS 4554:1970. Absorption time of the water droplet on the fabric 

surface was measured by KSV CAM 200 contact angle meter directly after the 

plasma treatment. A syringe, which was held 1 cm above the fabric dispensed a 

droplet of five μl, distilled water on the surface of the cotton fabric samples. The 

frames captured by camera were 1 s for untreated fabric, and 17 ms for plasma 

treated fabrics due to the fast rate of absorption. The time needed for the droplet to 

penetrate completely into the fabric was measured. 5 measurements were taken 

within each of three samples, and average value was recorded with its standard 

deviation. The shorter wetting time indicated higher wettability. Droplet absorption 

time results of the plasma treated samples produced at different plasma treatment 

conditions, plasma power and treatment time, were compared. The plasma conditions 

providing the shortest wetting time on the fabric, were selected. These conditions 

were applied during plasma pre-treatment before the production of laminated fabrics. 

5.2.6 Adhesive solution preparation 

An adhesive solution (anionic, acrylic acid ester) was prepared and employed to 

produce laminated fabrics. While 100 g of acrylic adhesive (Fixamin AC W38) was 

stirred by a mechanical mixer with the stirring rate of 450 r.p.m., thickener (Mirox 

VD 02) of 0.2 g was added to mixture at every 5 min intervals until the appropriate 

viscosity (~12,000-13,000 mPa.s) was reached as similar to the industrial 

applications. Viscosity measurements of adhesive solutions were performed using 

Brookfield DV-II type rotational viscometer at 20°C. The spindle number of 21 and 

the shear rate of 1 r.p.m were selected to evaluate the viscosity of the solution. The 

adhesive solution shows pseudoplastic behavior. NH3 (ammonia 25%, pH stabilizer) 

was used to adjust the pH at 7-8 for acrylic based adhesive solution. 

5.2.7 Preparation of cotton/polypropylene laminated fabrics 

Knife coating method was used for the application of adhesive solution on the fabric 

samples. Directly after the plasma treatment, adhesive solution was coated on the 

plasma treated side of the cotton fabric with a coating thickness of 150±10 µm and 

weights of 30±5 g/m
2
. Then plasma treated/untreated polypropylene nonwoven fabric 

was immediately adhered on the adhesive coated base fabric under a constant 



76 

pressure of 100 kg/m
2
. Prepared samples were dried and cured in an oven at 120ºC 

for 5 min. The same procedure was applied for fabric samples, which were not 

exposed to plasma pre-treatment in order to compare their adhesion properties.  

The prepared samples were coded based on the plasma conditions. Plasma power 

was represented by “W” and plasma exposure time was represented by “M”. For 

instance, “40W5M” means that the sample was treated with 40 W plasma powers 

and for 5 minutes of plasma treatment time. 

5.2.8 Peel bond strength test 

Peel bond strength tests were performed to determine the adhesion strength of 

untreated and plasma treated laminated fabrics. Adhesion strength of laminated 

fabrics before washing and after 1, 10, 20 and 40 wash cycles were also measured. 

Peel bond strength of laminated samples were measured by ASTM D 2724 test 

standard using James H. Heal - Titan
2
 Universal test device. Testing mechanism is 

illustrated in Figure 5.1. The dimensions of the test specimens were 25 mm x 100 

mm. Adhesive was applied only on 50 mm of the sample length. The remaining 

uncoated 50 mm fabric layers were attached to the jaws from both sides at a distance 

of 25 mm. The testing speed was 300 mm/min. The peeling strength was measured in 

N. Three different measurements were performed and the average value was 

recorded. 

 

Figure 5.1 : Peel bond strength test scheme and sample emplacement. 

5.2.9 Washing tests 

TS 5720 EN ISO 6330 test method was used to study the durability of laminated 

fabric samples against washing. Washing was performed at 40ºC using a reference 

detergent not including phosphate. 
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5.3 Results and Discussion 

5.3.1 Wettability 

Wetting behavior of plasma treated surfaces may be determined by water contact 

angle measurements. However due to the porous and non-uniform nature of the 

textile fabric’s surface, it is difficult to obtain accurate results from contact angle 

values (Morent, 2008a). For this reason, wettability of textile surface was determined 

by indirect methods such as wicking rate (Armağan et al, 2012; Bhat et al, 2011; 

Gotoh et al, 2010; Morent et al, 2007), liquid absorption capacity (Wong et al, 1999), 

and absorption time (Cireli et al, 2007; Masaeli et al, 2007).  

In this study, plasma treatment was applied only on the backside (laminated side) of 

cotton fabric samples. The front side of the cotton fabric samples had a hydrophobic 

resin coating, which prevented the vertical liquid rising. For this reason, to determine 

the wettability behavior of cotton fabric samples, water droplet absorption time on 

the fabric’s surface was measured instead of vertical wicking rate. 

Wetting time test results of untreated and plasma treated cotton fabric samples are 

shown in Table 5.1. Absorption time of water droplets on untreated fabric surfaces 

were measured as 118 s for the backside, and 130 s for the front side. Wetting time 

on fabric’s front side was higher than that of the backside due to the applied 

hydrophobic coating on the former. However, the little difference in wetting time 

between the backside (laminated) and the front side (hydrophobic resin coating) of 

cotton fabric sample may be due to the impurities such as waxes, pectic substances 

on the cellulose fibers and partially due to extrinsic contamination on the original 

fabric (Inbakumar et al, 2010; Mihailovic et al, 2011). Another reason may be the 

hydrophobic coating already present in the front side cotton fabric which may have 

partially traversed the fabric. After plasma treatment, wetting time of the backside of 

the cotton fabric samples dramatically decreased with increasing plasma exposure 

time and plasma power. Improved wettability of sample surface may be due to the 

cleaning effect of oxygen plasma (Morent et al, 2008a), which resulted in better 

penetration of the adhesive into the fabric samples. As detailed in the next section, 

the improved adhesive penetration may also have contributed to the durability of 

adhesive agent against washing (Armağan et al, 2012). Plasma condition of 80 W 

and 10 M resulted in the shortest droplet absorption time. Based on the wetting 
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results, plasma power of 40 W and 80 W, and plasma treatment times of 5 min and 

10 min were selected as conditions to be applied during plasma pre-treatment before 

the production of laminated fabrics. 

Table 5.1 : Wetting time test results of untreated and plasma treated cotton fabric 

samples. 

  Untreated Samples 

  Back side Front side 

Wetting Time (s) 118.00 ±14.63 130.00 ±19.16 

  
Plasma Treated Samples 

Back side 

 

40W1M 40W3M 40W5M 40W10M 

Wetting Time (s) 2.88±0.35 0.79±0.14 0.25±0.08 0.17±0.04 

  

   

  

  80W1M 80W3M 80W5M 80W10M 

Wetting Time (s) 2.28±0.37 0.71±0.20 0.21±0.05 0.11±0.03 

5.3.2 Peel bond strength 

Adhesion strength of the laminated fabrics was determined by peel bond strength 

test. The comparative results of peel bond strength of untreated and plasma treated 

(only cotton side, 1-side, and both cotton and polypropylene sides, 2-sides) laminated 

samples produced with acrylic based adhesive are given in Table 5.2 and Figure 5.2. 

Peel bond strength results of samples before and after washing for 1, 10 and 20 wash 

cycles are also shown.   
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Table 5.2 : Peel bond strength of untreated (reference) and plasma treated (only 

one cotton side, 1-side, and both one cotton and one polypropylene 

sides, 2-sides) laminated samples before and after wash cycles. 

Plasma 

conditions 
 

Peel bond strength (N) 

Before 

washing 

Wash cycles 

1 10 20 40 

 
Untreated 3.20.2 2.80.1 2.50.1 2.20.1 2.10.1 

40W.5M 
1-side  4.10.4 4.00.2 3.20.2 3.10.2 2.90.1 

2-sides 4.20.3 4.00.2 3.40.3 3.50.4 3.00.2 

80W.5M 
1-side  4.30.2 4.00.5 3.50.4 3.10.3 3.00.2 

2-sides 4.50.3 4.00.4 3.60.2 3.20.2 3.10.2 

40W.10M 
1-side  4.90.3 4.20.6 3.80.5 3.40.2 3.30.1 

2-sides 4.90.5 4.40.5 3.80.5 3.60.6 3.40.1 

80W.10M 
1-side  5.10.3 4.30.4 3.90.3 3.60.2 3.40.2 

2-sides 5.20.3 4.60.4 4.00.3 3.70.3 3.50.3 

In general, increasing plasma power and exposure time enhanced the peel bond 

strength of laminated samples, which was also observed in the recent studies 

(Armağan et al, 2012; Cireli et al, 2007; Yeh et al, 2011). Before washing, peel bond 

strength of plasma pre-treated and laminated fabrics was about 28% to 56% higher 

than that of untreated laminated fabrics, when only cotton side was treated. In the 

case where both cotton and polypropylene layers were plasma pretreated, peel 

strength was about 30% to 60% higher than that of untreated samples. A small 

increase in peel strength of unwashed laminated samples was observed when both 

fabric layers were exposed to plasma treatment. 
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Figure 5.2 : Peel bond strength of untreated (reference) and plasma treated only one 

cotton side, 1-side, and both one cotton and one polypropylene sides, 2-

sides laminated samples before wash (Bw) and after 1, 10, 20 and 40 

wash cycles (w). 

