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RESUMO 

À medida que uso de novos materiais se torna mais popular, a tecnologia de unir partes não 

deve ser o gargalo tecnológico. Para ter estruturas mais eficazes, leves, resistentes à fadiga e à 

corrosão, a tecnologia de adesão se tornou muito atraente para várias indústrias. Como líder 

no avanço da tecnologia, a indústria aeroespacial foi pioneira na aplicação de estruturas 

híbridas em larga escala. Desta forma, também se tornou pioneira na certificação deste tipo de 

tecnologia. 

Devido a uma indisponibilidade de tecnologia para garantir a qualidade da adesão com testes 

não destrutivos, o aprimoramento do processo de fabricação tornou-se uma abordagem 

alternativa para aumentar a qualidade da adesão. Uma estratégia é o uso de tratamentos de 

superfície pré-aderentes para aumentar a força de adesão. 

Este trabalho apresenta uma avaliação experimental de tratamentos de superfície pré-

aderentes e sua influência na resistência à adesão. Os parâmetros considerados foram as 

medidas de ângulo de contato e microscopia eletrônica de varredura (MEV) das superfícies 

tratadas para avaliar a molhabilidade e as mudanças físicas nas superfícies de CFRP. 

Como um segundo passo, foram realizados Composite Floating Roller Peel Tests para 

quantificar a força de adesão de juntas coladas pré-tratadas. Também foram avaliados os 

modos de falha apresentados e a queda da força de adesão devido à contaminação. 

 

Palavras-Chave: CFRP; juntas coladas; peel test; kissing bond; tratamento de superfície.  

 

 



 

 



 

 

 

 

 

 

ABSTRACT 

As new materials usage increases, the technology of joining parts should not stay behind. In 

order to have more effective, lightweight, fatigue and corrorion resistant structures the 

adhesion technology became very attractive for multiple industries. As leader in advancing 

technology, the aerospace industry was the pioneer in applying hybrid structures in large 

scale. This way, it also became the pioneer to certificate this kind of technology. 

Due to a still unavailable technology to guarantee adhesion quality with non-destructive tests, 

the enhancement of the manufacturing process became an alternative approach to increase 

adhesion qualtity. One strategy is the usage of pre bonding surface treatments to increase 

adhesion strength.  

This work presents an experimental evaluation of pre bonding surface treatments and its 

influence in adhesion strength. The parameters taken into account were contact angle 

measurement and scanning electron microscope (SEM) images of treated surfaces to evaluate 

the wettability and physical changes in the CFRP surfaces.  

As a second step Composite Floating Roller Peel Tests were performed to quantify the 

adhesion strength of pre treated bonded jointsIt was also evaluated the failure modes 

presented and adhesion strength drop due to contamination.  

 

Key-Words: CFRP; bonded joints; peel test; kissing bond; surface treatment. 

 



 

 



 

 

LIST OF FIGURES 

 

Figure 1 - Improved stiffness (left) and stress distribution (right) of adhesively bonded joints in relation 

to riveted joints ........................................................................................................................................ 2 

Figure 2 - ABS to glass-filled polypropylene using 3M™ Scotch-Weld™ Structural Adhesive. ............. 4 

Figure 3 - Lightweight glass-filled polyolefin bulk head moulding – being bonded to an aluminium 

frame. ...................................................................................................................................................... 5 

Figure 4 - Bus glass-reinforced plastic (GRP) side panel being bonded to a coated steel frame. ......... 6 

Figure 5 - Material distribution in a modern car structure. ...................................................................... 7 

Figure 6 - Carbon fibre composite panels bonded to stainless steel for lightweight oil shakers. ........... 8 

Figure 7 - Usage of composite materials in Airbus aircrafts. .................................................................. 9 

Figure 8 - Material distribution on A350.  (Kruse, 2013) ......................................................................... 9 

Figure 9 - Airbus A350 fuselage ............................................................................................................ 10 

Figure 10 - Application of adhesive bonding to SAAB 340 fuselage, wings, and tail  (Lucas F. M. da 

Silva, 2011) ............................................................................................................................................ 10 

Figure 11 - Corona discharge scheme. ................................................................................................. 17 

Figure 12 - A contaminated surface (a) and three major methods of surface pre-treatment. ............... 19 

Figure 13 - Primary influencing factors to consider when selecting an adhesive. ................................ 22 

Figure 14 - Floating Roller Peel Test Fixture. ....................................................................................... 23 

Figure 15 - Test panel and test specimen. ............................................................................................ 24 

Figure 16 - Failure modes ..................................................................................................................... 25 

Figure 17 – Cure cycle. ......................................................................................................................... 28 

Figure 18 - Manufacturing process........................................................................................................ 29 

Figure 19 - Specimens dimension ......................................................................................................... 30 

Figure 20 - Specimens after cutting ...................................................................................................... 30 

Figure 21 - Nomenclature System......................................................................................................... 30 

Figure 22 - Example of contact angle measurement ............................................................................ 31 

Figure 23 – Standard surface observed by different scales .................................................................. 33 

Figure 24 - Sanded surface observed by different scales ..................................................................... 36 

Figure 25 - Elements identified by Energy-Dispersive X-Ray Spectroscopy (EDS). ............................ 37 

Figure 26 - Quantitative graphic of the elements. ................................................................................. 38 

Figure 27 - Specimen treated with UV/Ozone observed by different scales ........................................ 41 

Figure 28 - Surface treated with atmospheric plasma observed by different scales ............................ 44 

Figure 29 a) Sirius 1000 Laser Equipment ............................................................................................ 45 

Figure 30 - Laser test configuration 2 observed by SEM in different scales. ........................................ 49 