After 40 washing cycles, peel bond strength of plasma pre-treated and laminated 

fabrics was about 40% to 62% higher than the untreated and laminated fabrics, where 

only one cotton side was plasma treated. However, when both cotton and 

polypropylene layers were exposed to plasma pretreatment, peel bond strength values 

increased by 5% to 7% compared to the case where only cotton side was exposed to 

plasma pretreatment.  

The effect of the number of washing cycles on the peel strength for plasma treated 

and untreated laminated fabrics was also studied. In this sense, peel bond strength of 

untreated laminated fabrics decreased about 15%, 22%, 31% and 35% after 1, 10, 20 

and 40 wash cycles, respectively, compared to unwashed samples. For only cotton 

side (1-side) plasma treated laminated fabrics, the average peel bond strength 

decreased about 11%, 21%, 28% and 32% after 1, 10, 20 and 40 wash cycles, 

respectively, compared to unwashed samples. When both cotton and polypropylene 

(2-sides) layers were plasma pretreated, the average peel bond strength decreased 

about 10%, 21%, 26% and 31% after 1, 10, 20 and 40 wash cycles, respectively, 

compared to unwashed samples. The results showed as the wash cycles were 

increased, a decrease was observed in the peel bond strength of laminated fabrics. 

The peel strength loss of laminated samples due to washing was higher in the case of 
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untreated samples. The strength loss was due to the mechanical agitation during 

washing and also the limited strength of acrylic based adhesives (Fung, 2002). 

Peel bond strength of laminated samples was approximately same within an 

experimental error, even if only one cotton side (1-side), or both one cotton and one 

polypropylene sides (2-sides) were exposed to plasma pretreatment. These results 

indicate that plasma modification of cotton side is the essential part of the 

pretreatment for improving the peel strength values of laminated samples. 

In agreement with previous studies (Patino et al, 2011; Poll et al, 2001), the 

wettability increase indicated that the plasma treatment possibly increases the 

number of hydrophilic groups on the surface of the cellulose fibre. The improvement 

in wetting of the fabric may have contributed to the adequate wetting of the surface 

by the adhesive. This may have contributed to the improvement in bond strength by 

increasing the possible area of contact between the adhesive and the fabric over 

which the load is distributed (Dillingham et al, 2008; Pizzi et al, 2003). 

5.3.3 Scanning electron microscopy analysis 

The surface morphological changes of untreated and plasma treated polypropylene 

and cotton fabric samples are illustrated in SEM images as shown in Figure 5.3. 

Polypropylene and cotton fibers had initially smooth surfaces, while all of the plasma 

treated samples showed morphological changes on the surface. The fiber surfaces 

became rougher due to the etching effect of the plasma process. This roughening 

effect was more evident with the increased plasma exposure time changing from 5 

min to 10 min. The increase in surface roughness after plasma treatment increased 

the area of contact between the adhesive and the substrate, which may have 

contributed to the improved mechanical adhesion (Armağan et al, 2012; Yeh et al, 

2011). 
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Figure 5.3 : SEM images of untreated and O2 plasma treated polypropylene (PP) and 

cotton samples: A1) PP – untreated, A2) PP - 80W5M, O2 plasma 

treated, A3) PP - 80W10M, O2 plasma treated, B1) cotton – untreated, 

B2) cotton - 80W5M, O2 plasma treated, B3) cotton - 80W10M, O2 

plasma treated. 

After the peeling test, the remaining adhesive on the peeled lamination layers was 

observed by SEM images, as seen in Figure 5.4. Adhesive partially attached on the 

untreated cotton sample (A1) and the remaining adhesive penetrated into the 

untreated polypropylene fabric sample due to its porous structure (A2). 

Acrylic based adhesive mainly attached on the plasma treated cotton surface (B1), 

while the remaining adhesive penetrated into the untreated polypropylene nonwoven 

sample (B2) filling the spaces between fibers, due to its porous structure. More 

adhesive was observed on the peeled surface of treated cotton sample (B1) compared 

to the untreated one (A1). Adhesive penetrated into both cotton (C1) and 

polypropylene fabric samples (C2) which were both pretreated with 80W10M, O2 

plasma. Plasma pretreatment rendered both surfaces more hydrophilic. The 

penetration of the adhesive agent into both plasma treated fabrics resulted in higher 

peel strength and also may have contributed to the enhanced durability of the 

adhesive agent against washing.  
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Figure 5.4 : SEM/optical images of the remaining acrylic adhesive over cotton 

woven and polypropylene spunbond sample surfaces after the peel test: 

A1) untreated cotton woven fabric (x250), A2) untreated polypropylene 

nonwoven fabric (x250), B1) cotton woven fabric treated with 

80W10M, O2 plasma (x250), B2) untreated polypropylene nonwoven 

fabric (x250), C1) cotton woven fabric treated with 80W10M, O2 

plasma (x250), C2) polypropylene nonwoven fabric treated with 

80W10M, O2 plasma (x250). 
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5.3.4 X-Ray photoelectron spectroscopy analysis 

The chemical composition of untreated and plasma treated fabric sample surfaces 

was investigated by XPS analysis. Wide scan spectra of untreated and O2 plasma 

treated (80W 10M) cotton and polypropylene samples are shown in Figure 5.5. There 

are two specific energy peaks; carbon peak exists at ~285 eV and oxygen peak exists 

at ~531 eV. Carbon dominates the untreated polypropylene surface (A1) before 

plasma treatment, but the intensity of O2 related peak considerably increased after 

plasma treatment (A2) while the intensity of carbon related peak decreased. 

Similarly, the intensity of the oxygen peaks belonging to the O2 plasma treated 

cotton surface (B2) is much stronger than that of untreated one (B1). 

 

Figure 5.5 : Wide scan spectra of untreated and O2 plasma (80W10M) treated fabric 

sample surfaces: A1) PP, untreated, A2) PP, O2 plasma treated, B1) 

cotton, untreated, B2) cotton, O2 plasma treated. 

After plasma treatment, increased oxygen content ratio on both cotton woven and 

polypropylene spunbond surfaces (Table 5.3) indicated the improvement of surface 

wettability as was also observed in wetting results.   
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Table 5.3 : Surface atomic composition determined by XPS for untreated and 

80W10M, O2 plasma-treated fabrics. 

 
Chemical composition (%) 

Fabric C1s O1s 

Polypropylene - Untreated 99.6 0.41 

Polypropylene - 80W10M 84.9 15.1 

Cotton - Untreated 80.5 19.5 

Cotton - 80W10M 53.8 46.2 

The change of the functional side groups was determined by high-resolution XPS 

analysis of C1s peaks as given in Figure 5.6. The related chemical component 

percentages are also shown in Table 5.4. C1s spectra mainly includes four peaks just 

as C–C/C–H (~285 eV), C–O (~286.5 eV), C=O (~288 eV) and O=C–O (~289 eV) 

(Briggs, 1998). The C1s spectrum of pure cellulose is expected to be deconvoluted 

with C–O, C=O and O=C–O groups, however additional peak corresponding to C–

C/C–H groups also appeared. C–C/C–H groups may originate from impurities such 

as waxes, pectic substances on the cellulose fibers containing unoxidized carbon 

atoms and partially from extrinsic contamination (Inbakumar et al, 2010; Mihailovic 

et al, 2011). It was observed that the amount of C–C/C–H group decreased, while the 

amount of oxygen related groups increased after the plasma treatment. As these 

oxygen containing groups have a polar character, the higher amount of these 

functional groups rendered fabric surface more polar and wettable (Inbakumar et al, 

2010), and resulted in faster water droplet absorption. 

The presence of C–O bonds on the surface of the untreated PP nonwoven (Figure 

5.6) suggests that the material contains some contamination or probably surface 

oxidation (Morent et al, 2007). Degradation/oxidation of polymers during the fiber 

production might be another reason for presence of oxygen on the surface (Yeh et al, 

2011). 
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Figure 5.6 : C1s peak of untreated and O2 plasma (80W10M) treated samples. A1) 

PP untreated, A2) PP O2 treated, B1) cotton untreated, B2) cotton O2 

treated. 

Table 5.4 : C1s chemical group composition for the untreated and 80W10M, O2 

plasma-treated fabrics. 

Fabric  
C-C/C-H 

(%) 

C-O 

(%) 

C=O/O-C-O 

(%) 

O-C=O 

(%) 

Polypropylene - Untreated 71.1 28.9 - - 

Polypropylene - 80W10M 66.5 14.4 15.7 3.4 

Cotton - Untreated 77.5 17.3 - 5.2 

Cotton - 80W10M 40.3 39.5 10.9 9.3 
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5.4 Conclusion 

Adhesion strength improvement of plasma pretreated and laminated 

cotton/polypropylene fabrics using acrylic based adhesive was investigated in this 

study. Peel bond strength of the laminated fabrics was enhanced with oxygen plasma 

treatment. Adhesion strength of plasma pretreated and laminated samples was about 

28% to 60% higher than the untreated laminated fabrics before washing. After 40 

wash cycles, adhesion strength of plasma pretreated and laminated samples were 

about 40% to 69% higher than the untreated laminated fabrics. This showed the 

improvement in washing resistance of laminated samples due to plasma treatment.  

Moreover, the increase in the number of wash cycles resulted in decrease in the peel 

bond strength of laminated fabrics.  

Wettability of surfaces was determined by the wetting time measurements. After 

plasma treatment, wettability of surfaces dramatically increased. Plasma induced 

fiber surface roughness was clearly observed in SEM images. The increase in surface 

roughness after plasma treatment increased the area of contact between the adhesive 

and the substrate, which may have contributed to the mechanical adhesion. XPS 

analysis proved that oxygen contents of fabric surfaces were enhanced by plasma 

treatment. These oxygen related groups contributed to the wettability of fabric 

surface. Functional groups formed on the fiber surface contributed to the better 

adhesion between the adhesives and the plasma pretreated fabric surface. The 

adhesion strength and washing resistance of laminated fabrics were improved by the 

oxygen plasma pretreatment of cotton/polypropylene fabric surfaces. 
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6.   ADHESION IMPROVEMENT OF MEMBRANE LAMINATED FABRICS 

THROUGH PLASMA SURFACE MODIFICATION 

6.1 Introduction 

Laminated fabrics are commonly used in outdoor textile garments. They comprise 

basic functions such as windproofness, waterproofness, breathability etc. (Fung, 

2002). However, the main problem of laminated fabrics is the delamination of the 

fabric layers because of the poor adhesion between the fabric layers and the 

adhesives induced by mechanical friction and/or washing. In our previous study, 

adhesion improvement of polypropylene nonwoven fabric lamination through plasma 

pretreatment was observed (Armağan et al, 2012). The current study aims to improve 

the adhesion properties of membrane laminated textile fabrics through plasma 

surface modification using acrylic based adhesive. Within this scope, laminated 

fabric interfaces were exposed to plasma pretreatment before lamination process. 

Peel bond strength tests were conducted in order to determine the adhesion behavior 

of laminated fabrics. Washing durability of the produced laminated fabrics was also 

studied. SEM and AFM images were taken to observe the modification of surfaces 

induced by plasma treatment. 

6.2 Experimental 

6.2.1 Materials 

Finished (dyed, camouflage printed, and coated with 3XDRY® commercial 

hydrophobic coating) commercial cotton fabrics (115±5 g/m
2
, 52 picks x 32 ends, Ne 

35 warp/weft cotton yarn) supplied by Öztek Stampa Tic. San. A.S. (Turkey) was 

used as the front layer and a two-ply pre-laminate supplied by Sympatex® (Turkey) 

was used as the back layer in the production of laminated fabrics. The pre-laminate 

comprised a first layer knitted fabric (100% polyamide) and a L2278 Stresa Polymax 

404 membrane (100% polyester, waterproof and water vapor permeable).  
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6.2.2 Plasma process 

Diener Pico RF (Diener electronic GmbH + Co. KG, Germany), low temperature, 

low pressure, glow discharge plasma device was used in the current study. Oxygen 

(purity higher than 99.99%) was used as processing gas with a gas flow rate of 0.2 

l/m. Plasma chamber pressure was fixed at 0.3 mbar, 13.56 MHz radiofrequency was 

utilized during the process. 50 watt plasma discharge power, and 5 minutes plasma 

exposure times were selected as plasma treatment condition. For the front layer, only 

the backside of the cotton fabric on which the adhesive was applied was exposed to 

plasma treatment. For the back layer, membrane side was exposed to the plasma 

treatment.  

6.2.3 Adhesive solution preparation 

Acrylic (acrylic acid ester) adhesive, thickener and ammonia (25%, pH stabilizer) 

were used for the preparation of adhesive solution. Prepared adhesive was then used 

for lamination of the samples. Chemicals were supplied by Bozzetto Kimya San. ve 

Tic. A.S. (Turkey).  

Adhesive solution was prepared and employed to produce laminated fabrics. While 

100 g of acrylic adhesive (Fixamin AC W38) was stirred by a mechanical mixer with 

the stirring rate of 450 r.p.m., thickener (Mirox VD 02) of 0.2 g was added to 

mixture at every 5 min intervals until the appropriate viscosity (~12,000-13,000 

mPa.s) was reached as similar to the industrial applications. Viscosity measurements 

of adhesive solutions were performed using Brookfield DV-II type rotational 

viscometer at 20°C. The spindle number of 21 and the shear rate of 1 r.p.m were 

selected to evaluate the viscosity of the solution. The adhesive solution shows 

pseudoplastic behavior. NH3 (ammonia 25%, pH stabilizer) was used to adjust the 

pH at 7-8 for acrylic based adhesive solution. 

6.2.4 Preparation of laminated fabrics 

Knife coating was utilized to apply adhesive solution to the fabric surface. Acrylic 

based adhesive solution was coated on the plasma treated side of the cotton fabrics 

with a thickness of 150±10 µm and 30±5 g/m
2
 wet add-on, and then a second layer of 

untreated/plasma-treated pre-laminate was immediately adhered on the adhesive 

coated fabric under a constant pressure of 100 kg/m
2
. Prepared samples were dried 
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and cured in an oven at 120°C for 7 minutes. The same procedure was applied for 

fabric samples, which were not exposed to plasma pre-treatment in order to compare 

their adhesion properties. 

The prepared samples were coded based on the plasma conditions. Plasma power 

was represented by “W” and plasma exposure time was represented by “M”. For 

instance, “50W5M” means that the sample was treated with 50 W plasma power and 

for 5 minutes of plasma treatment time. 

6.2.5 Peel strength test 

Peel bond strength tests were performed to determine the adhesion strength of 

untreated and plasma treated laminated fabrics. Adhesion strength of laminated 

fabrics before washing and after 1, 2, 3 and 5 wash cycles were also measured. Peel 

bond strength of laminated samples were measured using James H. Heal - Titan
2
 

Universal test device according to ASTM D 2724 test standard. Testing mechanism 

is illustrated in Figure 6.1. The dimensions of the test specimens were 25 mm x 100 

mm. Adhesive was applied only on 50 mm of the sample length. The remaining 

uncoated 50 mm fabric layers were attached to the jaws from both sides at a distance 

of 25 mm. The testing speed was 300 mm/min. The peeling strength was measured in 

N. Three different measurements were performed and the average value was 

recorded. 

    

Figure 6.1 : Laminated fabric, peel bond strength test scheme and 

sample emplacement. 
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6.2.6 Washing test 

Durability of laminated fabric samples against washing was studied according to TS 

5720 EN ISO 6330 test method. Washing was performed at 40ºC and 60 ºC using a 

reference detergent not including phosphate. 

6.2.7 SEM analysis 

Zeiss EVO/MA10 scanning electron microscope was utilized to observe the change 

in surface characteristics of fabrics after plasma treatment. Samples were coated with 

Au/Pd before SEM imaging. 

6.2.8 AFM analysis 

The surface morphology of untreated and oxygen plasma treated cotton and 

prelaminate samples were scanned with AFM device (Shimadzu/SPM-95000J3). A 

triangular-pyramidal silicon nitride tip was used as a probe, and the area was scanned 

by dynamic mode (tapping mode). Root mean square roughness of the surface (Rrms) 

was calculated from AFM profiles. 