Figure 31 - LS4 observed by SEM in different scales. .......................................................................... 50 

Figure 32 - LS5-1 with single pulse observed by SEM in different scales. ........................................... 51 

Figure 33 - LS5 with double pulse observed by SEM in different scales. ............................................. 52 

../../../Users/IsabelaBarraVieira/Downloads/Projeto%20Final'.doc#_Toc522633267
../../../Users/IsabelaBarraVieira/Downloads/Projeto%20Final'.doc#_Toc522633269
../../../Users/IsabelaBarraVieira/Downloads/Projeto%20Final'.doc#_Toc522633271
../../../Users/IsabelaBarraVieira/Downloads/Projeto%20Final'.doc#_Toc522633274
../../../Users/IsabelaBarraVieira/Downloads/Projeto%20Final'.doc#_Toc522633275
../../../Users/IsabelaBarraVieira/Downloads/Projeto%20Final'.doc#_Toc522633276
../../../Users/IsabelaBarraVieira/Downloads/Projeto%20Final'.doc#_Toc522633277
../../../Users/IsabelaBarraVieira/Downloads/Projeto%20Final'.doc#_Toc522633278
../../../Users/IsabelaBarraVieira/Downloads/Projeto%20Final'.doc#_Toc522633281
../../../Users/IsabelaBarraVieira/Downloads/Projeto%20Final'.doc#_Toc522633282
../../../Users/IsabelaBarraVieira/Downloads/Projeto%20Final'.doc#_Toc522633283
../../../Users/IsabelaBarraVieira/Downloads/Projeto%20Final'.doc#_Toc522633284
../../../Users/IsabelaBarraVieira/Downloads/Projeto%20Final'.doc#_Toc522633285
../../../Users/IsabelaBarraVieira/Downloads/Projeto%20Final'.doc#_Toc522633287
../../../Users/IsabelaBarraVieira/Downloads/Projeto%20Final'.doc#_Toc522633290
../../../Users/IsabelaBarraVieira/Downloads/Projeto%20Final'.doc#_Toc522633291
../../../Users/IsabelaBarraVieira/Downloads/Projeto%20Final'.doc#_Toc522633292
../../../Users/IsabelaBarraVieira/Downloads/Projeto%20Final'.doc#_Toc522633293
../../../Users/IsabelaBarraVieira/Downloads/Projeto%20Final'.doc#_Toc522633294
../../../Users/IsabelaBarraVieira/Downloads/Projeto%20Final'.doc#_Toc522633295
../../../Users/IsabelaBarraVieira/Downloads/Projeto%20Final'.doc#_Toc522633296


 

Figure 34 - LS6 with single pulse observed by SEM in different scales. .............................................. 53 

Figure 35 – LS6 with double pulse observed by SEM in different scales. ............................................ 54 

Figure 36 - Comparison of average contact angle for different surface treatments. ............................. 55 

Figure 37 - Contact angle after contamination with Marbokote. ........................................................... 56 

Figure 38 - Application of the adhesive. ................................................................................................ 57 

Figure 39 - Metal to Metal Floating Roller Bell Peel Strength Result .................................................... 58 

Figure 40 - Comparison of Average Adhesion Strength for Different Surface Treatments................... 59 

Figure 41 – Speciemens failure investigation ....................................................................................... 60 

Figure 42 - Contamination Layout ......................................................................................................... 61 

Figure 43 - Composite Floating Roller Peel Test result for specimens treated with UV/Ozone and 

contaminated with Marbokote. .............................................................................................................. 62 

Figure 44  - Composite Floating Roller Peel Test result for sanded specimens and contaminated with 

Marbokote. ............................................................................................................................................. 63 

Figure 45 -  Spectral signature of the reference vectors ....................................................................... 64 

Figure 46 - Correlation of the adhesion strength and the contaminated area. ..................................... 65 

Figure 47 - Histogram example ............................................................................................................. 66 

Figure 48 - Comparison of failure types in contaminated and non-contaminated areas. ..................... 66 

../../../Users/IsabelaBarraVieira/Downloads/Projeto%20Final'.doc#_Toc522633297
../../../Users/IsabelaBarraVieira/Downloads/Projeto%20Final'.doc#_Toc522633298
../../../Users/IsabelaBarraVieira/Downloads/Projeto%20Final'.doc#_Toc522633300
../../../Users/IsabelaBarraVieira/Downloads/Projeto%20Final'.doc#_Toc522633301
../../../Users/IsabelaBarraVieira/Downloads/Projeto%20Final'.doc#_Toc522633304


 

 

LIST DE TABLES 

 

Table 1 -  Examples of dry cleaning method. ........................................................................................ 16 

Table 2 - Laser surface treatments processes. ..................................................................................... 18 

Table 3 - Adhesive selection based on substrate type to bond (Shields 1984) .................................... 21 

Table 4 - Laminate information. ............................................................................................................. 27 

Table 5 - Contact angle measurement of specimens without surface treatment nor contaminant. ...... 32 

Table 6 - Contact angle for specimens untreated with Marbokote contamination. ............................... 33 

Table 7 - Contact angle measurement of specimens after cleaning with PF-QD. ................................ 34 

Table 8 - Contact angle measurement of specimens sanded (sand paper 320) and cleaned with 

PFQD. .................................................................................................................................................... 34 

Table 9 - Contact angle measurement of specimens sanded (sand paper 240) and cleaned with 

PFQD. .................................................................................................................................................... 35 

Table 10 - Quantitative results of the identified elements. .................................................................... 38 

Table 11 - Comparison of contact angle for different UV/Ozone exposure time. ................................. 40 

Table 12 - Results for UV/Ozone with 8 minutes' exposure. ................................................................. 40 