6.3 Results and Discussion 

6.3.1 Peel bond results 

It was found that the peeling strength of plasma pretreated and laminated fabrics 

were comparably higher than the untreated laminated fabrics. Before washing, peel 

bond strengths of plasma pre-treated (only cotton side) and laminated fabrics were 

about 37% higher than that of the untreated laminated fabrics. When both cotton and 

pre-laminate sides were plasma pre-treated, peel strength of laminated fabrics was 

about 144% higher than that of the untreated laminated fabrics. A decrease in peel 

strength values was observed with increased wash cycles (Figures 6.1 and 6.2). 

After 5 wash cycles at 40°C washing temperature, strength loss of untreated 

laminated fabric was about 53%, while it was  about 36% for cotton side plasma pre-

treated and laminated fabric, and was about 21% for both cotton and pre-laminate 

sides plasma pre-treated and laminated fabric (Figure 6.1). The results clearly 

showed that plasma pre-treatment improved the adhesion strength of laminated 

fabrics. The strength loss due to washing was least when both layers of the laminated 
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fabrics were exposed to plasma pre-treatment. It was observed that adhesion strength 

decreased with the increased washing temperature.  

 

Figure 6.2 : Peel bond strength of laminated fabrics before/after 

washing (at 40°C). 

 

 

Figure 6.3 : Peel Bond Strength of laminated fabrics before/after  

washing (at 60°C). 

At 60°C washing temperature, untreated and only cotton side treated laminated 

fabrics delaminated even after first wash cycle while both cotton and pre-laminate 

sides treated laminated fabrics delaminated after 3 wash cycles (Figure 6.2). The 

strength loss of both cotton and pre-laminate sides plasma pre-treated and laminated 

fabrics was about 57% and 72% after 1 and 2 wash cycles, respectively. The strength 

loss was due to the mechanical agitation during washing, and also the limited 

strength of acrylic based adhesives (Fung, 2002).  
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6.3.2 SEM results 

SEM analysis also showed that surface roughness increased after plasma treatment 

(Figure 6.3). The increase in surface roughness after plasma treatment increased the 

area of contact between the adhesive and the substrate, which may have contributed 

to the mechanical adhesion between the adhesive and the substrate.  

 

Figure 6.4 : SEM images of untreated and O2 plasma treated cotton 

fabric and pre-laminate (membrane side): a) untreated 

cotton, b) 50W5M O2 treated cotton, c) unteated 

membrane, d) 50W5M O2 treated membrane. 

6.3.3 AFM results 

The surface roughness of untreated and O2 plasma treated cotton fabric and pre-

laminate (membrane side) was observed using AFM images and results were given 

in Figure 6.4. Surface roughness and the overall contact area were increased by 

plasma treatment just as shown in Table 6.1. The increased adhesion strength of 

laminated fabrics may be attributed to the increase in surface roughness due to 

oxygen plasma allowing for more surface area for the interaction between the 

adhesive and the substrate. 
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Figure 6.5 : AFM images of untreated and O2 plasma treated cotton 

fabric and pre-laminate (membrane side): a) untreated 

cotton, b) 50W5M O2 treated cotton, c) unteated 

membrane, d) 50W5M O2 treated membrane. 

Table 6.1 : Roughness values (Rrms) of the untreated and O2 plasma treated cotton 

fabric and pre-laminate (membrane side). 

Sample R rms (nm) 

Untreated / Cotton 39.165 

50W-5M / Cotton 81.487 

Untreated / Pre-laminate 11.954 

50W-5M / Pre-laminate 34.033 

6.4 Conclusion 

Adhesion strength improvement of membrane laminated textile fabrics through 

plasma surface modification was studied in this work. Within this scope, laminated 

fabric interfaces were exposed to plasma pretreatment before lamination process. 

Then, laminated fabrics were produced by knife coating method using acrylic based 

adhesive.  

Peel bond strength tests were conducted to determine the adhesion properties of 

laminated fabrics. It was found that the peeling strength of plasma pretreated and 

laminated fabrics were comparably higher than the untreated laminated fabrics. The 
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results clearly showed that plasma pre-treatment improved the adhesion strength of 

laminated fabrics. Washing durability of the prepared laminated fabrics was also 

studied. It was observed that adhesion strength decreased with the increased washing 

temperature. The strength loss was attributed to the mechanical agitation during 

washing, and also the limited strength of acrylic based adhesives.  

SEM and AFM images showed the increasing surface roughness induced by plasma 

treatment. The increased adhesion strength of laminated fabrics may be attributed to 

the increase in surface roughness due to oxygen plasma treatment. 

 

 

 

 



97 

7.  CONCLUSION 

In this study, the adhesion strength behavior of oxygen or argon plasma pre-treated 

laminated fabrics using polypropylene nonwoven, cotton woven and pre-laminate 

(membrane based) fabric were examined. Low-pressure plasma device was utilized 

in the pre-treatment process by using various plasma treatment conditions (with 

regard to plasma discharge power and exposure time). Knife coating of polyurethane 

and acrylic based adhesives was employed for adhesive application during 

lamination.   

Washing resistance of plasma pretreated and laminated fabrics were also studied and 

compared with that of the untreated laminated fabrics. Plasma induced surface 

characterizations of fabrics were analyzed using SEM, AFM and XPS analyses. 

Wettability properties of fabrics were investigated using water contact angle, vertical 

wicking and absorption time measurements. 

Increasing plasma discharge power and increasing exposure time significantly 

decreased the water contact angles and wetting time of samples. After plasma 

treatment, wettability of all samples has greatly enhanced, and water droplets were 

fully absorbed by samples. 

Vertical wicking results showed the improvement in wettability of plasma treated 

fabrics compared to untreated ones, which may be due to introduced polar groups 

and surface cleaning through oxygen plasma.  

Absorption time measurements also stated that wettability of fabrics dramatically 

increased with plasma treatment. Improved wettability of sample surface may be due 

to the cleaning effect of plasma, which resulted in better penetration of the adhesive 

into the fabric samples. 

XPS analysis indicated the increased oxygen content on fabric surface after plasma 

treatment. These polar groups formed on the fiber surface contributed to the 

wettability properties resulted in better penetration of the adhesives on the plasma 

pre-treated fabric surface. Formation of functional groups may have permitted 

covalent bonding between the substrate and the adhesives, such as the reactive 
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hydroxyl groups reacting with the isocyanide groups coming from the polyurethane 

coating.  

SEM and AFM images indicate that surface roughness and the contact area increases 

with the etching effect of plasma treatment. This may facilitate the interaction 

between the adhesive and the laminated layers, and thus contribute the mechanical 

adhesion of the laminates.  

Plasma treatment improved the adhesion strength of laminated fabrics compared to 

the untreated/reference laminated fabrics. The selected plasma conditions contributed 

(between 28 % and 150 %) to the adhesion properties of laminated fabrics compared 

to the untreated samples. There was an increase (between 1 % and 20 %) observed in 

peel bond strength with increasing plasma power and plasma exposure time among 

the plasma pre-treated and laminated fabrics. 

Regarding the washing resistance, as the wash cycles were increased, peel strength 

values decreased for both plasma treated and untreated samples. After different 

washing cycles, the decrease in peel bond strength was lower for the plasma 

pretreated laminated fabrics than for the untreated laminated fabrics. 

For both adhesives (polyurethane and acrylate), peel bond strength improvement was 

observed for plasma treated laminated fabrics compared to the untreated ones. 

Laminated samples using acrylic based adhesives showed much lower peel strength 

values and washing resistance than samples laminated with polyurethane based 

adhesives. By this point of view, plasma pre-treatment may be used as an effective 

way to improve the adhesion strength of laminated samples using particularly acrylic 

based adhesives. Within this scope, peel strength improvement of laminated fabrics 

using acrylic based adhesive and oxygen gas is given in Table 7.1. As can be shown 

in the table, plasma treatment enhances the peel strength values of all types of 

laminated fabrics, considering not only the before washing values but also the after 

washing values.    
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Table 7.1 : Comparison chart for peel stength of laminated fabrics using acrylic 

based adhesives. 

   
PEEL STRENGTH (N/25 mm) 

   
Before Wash After 5 Wash Cycles 

Laminated 

Fabrics 

(1.side/2.side) 

Adhesive Gas 
Untreated 

Laminated 

Plasma 

treated 

Laminated 

Untreated 

Laminated 

Plasma 

treated 

Laminated 

PP Nonvowen/ 

PP Nonvowen* 
Acrylic Oxygen  ~ 1.0  ~ 1.5-2.0  

Delaminated 

after 1 wash 

Delaminated 

after 4 washes 

Cotton Woven/ 

PP Nonvowen** 
Acrylic Oxygen  ~ 3.0  ~ 4.0-5.0  ~ 2.5  ~ 3.5 -4.0  

Cotton Woven/ 

Pre-laminate** 
Acrylic Oxygen  ~ 6.0  ~ 8.0-14.0  ~ 4.0  ~ 7.0-13.0  

*: 1. side plasma treated.       **: both 1. and 2. sides plasma treated. 

Overall, surface modification through low-pressure plasma pre-treatment improved 

the adhesion strength properties and washing resistance of laminated textile fabrics. 

As the future work, this study may be extended by using different textile fabrics and 

different adhesives such as hot melt adhesives. The amount of applied adhesive on 

the fabric may be more precisely controlled with the use of a hot melt lamination 

system. Moreover, the possibility of achieving the required level of peel bond 

strength using less adhesive through plasma pretreatment may be studied. Plasma 

polymerization of different monomers such as acrylic acid may also be studied as a 

surface modification prior to textile lamination process in order to enhance the 

durability of the lamination. The laboratory scale plasma and lamination processes 

utilized in this study may be adapted to a continuous industrial scale system. 



100 

 



101 

REFERENCES 

Aegerter, M.A. & Mennig, M. (2004). Sol-Gel Technologies for Glass Producers 

and Users, Kluver Academic Publishers, Massachusetts, USA . 

Akovalı, G. and Gündoğan, G. (1990). Studies on flame retardancy of 

polyacrylonitrile fiber treated by flame-retardant monomers in cold 

plasma, Journal of Applied Polymer Science, 41(9-10), 2011-2019. 

Akovalı, G. and Takrouri, F. (1991). Studies on modification of some flammability 

characteristics by plasma. II. Polyester fabric, Journal of Applied 

Polymer Science, 42, 2717-2725.  

Alami, J. (2005). Plasma Characterization & Thin Film Growth and Analysis in 

Highly Ionized Magnetron Sputtering. Linköping Studies in Science 

and Technology, Dissertation No. 948. Linköping, Sweden. 

Armağan, O.G. (2007). Farklı lif tipleriyle üretilen lamine kumaşların 

performanslarının incelenmesi. M.Sc. Thesis, I.T.U., Istanbul, Turkey. 

Armağan, O.G., Karagüzel-Kayaoğlu B, Canbaz-Karakaş H., Güner F.S. 

(2012). Adhesion strength behavior of plasma pre-treated and 

laminated polypropylene nonwoven fabrics using acrylic and 

polyurethane-based adhesives, J. Ind. Text. Published first online 24 

August 2012, DOI: 10.1177/1528083712458303. 

ASTM D 2724-07. (2007). Standard test methods for bonded, fused, and laminated 

apparel fabrics, American Society for Testing and Materials, PA, USA 

ASTM D 3776. (2011). Standard Test Methods for Mass Per Unit Area (Weight) of 

Fabric, American Society for Testing and Materials, PA, USA 

ASTM D 1777. (2011). Standard Test Method for Thickness of Textile Materials, 

American Society for Testing and Materials, PA, USA.  

Bai, G. and Liu, Y. (2010). Antistatic Property of Polyacrylonitrile Fiber by Plasma-

grafting Treatment. Textile Research Journal, 80(16): 1658–1664. 

Bhat, N.V. and Benjamin, Y.N. (1999). Surface resistivity behavior of plasma 

treated and plasma grafted cotton and polyester fabrics. Textile 

Research Journal, 69(1), 38-42. 

Bhat, N.V., Netravali A.N., Gore AV., Sathianarayanan M.P., Arolkar G.A., 

Deshmukh R.R. (2011). Surface modification of cotton fabrics using 

plasma technology, Text. Res. J. 2011; 81: 1014-1025. 

Bogaerts, A., Neytsa, E., Gijbelsa, R., Van Der Mullenb, J. (2002). Gas discharge 

plasmas and their applications, Spectrochimica Acta Part B, 57, 609–

658.  

BS 3424-18 (1986). Testing coated fabrics – Part 18: Method 21A: Determination of 

capillary action wicking, British Standards Institution, London. 

  



102 

BS 4554 (1970). Method of test for wettability of textile fabrics, British Standards 

Institution, London.  

Bulut, Y. and Sülar, V. (2008). General properties and performance tests of fabrics 

produced by coating and lamination techniques. The Journal of 

Textiles and Engineers, 15: 5–16. 

Briggs, D. (1998). Surface analysis of polymers by XPS and static SIMS, New York: 

Cambridge University Press, 1998. 

Cai Z, Qiu Y, Zhang C, Hwang YJ, Mccord M. (2003). Effect of atmospheric 

plasma treatment on desizing of PVA on cotton, Text. Res. J. 2003; 

73(8): 670-674. 

Carlotti, S., Mas, A. (1998). Improvement of Adhesion of PET Fibers to Rubber by 

Argon-Oxygen Plasma Treatment, Journal of Applied Polymer 

Science, 69, 12, 2321-2330 (1998).  

Ceria, A. and Hauser, P.J. (2010). Atmospheric plasma treatment to improve 

durability of a water and oil repellent finishing for acrylic fabrics. 

Surface & Coatings Technology, 204; 1535–1541. 

Černáková, L., Szabová, R., Wolfová, M., Buček, A., Černák, M. (2007). Surface 

modification of polypropylene nonwoven after plasma activation at 

Atmospheric pressure, FIBRES & TEXTILES in Eastern Europe, 

2007, Vol. 15, No. 5-6 (64-65), pp. 121-123. 

Chaivan, P., Pasaja, N., Boonyawan, D., Suanpoot, P. And Vilaithong, T. (2005). 

Low-temperature plasma treatment for hydrophobicity improvement 

of silk, Surface and coatings technology, 193(1-3), 356-360.  

Chen, J.R. (1996). Study on free radicals of cotton and wool fibers treated with low-

temperature plasma. Journal of applied polymer science, 62, 1325-

1329.  

Chen CC, Chen JC, Yao WH. (2010). Argon Plasma Treatment for Improving the 

Physical Properties of Crosslinked Cotton Fabrics with 

Dimethyloldihydroxyethyleneurea-Acrylic Acid. Text. Res. J. 2010; 

80(8): 675–682. 

Cireli, A., Kutlu, B., Mutlu, M. (2007). Surface modification of polyester and 

polyamide fabrics by low frequency plasma polymerization of acrylic 

acid, Journal of Applied Polymer Science, Vol. 104 (4), 2007, pp. 

2318–2322. 

Comyn, J. (1997). Adhesion Science. The Royal Society of Chemistry, UK. 

Costa, T.H.C., Feitor, M.C., Alves, C., Freire, P.B. and De Bezerra, C.M. (2006). 

Effects of gas composition during plasma modification of polyester 

fabrics, J Mater Process Technol, 173, 40--43. 

Diener Electronic. (2007). Plasma Technology. Diener electronic GmbH + Co. KG. 

Germany. 

Ebnesajjad, S. (2006). Surface treatment of materials for adhesion bonding. 

Norwich-NY: William Andrew Publishing, 2006. 

Ferrero, F. (2003). Polymer Testing, 2003, 22, 571-578.  



103 

Fowkes, F.M. (1964). Contact Angle, Wettability, and Adhesion. Advances in 

Chemistry, AMERICAN CHEMICAL SOCIETY.  

Friedrich, J. (2012). The Plasma Chemistry of Polymer Surfaces. Wiley-VCH, 

Weinheim, Germany.  

Fung W. (2002). Coated and laminated textiles: Materials and their properties. 

Cambridge: Woodhead Publishing, 2002. 

Garcia, D., Fenollar, O., Lopez, R., Sanchis, R., Balart, R. (2008). Durability of 

the wettability properties of a polypropylene film with a low-Pressure 

CH4–O2 plasma treatment, Journal of Applied Polymer Science, Vol. 

110, 2008, pp. 1201–1207. 

Dillingham, R.G., Oakley, B.R. & Gilpin, D. (2008). Wetting Measurements for 

Identification of Specific Functional Groups Responsible for 

Adhesion, The Journal of Adhesion, 84:12, 1007-1022.  