Table 13 - Contact angle for specimens sanded before treated with UV/Ozone. ................................. 40 

Table 14 - Contact angle measurement of speciments treated with UV/Ozone and later contaminated 

with Marbokote. ..................................................................................................................................... 42 

Table 15 - Contact angle comparison for different exposure time. ....................................................... 43 

Table 16- Contact angle of specimens treated with atmospheric plasma during 50 seconds. ............. 43 

Table 17 - Laser test (Part 1) ................................................................................................................ 46 

Table 18 - Comparison of the contact angle of the laser test (Part 1). ................................................. 46 

Table 19  - Parameters for Laser Test - Part 2 ..................................................................................... 47 

Table 20 - Comparison of the contact angle of the Laser test (Part 2) ................................................. 47 

Table 21 – Configuration of Laser specimens analysed using SEM. .................................................... 48 

Table 22 - Adhesion strength of metal-metal bonded specimens. ........................................................ 58 

 

 

 

file:///D:/Desktop/TCC.doc%23_Toc520815943


 

 

LIST OF CONTENTS 

1 INTRODUCTION .............................................................................................................. 1 

1.1 EXAMPLES OF INDUSTRY APPLICATION ................................................................... 4 

1.1.1 AUTOMOTIVE INDUSTRY ................................................................................................ 4 

1.1.2 MARINE AND OIL & GAS ................................................................................................ 7 

1.1.3 AEROSPACE INDUSRY ................................................................................................... 8 

2 BACKGROUND ............................................................................................................. 13 

2.1 KISSING BONDS ......................................................................................................... 13 

2.2 SURFACE TREATMENTS ........................................................................................... 14 

2.2.1 MECHANICAL TREATMENTS ......................................................................................... 14 

2.2.2 CHEMICAL TREATMENTS ............................................................................................. 15 

2.2.3 PHYSICAL TREATMENTS ............................................................................................. 16 

2.3 ADHESIVES ................................................................................................................... 20 

2.4 EXPERIMENTAL TESTS ............................................................................................. 22 

2.4.1 ROLLER PEEL TEST .................................................................................................... 22 

2.4.2 HYPER-SPECTRAL IMAGING ......................................................................................... 26 

3 PRELIMINARY STUDY: SURFACE EVALUATION ....................................................... 27 

3.1 STANDARD: SPECIMENS WITHOUT SURFACE TREATMENT NOR CONTAMINANT.

 31 

3.2 NO TREATMENT WITH CONTAMINANT (MARBOKOTE) ........................................... 33 

3.3 CLEANED WITH PF-QD .............................................................................................. 33 

3.4 SANDED AND CLEANED WITH PFQD........................................................................ 34 

3.5 TREATED WITH UV/OZONE ....................................................................................... 39 

3.6 TREATED WITH UV/OZONE AND CONTAMINATED WITH MARBOKOTE ................ 41 

3.7 ATMOSPHERIC PLASMA ........................................................................................... 42 

3.8 LASER ......................................................................................................................... 45 

3.8.1 LS2 ........................................................................................................................... 48 

3.8.2 LS4 ........................................................................................................................... 50 

3.8.3 LS5-1 ....................................................................................................................... 51 

3.8.4 LS5-2 ....................................................................................................................... 52 

3.8.5 LS6-1 ....................................................................................................................... 53 

3.8.6 LS6-2 ....................................................................................................................... 54 

3.9 SURFACE EVALUATION CONCLUSION .................................................................... 55 

4 ADHESION STRENGTH EVALUATION ........................................................................ 57 

4.1 ADHESIVE VALIDATION BY FLOATING ROLLER PEEL TEST .................................. 57 



 

4.1.1 TEST RESULT ............................................................................................................ 58 

4.2 COMPOSITE FLOATING ROLLER PEEL TEST .......................................................... 59 

4.3 COMPOSITE FLOATING ROLLER PEEL TEST AND CONTAMINATION .................... 61 

4.4 COMPOSITE FLOATING ROLLER PEEL TEST VERSUS HYPER-SPECTRAL 

IMAGING ............................................................................................................................. 63 

5 CONCLUSION ............................................................................................................... 67 

6 REFERENCES ............................................................................................................... 68 

 



1 

 

1  INTRODUCTION 

Adhesives have beem widly used for thousands of years, but in the past 100 years, 

adhesives based on synthetic polymers have been applied in many industries. Most 

products present in homes, transportation or anywhere else use adhesives or 

sealants in some manner.  

Adhesive bonding is a reliable and well established technique for joining different 

substrates as metals, plastics and composites. During and after World War 2 metal 

bonding techniques were widely adopted and developed by the aircraft industry and 

subsequently adopted for other sectors. In order to joining parts, designers and 

engineers can choose between adhesive bonding, bolting, riveting, welding or 

soldering. In many cases the more cost-effective method will be bonding  

(www.hexcel.com, 2003 ). 