Gorjanc, M, Bukosek V, Gorensek M, Vesel A. (2010). The Influence of Water 

Vapor Plasma Treatment on Specific Properties of Bleached and 

Mercerized Cotton Fabric, Text. Res. J., 80(6): 557–567. 

Gotoh, K, Yasukawa A. (2010). Atmospheric pressure plasma modification of 

polyester fabric for improvement of textile-specific properties, Text. 

Res. J., 81(4): 368–378. 

Gorensek, M., Gorjanc, M., Bukosek, V., Kovac, J., Petrovic, Z. and Puac, N. 
(2010). Functionalization of Polyester Fabric by Ar/N2 Plasma and 

Silver. Textile Research Journal, 80(16): 1633–1642. 

Gouveia, I.C., Antunes, L.C., Gomes, A.P. (2011). Low-pressure plasma treatment 

for hydrophilization of poly (ethylene terephthalate) fabrics, Journal 

of the Textile Institute, Vol. 102 (3), 2011, pp. 203-213. 

Gowri, S., Almeida, L., Amorim, T., Carneiro, N., Souto, A.P., Esteves, M.F. 
(2010). Textile Research Journal, 80(13), 1290 - 1306.  

Gurnett, D.A. and Bhattacharjee, A. (2005). Introduction to plasma physics, 

Cambridge University Press, Cambridge, United Kingdom.  

Hegemann, D., Brunner, H., Oehr, C. (2003). Plasma treatment of polymers for 

surface and adhesion improvement, Nuclear Instruments and Methods 

in Physics Research B, Vol. 208(1-4), pp. 281–286. 

Hossain, M.M., Herrmann, A.S., Hegemann, D. (2006). Plasma Processes and 

Polymers. 3, 299 – 307.  

Hwang, YJ, Qiu Y, Zhang C, Jarrard B, Stedeford R, Tsai J, Park YC and 

McCord M. (2003). Effects of atmospheric pressure helium/air 

plasma treatment on adhesion and mechanical properties of aramid 

fibers. Journal of Adhesion Science and Technology, 14: 847–860. 

Hwang, Y.J., McCord, M.G., An, J.S., Kang, B.C., Park, S.W. (2005). Effects of 

helium atmospheric pressure plasma treatment on low-stress 

mechanical properties of polypropylene nonwoven fabrics, Textile 

Res. J., Vol. 75(11), pp. 771–778. 

 



104 

Inbakumar, S, Morent R, De Geyter N, Desmet T, Anukaliani A, Dubruel P, 

Leys C. (2010). Chemical and physical analysis of cotton fabrics 

plasma-treated with a low pressure DC glow discharge, Cellulose, 

17:417–426 

ISO 5084 – 1996. Textiles - Determination of thickness of textiles and textile 

products, International Standart Organisation.  

Jasso, M., Krump, H., Hudec, I., St'ahel, P., Kovacik, D., Sira, M. (2006). 

Coating of PET Cords at Atmospheric Pressure Plasma Discharge in 

the Presence of Butadiene/Nitrogen Gas Mixtures, Surface & 

Coatings Technology, 201, 1-2, 57-62.  

Juhue, D, Gayon AC, Corpart JM, Quet C, Delichere P, Charret N, David L, 

Cavaille JY, Perriat P. (2002). Washing Durability of Cotton Coated 

with a Fluorinated Resin: An AFM, XPS, and Low Frequency 

Mechanical Spectroscopy Study, Text. Res. J. 72(9): 832-843.  

Kamlangkla, K, Paosawatyanyong B, Pavarajarn V, Hodak JH, Hodak SK. 
(2010). Mechanical strength and hydrophobicity of cotton fabric after 

SF6 plasma treatment, Appl. Surf. Sci. 256: 5888–5897. 

Karahan, HA, Özdoğan E, Demir A, Ayhan H, Seventekin N. (2009). Effects of 

atmospheric pressure plasma treatments on certain properties of cotton 

fabrics. Fibres Text. East. Eur. Vol. 17, No. 2 (73): 19-22. 

Kan, C.W., Chan, K., Yuen C.W.M. and Miao, M.H. (1999). Low temperature 

plasma on wool substrates: the effect of the nature of the gas. Text Res 

J, 69, 407-416.  

Koo, K., Park, Y.M., Yu, J.Y. (2005). Atomic Force Microscopy Analysis of 

Cellulose Triacetate Surface Modified In Low Temperature Argon 

Plasma and Its Adhesion Behavior. Journal of Applied Polymer 

Science, 102, 3963–3971. 

Kostic, M., Radic, N., Obradovic, B.M., Dimitiyevic, S., Kuraica, M.M., 

Škundric, P. (2008). Antimicrobial Textile Prepared by Silver 

Deposition on Dielectric Barrier Discharge Tretaed Cotton/Polyester 

Fabric. Chemical Industry & Chemical Engineering Quarterly, 14(4); 

219−221. 

 Krump, H., Hudec, I., Jasso, M., Dayss, E., Luyt, A.S. (2006). Physical-

Morphological and Chemical Changes Leading to an Increase in 

Adhesion Between Plasma Treated Polyester Fibres and a Rubber 

Matrix, Applied Surface Science, 252(12), 4264-4278.  

Krump, H., Simor, M., Hudec, I., Jasso M, Luyt, A.S. (2005). Adhesion Strength 

Study Between Plasma Treated Polyester Fibres And A Rubber 

Matrix, Applied Surface Scıence, 240(1-4), 268-274.  

Kutlu, B., Aksit, A. and Mutlu, M. (2010). Surface Modification of Textiles by 

Glow Discharge Technique: Part II: Low Frequency Plasma 

Treatment of Wool Fabrics with Acrylic Acid, Journal of Applied 

Polymer Science, 116, 1545–1551. 

 



105 

Lai, J., Sunderland, B., Xue, J., Yan, S., Zhao, W., Folkard, M., Michael, B.D., 

Wang, Y. (2006). Study on hydrophilicity of polymer surfaces 

improved by plasma treatment, Applied Surface Science, Vol. 252(10), 

pp. 3375–3379. 

Lam, YL, Kan CW, Yuen CWM. (2011). Physical and chemical analysis of 

plasma-treated cotton fabric subjected to wrinkle-resistant finishing, 

Cellulose, 18: 493–503. 

Lee, S.D., Sarmadi, M., Denes, E., Shohet, J.L. (1997). Surface Modification of 

polypropylene under argon and oxygen-RF-plasma conditions, 

Plasmas and Polymers, Vol. 2(3), pp. 177. 

Luo, S., Van Ooij, W.J. (2002). Surface Modification of Textile Fibers for 

Improvement of Adhesion to Polymeric Matrices: A Review, Journal 

of Adhesion Science and Technology, 16(13), 1715-1735.  

Mak, C.M., Yuen,  C.W.M., Ku, S.K.A., Kan, C.W. (2006). Low-temperature 

plasma treatment of Tencel. Journal of the Textile Institute, 96(6), 

533-540. 

Malek, R.M.A. and Holme, I. (2003). The effect of plasma treatment on some 

properties of cotton, Iranian Polym J, 12, 271-280.  

Masaeli, E., Morshed, M., Tavanai, H. (2007). Study of the wettability properties 

of polypropylene nonwoven mats by low-pressure oxygen plasma 

treatment. Surface and Interface Analysis. 39, 770 – 774. 

McCord, M.G., Hwang, Y.J., Hauser, P.J., Qiu, Y., Cuomo, J.J., Hanicins, D.E., 

Bourham, M.A. and Canup, L.K. (2002). Modifying nylon and 

polypropylene fabrics with atmospheric pressure plasmas, Text Res J, 

72, 491-498.  

McCord, M.G., Hwang, Y.J., Qiu, Y., Hughes, L.K. and Bourham, M.A. (2003). 

Surface analysis of cotton fabrics fluorinated in radio-frequency 

plasma, J Appl Polym Sci, 88, 2038-2047.  

McIntyre, J.E. and Daniels, P.N. (1995). Textile Terms and Definitions, Tenth 

Edition, The Textile Institute, Manchester.  

Mihailovic, D, Saponjic Z, Radoicic M, Lazovic S, Baily CJ, Jovancic P, 

Nedeljkovic J, Radetic M. (2011). Functionalization of cotton fabrics 

with corona/air RF plasma and colloidal TiO2 nanoparticles. 

Cellulose. 18:811–825. 

Molina, R., Jovancic, P., Jocic, D., Bertran, E. ve Erra, P. (2003). Surface 

caharacterization of  keratin fibres treated by water vapour plasma, 

Surface and interface analysis, 35, 128-135 

Moon, S and Jang, J. (1997). A study of the impact properties of surface modified 

UHMPE-fiber-vinylester composites. Composite Science and 

Technology, 57: 197–203. 

Morent, R, De Geyter N, Leys C, Gengembre L, Payen E. (2007). Surface 

modification of non-woven textiles using a dielectric barrier discharge 

operating in air, helium and argon at medium pressure, Text. Res. J. 

77: 471-488. 



106 

Morent, R., De Geyter, N., Verschuren, J., De Clerck, K., Kiekens, P., Leys, C. 
(2008a).  Non-thermal plasma treatment of textiles, Surface & 

Coatings Technology, 202, 3427–3449.  

Morent, R, De Geyter N, Leys C, Gengembre L and Payen E. (2008b). Surface 

modification of non-woven textiles using a dielectric barrier discharge 

operating in air, helium and argon at medium pressure. Surface and 

Interface Analysis, 40: 597–600.  

Naebe, M., Cookson, P.G., Rippon, J., Brady, R.P., Wang, X., Brack, N. and van 

Riessen, G. (2010a). Effects of Plasma Treatment of Wool on the 

Uptake of Sulfonated Dyes with Different Hydrophobic Properties. 

Textile Research Journal, 80(4): 312–324. 

Naebe, M., Cookson, P.G., Rippon, J.A, Wang, X.G. (2010b). Effects of Leveling 

Agent on the Uptake of Reactive Dyes by Untreated and Plasma-

treated Wool. Textile Research Journal, 80(7): 611–622. 

Özdoğan, E. (2006). The effect of plasma treatment over the adhesion property of 

polyamide 6 fabrics. Tekstil ve Konfeksiyon, Vol.2, pp. 128-133. 

Özdoğan, E., Demir, A., Karahan, H.A., Ayhan, H. and Seventekin, N. (2009). 

Effects of Atmospheric Plasma on the Printability of Wool 

Fabrics.Tekstil ve Konfeksiyon, 2; 123-127. 

Pandiyaraj, K.N. and Selvarajan, V. (2008). Non-thermal plasma treatment for 

hydrophilicity improvement of grey cotton fabrics, J Mater Process 

Technol, 199, 130-139.  

Pandiyaraj, K.N., Selvarajan, V., Deshmukh, R.R., Gao, C. (2009). Adhesive 

properties of polypropylene (PP) and polyethylene terephthalate 

(PET) film surfaces treated by DC glow discharge plasma, Vacuum, 

Vol. 83, pp. 332–339. 

Patino A, Canal C, Rodriguez C, Caballero G, Navarro A, Ma Canal J. (2011). 

Surface and bulk cotton fibre modifications; plasma and cationization. 

Influence on dyeing with reactive dye. Cellulose, 18:1073–1083. 

Poll, H.U., Schladitz U, Schreiter S. (2001). Penetration of plasma effects into 

textile structures, Surf. Coat. Technol. Vol. 142-144:489-493.  

Pizzi, A. & Mittal, K.L. (2003). Handbook of Adhesive Technology, Second Edition, 

Revised and Expanded, Marcel Dekker Inc., New York, USA. 

Quede, A., Cardoso, J., Le Bras, M., Delobel, R.,Goudmand, P., Dessaux, O. and 

Jama, C. (2002). Thermal stability and flammability studies of coated 

polymer powders using a plasma fluidized bed process, Journal of 

Materials Science, 37, 1395-1399.  

Quede, A., Mutel, B., Supiot, P., Jama, C., Dessaux, O. and Delobel, R. (2004). 

Characterization of organosilicon films synthesized by N2-PACVD. 

Application to fire retardant properties of coated polymers, Surface 

and Coatings Technology, 180-181, 265-270. 

Riccardi, C., Barni, R., Fontanesi, M., Marcandalli, B., Massafra, M., Selli, E. 

and Mazzon, G. (2001). A SF6 RF plasma reactor for research on 

textile treatment, Plasma Sources Science and Technology, 10, 92-98. 



107 

Samanta, K.K., Jassal, M. and Agrawal, A.K. (2009). Improvement in water and 

oil absorbency of textile substrate by atmospheric pressure cold 

plasma treatment. Surface and Coating Technology, 203, 1336-1342. 

Samanta, K.K., Jassal, M. and Agrawal, A.K. (2010). Antistatic Effect of 

Atmospheric Pressure Glow Discharge Cold Plasma Treatment on 

Textile Substrates. Fibers and Polymers, 11(3); 431-437.  

Shahidi, S., Ghoranneviss M., Moazzenchi B., Anvari A. and Rashidi, A. (2007). 

Aluminum coatings on cotton fabrics with low temperature plasma of 

argon and oxygen, Surf. Coat. Technol. 201: 5646–5650. 

Shindler, W.D. and Hauser, P.J. (2004). Chemical finishing of textiles, Cambridge: 

Woodhead Publishing. p.59.  

Shishoo, R. (2007). Plasma technologies for textiles, Woodhead Publishing Ltd.,      

Cambridge, England.  

Simor, M., Creyghton, Y., Wypkema, A., Zemek, J. (2010). The Influence of 

Surface DBD Plasma Treatment on the Adhesion of Coatings to High-

Tech Textiles, Journal of Adhesion Science and Technology, 24(1), 

Special Issue: Sp. Iss., 77-97.  

Simor, M., Krump, H., Hudec, I., Rahel, J., Brablec, A., Cernak, M. (2004). 

Atmospheric Pressure H2O Plasma Treatment of Polyester Cord 

Threads, Acta Physica Slovaca, 54(1), 43-48. 

Smith, W.C. (2010). Smart textile coatings and laminates, Woodhead Publishing 

Ltd., Cambridge, England. 

Stacy, R. (2009). Contact Angle Measurement Technique for Rough Surfaces, M.Sc. 

Thesis, MICHIGAN TECHNOLOGICAL UNIVERSITY.  

Sun, D. and Stylosis, G.K. (2004). Effect of low temperature plasma treatment on 

the scouring and dyeing of natural fabrics, Textile Research Journal, 

74(9), 751-756.  

Sun, D. and Stylios, GK. (2005). Investigating the plasma modification of natural 

fiber fabrics-The effect on fabric surface and mechanical properties, 

Text. Res. J.; 75(9): 639-644. 

Sun, D. and Stylios, GK. (2006). Fabric surface properties affected by low 

temperature plasma treatment, J. Mater. Proces. Technol. 173: 172–

177. 

Tian, L, Nie H, Chatterton NP, Branford-White, C.J., Qiu, Y. and Zhu, L. 
(2011). Helium/oxygen atmospheric pressure plasma jet treatment for 

hydrophilicity improvement of grey cotton knitted fabric, Appl. Surf. 

Sci. 257:7113–7118. 

TS 5720 EN ISO 6330 – 2002. Textiles - Domestic washing and drying procedures 

for textile testing, Türk Standartları Enstitüsü, Ankara.  

Tsafack, M.J. and Levalois-Grützmacher, J. (2006a). Plasma-induced graft-

polymerization of flame retardent monomers onto PAN fabrics. 

Surface and Coatings Technology, 200(11), 3503-3510.   



108 

Tsafack, M.J. and Levalois-Grützmacher, J. (2006b). Flame retardancy of cotton 

textiles by plasma-induced graft-polymerization (PIGP), Surface and 

Coatings Technology, 201(6), 2599-2610.   

Tsafack, M.J. and Levalois-Grützmacher, J. (2007). Towards multifunctional 

surfaces using the plasma-induced graft-polymerization (PIGP) 

process: Flame and waterproof cotton textiles, Surface and Coatings 

Technology, 201(12), 5789-5795.   

Urbaniak-Domagała, W., Wrzosek, H., Szymanowski, H., Majchrzycka, K. and 

Brochocka A. (2010). Plasma modification of filter nonwovens used 

for the protection of respiratory tracts. FIBRES & TEXTILES in 

Eastern Europe, Vol. 18, No. 6 (83), pp. 94-99. 

Url-1 <http://www.plasmatreatment.co.uk/index.php/plasma-technology- 

overview>, data retrieved 15.01.13. 

Url-2 <http://www.adhesives.org/adhesives-sealants/science-of-adhesion>,  

data retrieved 15.01.13.  

Url-3 <http://www.gore-tex.com/remote/Satellite/product-content/gore-tex-active-

products>, data retrieved  05.01.2013.  

Url-4  <http://www.innovatechlabs.com/analytical-services-esca.htm>,  

data retrieved 12.01.13.  