Adhesively bonded joints are an increasing alternative to mechanical joints in 

engineering applications and provide many advantages over conventional 

mechanical fasteners (Lucas F. M. da Silva, Handbook of Adhesion Technology, 

2011). Bonding eliminates the need for holes and avoids subjecting the joint to 

welding temperatures that weaken metals. The cured adhesive, unlike rivets or bolts, 

ensures even a more uniform stress distribution along the bonded area which leads 

to improved fatigue performances (www.hexcel.com, 2003 ) and enables to have a 

higher stiffness and load transmission, reducing the weight and thus the cost (Lucas 

F. M. da Silva, Handbook of Adhesion Technology, 2011). 

“Figure 1’ presents how the stress distribution in a bonded joint can give a higher 

stiffness and more uniform stress distribution in relation to a riveted joint. 
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Figure 1 - Improved stiffness (left) and stress distribution (right) of adhesively 

bonded joints in relation to riveted joints  

(Lucas F. M. da Silva, Handbook of Adhesion Technology, 2011) 

In order to perform a  bonded joint, some statements have to be considered: 

 Adhesive mhave to be spread on the surface and wet properly the adherends to 

be bonded so that an intimate molecular contact is created between the adhesive 

and the surface;  

 In order for the adhesive to support the loads that it will encounter in service, the 

liquid adhesive must harden/cured; 

 Understand that the capacity of the joints to carry the load and the durability of the 

joint are affected by multiple factors such as the joint design, the way the loads are 

applied, and the environment that the joint will be subjected to. 

Once these are taken in count, bonding can be a interentings alternative since it 

presents many design solutions.  Some advantages of using this technology are 

presented bellow (3M, 2015):  
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• Light weighting; 

• Eliminate the weight of mechanical fasteners; 

• Use thinner, lighter materials; 

• Making products lighter and more efficient. 

• Improve Aesthetics  

• Replace rivets, welds and screws; 

• Invisible joints; 

• Create smoother bond lines; 

• Producing a seamless appearance. 

• Freedom to Design 

• Bond multiple materials, such as metal to plastic; 

• Smaller joints take up less space. 

• Performance Optimization 

• Stronger Bonds 

• Elimination of stress concentrations 

• Toughened adhesives can absorb shock for durable bonds 

• Bond and seal simultaneously 

• Flexible Bonds 

• Absorb vibration and coefficient of thermal expansion mismatch; 

• Reduce noise vibration harshness; 

• Resist material separation along edges and corners with high 

peel strength. 

• Quality & Durability 

• Improve vibration and fatigue resistance; 

• Environmental and chemical resistance; 
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• Eliminate galvanic corrosion. 

Bonded joints not only presents design advantages but algo process efficiencies as 

cost-efficiency due to the redution of labor costs; the use thinner materials ans 

elimination of post-finishing saving both time and money. It is also observed some 

enhance of the productivity due to the variety of cure rates to match process needs; 

the withstand of high process temperatures, accelerating output and efficiencies  

(3M, 2015). All this leades to a increasing application in the industry.  

Some examples osf industry applications are presented in the next section. 

1.1 EXAMPLES OF INDUSTRY APPLICATION 

1.1.1  Automotive Industry 

In the automotive industry, bonded joints have used mainly to join different materials 

with an invisible attachment and provide lightweight structures. “Figure 2” 

demonstrates the attachment of ABS inserts adhesively bonded to glass-filled 

polypropylene bumpers using 3M™ Scotch-Weld™ Structural Plastic Adhesive 

DP8010 Blue. This solution provided good adhesion and a permanent structural bond 

to both surfaces without pretreatment and the desired aesthetic. 

 

Figure 2 - ABS to glass-filled polypropylene using 3M™ Scotch-Weld™ 

Structural Adhesive.    

(3M, Joining & Bonding of Composite Parts – The Structural Adhesive 

Advantage, 2016) 
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Figure 3 presents the possibility of bonding interior trim panels of vehicles by 

applying adhesive to a thermoplastic bulk head part which will be bonded to an 

aluminum frame. The use of lightweight thermoplastic composites for the creation of 

large, lightweight molded interior panels that provide structural support for interior 

trim is an established trend. 

 

Figure 3 - Lightweight glass-filled polyolefin bulk head moulding – being 

bonded to an aluminium frame. 

 (3M, Joining & Bonding of Composite Parts – The Structural Adhesive 

Advantage, 2016) 

 

“Figure 4” presents an adhesive sealant being used to bond the glass-reinforced 

plastic (GRP) side panel to a coated steel frame. The adhesive sealant was able to 

withstand the loads applied to the panel during use and also accommodate the 

necessary movement created by the vibrations and differential thermal expansion.   

 



6 

 

 

 

 

 

A quatintative example of the advantages of the adhesive technology in the 

automotive industry is the Audi Q7 that achieved a reduction of 71kg in its chassis by 

adopting a combimation of different materials jointed by adhesives as presented in 

“Figure 5”. In this case, adhesives with a high modulus and a high strength are used 

in a thin adhesive layer to stiffen the construction and to improve the crash behavior; 

elastic adhesives with a thick adhesive layer are used to dampen the noise, to 

compensate for tolerances, and for different thermal expansion (Mittal, 2018). 

Figure 4 - Bus glass-reinforced plastic (GRP) side panel being 

bonded to a coated steel frame. 

 (3M, Joining & Bonding of Composite Parts – The Structural 

Adhesive Advantage, 2016) 
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Figure 5 - Material distribution in a modern car structure. 

 (Mittal, 2018) 

1.1.2  Marine and Oil & Gas 

Composite materials are finding increased use in oil exploration and marine 

applications.  Once a weight reduction on drilling platforms in achieved it allows more 

oil to be pumped and stored. “Figure 6“ presents a evolutionary lightweight shale 

shaker designs, containing a significant amount of carbon fiber composite, have been 

developed using a toughened and high performance epoxy adhesive for the 

assembly solution. These bonded joints, both carbon fiber to carbon fiber and 

stainless steel to carbon fiber, have been tested and shown to be durable as they 

can resist dynamic loading. For example, shakers/filters vibrate several hundred 

times a minute and pull up to 7g of load. They are also resistant to the crude oil, 

hydrocarbon mud and fragments of rock mixture flowing at around 80 to 100ºC (3M, 

Joining & Bonding of Composite Parts – The Structural Adhesive Advantage, 2016).  
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1.1.3  Aerospace Indusry 

The aerospace industry is historically an world leader in advancing science and 

technology. It is not different for adhesive technology. Composite materials have 

been progressively applied to aircraft in order to achieve better performance. “Figure 

7” presents the advance of the usage of composites in its aircrafts. But which is the 

best way for joining composite structures? 