Url-5  <http://www.attension.com/contact-angle>, date retrieved 12.01.2013. 

Wei, Q.F. (2004a). Surface characterization of plasma-treated polypropylene fibers, 

Materials Characterization, Vol. 52 (3), pp. 231– 235. 

Wei, Q.F. and Wang, X.Q. (2004b). AFM characterisation of technical fibres, 

Journal of Industrial Textiles, Vol. 34(1), pp. 51-60.  

Wei, Q.F., Mather, R.R., Wang, X.Q. and Fotheringham, A.F. (2005). Functional 

nanostructures generated by plasma-enhanced modification of 

polypropylene fibre surfaces,  Journal of Materials Science, Vol. 40, 

pp. 5387–5392. 

Wei, Q., Li, Q., Wang, X., Huang, F. and Gao, W. (2006). Dynamic water 

adsorption behaviour of plasma-treated polypropylene nonwovens, 

Polymer Testing, Vol. 25(5), pp. 717–722. 

Wei, Q., Wang, Y., Hou, D. and Huang, F. (2007) Dynamic wetting of plasma-

treated polypropylene nonwovens, Journal of Applied Polymer 

Science, Vol. 104, pp. 2157–2160. 

Wei, Q., Xu, Q., Cai, Y. and Wang, Y. (2008). Evaluation of the interfacial 

bonding between fibrous substrate and sputter coated copper, Surface 

& Coatings Technology, Vol. 202, pp. 4673–4680. 

Wei, Q., Liu, Y., Hou, D. and Huang, F. (2007). Journal of Materials Processing 

Technology. 194, 89 – 92.  

Wei Q. (2009). Surface modification of textiles. In: Mather RR, Surface modification 

of textiles by plasma treatments. Oxford: Woodhead Publishing, 296–

317. 

Wolf, R. and Sparavigna, A.C. (2010). Role of Plasma Surface Treatments on 

Wetting and Adhesion. Engineering, 2: 397-402. 



109 

Wong, K.K., Tao, X.M., Yuen, C.W.M. and Yeung, K.W. (1999). Low 

temperature plasma treatment of linen, Text. Res. J. 69: 846-855.  

Vangeneugden, D.  and Rego, R. (2007). Cold atmospheric plasma technology for 

surface treatment and coating, European PLACE conference, Athens, 

Greece, May 14-16. 

Vohrer, U., Muller, M. and Oehr, C. (1998). Glow-discharge treatment for the 

modification of textiles, Surf. Coat. Technol. 98: 1128-1131. 

Yaman, N., Özdogan, E., Seventekin, N. and Öktem, T. (2008). Surface 

Modification Methods for Improvement of Adhesion to Textile 

Fibers”, Tekstil ve Konfeksiyon, 18(2), 89-93. 

Yaman, N., Özdoğan, E. and Seventekin, N. (2010). Evaluation of some of the 

physical properties of atmospheric plasma treated polypropylene 

fabric, The Journal of The Textile Institute, Vol. 101(8), pp. 746–752. 

Yeh, J., Lai, Y., Suen, M. and Chen, C. (2011). An improvement on the adhesion-

strength of laminated ultra HMWPE surface-etching modification 

using highly effective helium-oxygen-nitrogen plasma treatment. 

Polymers Advance Technologies, 22: 1971–1981. Article first 

published online: 7 May 2010. DOI: 10.1002/pat.1703. 

Yousefi, H.R., Ghoranneviss, M., Tehrani, A.R. and Khamseh, S. (2003). 

Investigation of glow discharge plasma for surface modification of 

polypropylene, Surface and interface Analysis, 35(12), 1015-1017. 

Yuen, C.W.M. and Kan, C.W. (2007). Influence of low-ternperature plasma on the 

ink-jet-printed cotton fabric, J. Appl Polym Sci, 104,3214-3219.  

Zhang, J, France, P., Radomyselskiy, A., Datta, S., Zhao, J. and van Ooij, W. 
(2003). Hydrophobic cotton fabric coated by a thin nano-particulate 

Plasma Film, J. Appl. Polym. Sci. 88: 1473–1481. 

Zhang, C. and Fang, K. (2009). Surface modification of polyester fabrics for inkjet 

printing with atmospheric-pressure air/Ar plasma. Surface & Coatings 

Technology,203; 2058–2063. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



110 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



111 

 

CURRICULUM VITAE 

                               

Name Surname: Osman G. Armağan   

Address: Textile Technologies & Design Faculty, I.T.U., TURKEY  

B.Sc.: Textile Engineering, Istanbul Technical University, Istanbul / TURKEY  

 

List of Publications on the Thesis:  

 

A. International Refereed Journal Papers (SCI Index) 

A1. Armağan OG, K.Kayaoğlu B, C.Karakaş H. (2013). Plasma Induced 

Adhesion Improvement of Cotton/Polypropylene Laminated Fabrics, Journal 

of Adhesion Science and Technology. Published first online 1 March 2013, 

DOI: 10.1080/01694243.2013.774255  

A2. Armağan OG, K.Kayaoğlu B, C.Karakaş H, Güner FS. (2013). Improving 

Adhesion Strength of Polypropylene Nonwoven Laminated Fabrics Using 

Low-Pressure Plasma, Fibres & Textiles in Eastern Europe. 21, 3(99):96-

101. 

A3. Armağan OG, K.Kayaoğlu B, C.Karakaş H, Güner FS. (2012). Adhesion 

strength behavior of plasma pre-treated and laminated polypropylene 

nonwoven fabrics using acrylic and polyurethane-based adhesives, Journal of 

Industrial Textiles. Published first online 24 August 2012, DOI: 

10.1177/1528083712458303. 

 

B. International Refereed Conference Articles 

B1. O.G. Armağan, B. K.Kayaoğlu, H. C.Karakaş. (2013). Adhesion 

Improvement of Membrane Laminated Fabrics through Plasma Surface 

Modification, 13th AUTEX World Textile Conference, May 22 to 24th, 

Dresden, Germany.  

B2. O.G. Armağan, B. K.Kayaoğlu, H. C.Karakaş, F.S. Güner. (2012). Plasma 

Induced Adhesion Improvement on Laminated Fabrics, Fiber Society Spring 

2012 Conference, 23-25 May, St.Gallen, Switzerland.  

B3. O.G. Armağan, B. K.Kayaoğlu, H. C.Karakaş, F.S. Güner. (2011). The 

Study about Wettability Behaviour of Polypropylene Nonwoven Fabric, 

International Congress of Innovative Textiles (ICONTEX), 20-22 October, 

Istanbul, Turkey.  



112 

List of other Publications:  

 

A. International Refereed Journal Papers (SCI Index)  

A4. Gürsoy, N.Ç., Armağan, O.G., Şahin, U.K, Gül, M. (2010). Effects of 

Alternative Pre-Treatments on Performance of Durable Press Finished Fabric. 

Tekstil ve Konfeksiyon, 4, p. 336-342. 

A5. Armağan, O.G. & Karakaş, H. (2008). A Study about Performance and 

Comfort Properties of Waterproof Breathable Laminated Knitted Fabrics. 

Tekstil, Vol.57, p.632-640. 

 

B. International Refereed Conference Articles 

B4. O.G. Armağan, H. Başkan, B. K.Kayaoğlu, H. C.Karakaş. (2013). Durability 

of Leather Effect on Plasma Pre-treated and Polyurethane Coated Denim 

Fabric. The International Istanbul Textile Congress. May 30th to June 1th, 

Istanbul, Turkey. 

B5. Karakaş, H., Armağan, O.G., Teymür, D., Öztürk, D., Ulutaş, S., Tarım, S.E. 

(2009). Investigation of the Performance of Breathable Laminated Fabric 

Structures. Intelligent Textiles and Mass Customisation (ITMC) International 

Conference. 12-14 November, Casablanca, Morocco,  

B6. O.G. Armağan & H. Karakaş. (2007). A Study about Physical Performance 

of Knit Fabric Laminated Structure. 3rd International Technical Textiles 

Congress. 1-2 December, İstanbul, Turkey,  

 

C. National Refereed Articles 

C1. Armağan O.G., Canbaz Karakaş H. (2008). Kumaş Laminasyon İşlemi. 

Tekstil & Teknoloji. Kasım, Sayı: 149, Sayfa: 132-143.  

C2. Armağan, O.G. (2006). Carbon Fiber, International Nonwoven Technical 

Textiles Technology Magazine. October, Issue 13, p.64-70.  