To join composites or mixed materials, mechanical attachments such as clips, screws 

and rivets can be used with virtually any surface, but they require additional steps to 

mold or create features for the attachment. This can lead to stress concentrations, 

which may result in plastic cracking and premature failures. Also drilling holes into 

composite materials results in reduced strength due to the introduction of 

discontinuities in the matrix and reinforcing fibers. Besides, all mechanical 

attachment methods will result in increased weight. Heat and friction welding is a 

common alternative for certain composites.  However, these welding techniques are 

energy and tooling-intensive and limited in the geometries and substrate 

combinations that can be addressed (3M, Joining & Bonding of Composite Parts – 

The Structural Adhesive Advantage, 2016). This way bonding became a interesting 

solution for aerospace industry. 

Figure 6 - Carbon fibre composite panels bonded to stainless steel for 

lightweight oil shakers. 

 (3M, Joining & Bonding of Composite Parts – The Structural Adhesive 

Advantage, 2016) 
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Figure 7 - Usage of composite materials in Airbus aircrafts. 

 (Thévenin) 

The Airbus A350 represented a material breakdown in the industry.  As presented in 

“Figure 8” the Airbus A350-900 presents 53% of its structure os carbon fibre 

reinforced plastic (CFRP)  (Kruse, 2013). 

 

Figure 8 - Material distribution on 

A350. 

 (Kruse, 2013) 
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As an example of the usage of bonded joints in aircrafts, the A350 presents 

approximately 5km of stringer/skin co-bonded joints applied (Kruse, 2013) as 

presented in “Figure 9”.  

 

Figure 9 - Airbus A350 fuselage 

 (Kruse, 2013) 

Another example is the application of adhesive bonding to SAAB 340 fuselage, 

wings, and tail as presented in “Figure 10”. 

 

Figure 10 - Application of adhesive bonding to SAAB 340 fuselage, wings, and 

tail  

(Lucas F. M. da Silva, 2011) 
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However, the usage of composite materials and bonded joints are correlated, the 

certification of bonded joints for aircrafts is very conservative due to the risks 

implicated.  

According to the AC 20-107B - Composite Aircraft Structure Certification (AC 20-

107B - Composite Aircraft Structure, 2009) for structural bondings ate least one of 

the following conditions must be followed: 

1. Repeatable and reliable non-destructive inspection techniques must be 

established that ensure the strength of each joint; 

2. Proof testing must be conducted on each production article that will apply the 

critical limit design load to each critical bonded joint; 

3. Disbond greater than allowed must be prevented by design features. 

Analysing the 3 conditions presented is possible to conclude that for the first option 

there is no technology capable to detect the strength of each joint using non-

destructive test. The second condition is not practical for industry application, once it 

requires a large number of tests. This way, as security mesure, design features as 

rivets and fasteners are applied in the structure, following the third condition.  

However, this implicates in a impressive number of rivets applied in aircrafts, 

consequently a weight addition in the structure. For example, the range of fasteners 

required to assemble one airplane extended from 440,000 for a Boeing-737 to 2.7 

million for a Boeing-777. 

Applying this number of rivets and fasteners takes time, and the supply chain 

became a problem. “To ensure that Boeing had enough fasteners to meet future 

production goals for the fastest-selling aircraft in history, we knew that we had to 

fundamentally change the structure of the industry’s supply chain,” said John Byrne, 

Boeings Director of Supplier Management Common Commodities (Michigan, 2009). 

This analysis leaded to the Boing-787, which presents more than 50% of its structure 

of composite materials and 20% less fuel than any other airplane of its size.  

These numbers are a proof that the usage of composites in going to keep increasing, 

and in order to follow the technology advances, a qualification of bonded joints must 
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be achieved. This started a development run to guarantee adhesion quality of 

bonded joints with non-destructive tests. 

While the technology to achieve that is still unaveable, this work presents an 

experimental evaluation of pre-bonding surface treatments for CFRP bonded joints 

as an alternative approach to increase adhesion qualtity. The objective is to analyse 

the implications of surface treatments in the adhesion strength, allowing a better 

understanding and contribuiting with the expertise in this subject.   
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2 BACKGROUND 

The technology behind the process of joining parts has to be improved as the 

number of different materials and the demand of lighter structures increased. 

Aerospace and automotive industries have been the main supporter of this 

technology by the need for stronger and lighter structures. Adhesive bonding not only 

offers the advantage of joining different materials, but since it avoids drilling holes 

and fasteners, that are cause of stress concentration and weight increase, it has 

been very attractive. 

  As the usage of this technology increases, the need of guarantying its quality 

became one the main question points in the industry. Avoiding contaminations on the 

surface during the manufacturing process and applying surface treatments are 

compulsory to achieve a good adhesion. However, even with these cares it is 

possible to have a weak bond, in particular the so called kissing bonds – when the 

interface of the substrate and the adhesive do not stick together. 

2.1 KISSING BONDS 

The kissing bond occurrence is difficult to define and even more difficult to detect 

with non-destructive tests (NDT). Nagy (Nagy, 1992) defined a kissing bond as 

compressed but otherwise not bonded surfaces. He also defines that “besides some 

very weak "sticking" effects, a kissing bond practically has no strength, but because 

of the intimate mechanical contact between the two parts, it produces very low 

ultrasonic contrast, i.e., low reflection and high transmission”. Due to that, the 

difficulty in identifying kissing bonds with non-destructive tests. 

 Some of the factors that can cause kissing bonds are surface contaminants, 

incorrect anodization, priming, adhesive chemistry or cure processing, moisture 

ingress, or any combination of these or other factors (Pierre Noël Marty, 2004). The 

contaminants can be simplified in two broad groups: organic and inorganic materials. 

The removal of organic contaminants can be achieved by simple degrease 

processes. On the other hand, for inorganic contaminants may be needed degrease, 

desmut and deoxidising solutions (Lucas F. M. da Silva, 2011). Due to the need of 
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surface preparation to perform a good bond, different surface treatments were 

applied in order to improve the adhesion quality. 

2.2  SURFACE TREATMENTS 

In order to have a good adhesion, the substrate surface must be completely wetted 

by the adhesive and a strong attractive interaction must form between the adhesive 

and the substrates. The surface treatments are used in order to promote a better 

adhesion cleaning, chemical treating and increase the surface roughness. The 

quality of a surface treatment will affect how well and how long the bond will hold 

(The Adhesive and Sealant Council, Inc., 2009). 

The type of the contamination and the adherend determine the proper surface 

treatment. The environment is other concern when choosing the treatment; the 

influence of moisture and temperature, for example, could affect the strength and 

durability of the bond.  

The surface treatments have different effects and results when applied to metals and 

composites. In this report, the aim is to introduce mainly the techniques used for 

composites.   

2.2.1  Mechanical treatments 

2.2.1.1 Abrasion  

As a mechanical surface treatment, the main purpose to use abrasive treatments is 

to produce a surface with macroscopically roughness and to remove as much as 

possible existing oxide and contaminant layers, resulting in an improvement of the 

dry strength (BALDAN, 2004).  

It is very important to remove contaminants with detergents before the abrasion in 

order to do not spread these contaminants along the surface. Another point that is 

needed to be careful is to do not remove excessive material, resulting fibre damage.  

Abrasion/solvent cleaning is also used to degrease the surface and remove mould 

release agents form the adherend (BALDAN, 2004). 
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2.2.2   Chemical Treatments 

2.2.2.1 Solvent cleaning 

Solvents are used to remove organic materials such as grease and oil, which 

presence in the adherend surface may cause insufficient wettability and therefore 

loss in adhesion. Moreover, solvent cleaning should precede chemicals or abrasives 

surface treatment to ensure that grease and oil are not spread further into the surface 

(The Adhesive and Sealant Council, Inc., 2009). 

The simplest form of solvent cleaning is to wipe the surface using a cloth soaked with 

solvent. However, care should be taken to avoid only spreading the contamination 

over the surface instead of removing it, being necessary to replace the cloth 

regularly. The cloth should be replaced every time it is not visually clean (white) 

anymore. The other methods of cleaning are by immersion and by vapour. 

In the immersion method, the specimen is immersed in a solvent for a necessary 

period for the grease to dissolve and then it is dried. The disadvantage of such 

process is, that the bath is rapidly contaminated, being necessary to replace the 

solvent to avoid contamination in future specimens. One measure to avoid this is to 

recycle internally the solvent.  

Using solvent vapour to clean consists in bringing the specimen in contact with 

solvent vapour, condensation occurs when the vapour gets in contact with the 

surface and then by gravity the contamination is eliminated. 

2.2.2.2 Detergent cleaning 

Detergent cleaning is often performed immersing the specimen in a solution 

ultrasonically agitated. Although detergents are usually easier and cheaper, they are 

not used as much as solvents. This is due to the fact of the use of water in the 

process, which causes problems for bonding. Another concern is that a layer of 

detergent always remains in the surface. Minimizing the detergent left is to minimize 

its contamination in the adhesive-adherent reaction (BALDAN, 2004).  
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2.2.3  Physical Treatments 

2.2.3.1 UV/Ozone 

The cleaning effect is caused by irradiating the surface of a substrate with suitable 

lamps, creating enough energy in the ultra violet spectrum range. The process is 

caused by photo-sensitized oxidation by atomized oxygen and high reactive ozone. 

The UV radiation directly to the surface stimulates the reaction.  

UV/Ozone cleaning is generally effective for removing organic contaminants, though 

its effectiveness is not the same for removing inorganic contaminants. The organic 

compounds are removed from the contaminated surface and converted into volatile 

substances, for example water, carbon dioxide, nitrogen. 

“Table 1” presents some surface treatments and its action method. 

 

Table 1 - Examples of dry cleaning method. 

 (Laboratory, 1987). 

2.2.3.2 Corona discharge 

Ideal to treat flat surfaces, being possible to treat both faces at the same time, the 

Corona Discharge equipment is described in “Figure 11”. The divergent, at high 

frequency, of the tension results in the Corona Effects. In other words, the air 

between the two electrodes is ionized becoming a conductor. 

The ionized particles collide and penetrate the substrate surface. The collision of the 

ions and electrons has energy enough to break the molecular connection of the 

polymer surface. This event results in free radicals that easily react with oxygen 

forming polar chemical groups on the polymer surface increasing the surface energy 

and wettability. 
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2.2.3.3 Flame 

Flame treatment is used to improve the wetting properties. The workpiece surface is 

exposed to an oxidizing flame, which contains excited species such as ions and free 

radicals, resulting in an adhesion improvement.  

Parameters as oxygen/gas ratio, exposure time and distance to the adhered surface 

are critical to produce a successfully treatment. Besides that, the effects of the 

treatment drop within a short time depending of the polymer, due to that the treated 

surfaces must be immediately bonded (The Adhesive and Sealant Council, Inc., 

2009). 

2.2.3.4 Plasma 

Plasma is formed by applying high voltage and high frequency to a gas, resulting in a 

plasma full of reactive species as ions and electrons. The contact between the 

plasma and the surface of the specimen causes chemical and texture changes. 

Any gas or vapour can be used as plasma and the selection of it depends of the 

desired effect of the treatment (i.e. surface cleaning, ablation) (Comyn, 1990). This 

process can be performed at atmosphere or at a vacuum chamber. 

The main parameters for this treatment are the gas used, exposure time and 

distance to the adherent surface. 

Figure 11 - Corona discharge scheme. 

 (Lucas Filipe Martins da Silva, 2007) 
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2.2.3.5 Laser 

Laser applied to surface treatments presents many results because of its many 

possible configurations. Its action can be by heating (pyrolytic process) or by direct 

interaction of the photons in the process (photolytic process). This process can be 

shaped in many points as intensity, heating, time and special extent. By this fact, 

laser is considered as one of the most flexible forms of energy, allowing to generate 

any required thermal experience in a workpiece surface (Steen, 1996). However, this 

flexibility can be a problem by the fact that to achieve a good result the parameters 

as wavelength, distance and angle need to be correctly stablished (Holtmannspötter, 

2014).  

The laser surface treatment is not only worthy by its flexibility, but for other 

advantages as: 

• Process chemically clean. 

• No need to touch the workpiece. 

• Easily adapted to automation processes. 

 These parameters contribute to the wide range of surface treatments with laser. 

“Table 2” presents some of the surface treatments using laser. 

Non melting processes Melting processes 

Surface heating for 
transformation hardening 
and annealing. 

Surface melting for homogenisation, 
microstructure refinement, enhanced solid 
solubility, metallic glass formation and surface 
sealing of porous materials. 

Surface stress formation for 
non-contact bending. 

Surface alloying for improved corrosion, wear 
and/or cosmetic properties. 

Surface domain refinement 
for control of magnetic 
properties. 

Surface cladding. 

Annealing of ion implanted 
surfaces. 

 

Table 2 - Laser surface treatments processes. 

 (Comyn, 1990) 
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Particularly in CFRP laser can be used such as surface treatment as material 

removal. At high energy level, the material is ablated without any further mechanical 

treatment and at low energy level it is possible to modify the surfaces of materials.  

According to Fischer  (F. Fischer, 2012), epoxy prepeg specimens applied to aviation 

industry were pre-treated using UV laser with a wavelength of 355nm and a pulse 

duration of τ=15–30 ns and a repetition rate of 90 to 300 kHz. A CO2 laser was also 

used with a wavelength of 10600nm and average power of 200 W, and can be 

modulated with a maximum duty cycle of 50%. 

In a scarfing process, a mechanical removal of debris is needed since the laser is not 

able to remove it. Regarding the strength of bonded joints after the treatment, the 

laser treatment is similar or better than the grit blasting process.  (Holtmannspötter, 

2014)  

“Figure 12” compares a contaminated surface before and after different surface 

treatments. 

 

 

 

Figure 12 - A contaminated surface (a) and three major methods 

of surface pre-treatment. 

 (F. Fischer, 2012) 
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Excimer lasers can be used to minimize the thermal effect and for a precise energy 

deposition. Moreover, to achieve the full potential of the joint a wavelength in the UV 

range should be used.  (F. Fischer S. K., 2012) 

2.3 Adhesives  

For bonded joints, the adhesive is a non-metallic material that creates a joint 

between two surfaces. The adhesives can be presented in different materials as 

thermoplastic and thermosetting resins, artificial elastomers and some ceramics. 

They can be applied as drops, beads, pellets, tapes, films, and are in form of liquids, 

pastes, gels and solids.  

 The wide range of available adhesives sometimes turns the task of choosing the 

proper adhesive difficult. The main used adhesives are epoxies, cyanoacrylates, 

anaerobic, acrylics, urethanes, silicones, high-temperature adhesives and hot melts. 

In terms of composite bonding the main adhesives are high-temperature epoxy, 

epoxy-phenolic, condensation-reaction polyimide, addition-reaction polyimide, and 

bismaleimide adhesives (BALDAN, 2004). A selection guide is presented in “ 

Table 3”. 
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Table 3 - Adhesive selection based on substrate type to bond (Shields 1984)  

(Lucas F. M. da Silva, 2011)  
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The substrate material is not the only factor to consider when selecting the adhesive, 

other primary factors are the adhesive form, application requirements, manufacturing 

needs/constrains, aesthetics, costs and fabrication issues (dispensing, curing, 

environmental control, etc.). “Figure 13” presents a basic scheme to select the 

adhesive. 

 

2.4 EXPERIMENTAL TESTS 

2.4.1  Roller Peel Test 

The Standard Floating Roller Peel Test (ASTM Standard, 2010) is a well stablished 

method which the purpose is to determine the metal-to-metal relative peel resistance 

Figure 13 - Primary influencing factors to consider when selecting an 

adhesive. 

 (Lucas F. M. da Silva, 2011) 



23 

 

 

of adhesives bonds. The specimen is composed by one rigid adherent and one 

flexible adherent bonded with a precious determined adhesive.  

The variation of the thickness of the adherend would affect directly the test values. 

For this reason, this parameter should be specified before performing the tests.  

The method consists in peeling of the flexible adherent from the rigid adherent at a 

controlled angle of peel and constant head speed. The fixture scheme is presented in 

“Figure 14”. 

 

The laminated test panels consist of two adherents properly prepared and bonded 

together in accordance with the test set up and the adhesive manufacture’s 

Figure 14 - Floating Roller Peel Test Fixture. 

 (ASTM Standard, 2010) 
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recommendations. The dimensions and lay out of the specimens are presented in the 

“Figure 15”. 

 

 

 

After documenting and performing the test accordingly with the orientations, report 

the peel load and peel strength values. The type of failure should be also analysed. 

The Composite Peel Test (CPT) (Teixeira de Freitas, 2015) was developed based on 

the Standard Floating Roller Peel Test  (ASTM, D3167-10 Standard Test Method for 

Floating Roller Peel Resistance of Adhesives, 2010) to analyse the peel strength in 

adhesive bonds using composites materials. 

2.4.1.1 Failure Mode 

In order to distinguish a good bond and a weak bond, a good comprehension of the 

failure modes for bonded joints in needed. “Figure 16” presents the 3 failure modes 

that can be observed. In the cohesive failure the crack grows inside the adhesive. 

This means that the adhesion strength between the adherends and adhesive was 

higher than the structural strength of the adhesive itself. This behaviour is classified 

as a good bond.  

Figure 15 - Test panel and test specimen. 

 (ASTM Standard, 2010) 
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For the adhesive or interfacial failure, the crack grows in the interface between the 

adherend and the adhesive. It means that the adhesion strength was lower than the 

structural strength of the adherends and the adhesive. This behaviour represents a 

weak bond, being the adhesion interface the weakest joint phase. 

The cohesive failure in the adherend, also known as interlaminar failure for 

composite materials, presents a crack growth inside the adherend. It is similar to the 

cohesive failure and means that the adhesion strength between the adherends and 

adhesive was higher than the structural strength of the adherend itself. This 

behaviour also classifies a good bond.  

 

Figure 16 - Failure modes 

(Lucas F. M. da Silva, Handbook of Adhesion Technology, 2011) 
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2.4.2  Hyper-spectral Imaging 

“Hyperspectral imaging exploits the fact that all materials, due to the difference of 

their chemical composition and inherent physical structure, reflect, scatter, absorb, 

and/or emit electromagnetic energy in distinctive patterns at specific wavelengths. 

This characteristic is called spectral signature or spectral fingerprint, or simply 

spectrum. Every image element (pixel) in the hyperspectral image contains its own 

spectral signature. Briefly, spectral signature is defined as the pattern of reflection, 

absorbance, transmittance, and/or emitting of electromagnetic energy at specific 

wavelengths. In principle, the spectral signature can be used to uniquely 

characterize, identify, and discriminate by class/type any given object(s) in an image 

over a sufficiently broad wavelength band (Shaw & Manolakis, 2002).”   

(Gamal ElMasry, 2010) 

In this work the hyper-spectral imaging is used in order to identify contamination that 

cause kissing bonds. This way, the objective is to create a data basis of different 

contaminant spectral signatures. Allowing an identification of contamination in the 

surface pre-bonding and, consequentially, enhancing the manufacturing process of 

bonded structures.  

The software used to analyse the images is the TU Delft Image Processing Platform 

(TIPP), developed in the Aerospace Non-Destructive Testing Laboratory at the Delft 

University of Technology.  
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3  PRELIMINARY STUDY: SURFACE EVALUATION 

In order to make the study more effective as possible it is necessary to make a wise choice of 

surface treatments. By this fact, it was decided to make a preliminary study of this topic, 

validating the selection of those for the final study.  

To achieve the validation of the surface treatments chosen to be applied to the 

specimens, it was decided to first perform a comparison between the treatments 

available in our laboratory: sanding ablation, UV/Ozone, atmospheric plasma and 

laser.  

The specimens were manufactured according to the data of the “Table 4” and with 

the curing cycle presented in “Figure 17” according with the manufacturer. 

 

 

 

 

 

Prepreg HexPly® 8552 

Number of plies 5 

Lay up [0°]5 

Dimension 50x50 mm 

Table 4 - Laminate information. 
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Figure 17 – Cure cycle. 

 (HexPly® 8552 Epoxy matrix (180°C/356°F curing matrix) - Product Data, 2012) 

The manufacturing process is briefly presented in “Figure 18”. 
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Figure 18 - Manufacturing process 

a) Prepeg roll of Hexply 

8552 

c) Specimens in the autoclave 

b) Preparing laminate lay-

up 
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It was manufactured a laminate of 600x600mm and after curing it was cut into 

50x50mm specimens as shown in “Figure 19” and “Figure 20”.  

 

 

 

 

 

In order to control the specimens a nomenclature system was created as shown in 

“Figure 21”.   

 

 

 

 

 

 

 

 

 

The analysis of the effectiveness of the treatments was based on the results of the 

contact angle measurement (Goniometer) and microscopy evaluation (Scanning 

Electron Microscope). The microscopy evaluation was only performed in those cases 

which were expected to have a physical change in the surface. 

Figure 21 - Nomenclature System. 

Figure 19 - Specimens dimension 

Figure 20 - Specimens after 

cutting 



31 

 

The contact angle measurement is analysed electronically, and it is exemplified in 

“Figure 22”. In addition, the study of the specimens’ surface was performed using the 

scanning electron microscope (SEM) located at the Delft Aerospace Structures and 

Materials Laboratory at TU/Delft and operated by Frans Oostrum. All the samples 

were cleaned with PF-QD (https://www.cablejoints.co.uk/upload/Switchgear-

Cleaning---LV-HV-Switchgear.pdf)before the microscopy evaluation). 

For each surface treatment several specimens were analysed and for each specimen 

it was performed the contact angle measurement in 5 different locations using an 

electronic goniometer. The tests are more detailed in the items bellow. 

3.1 STANDARD: SPECIMENS WITHOUT SURFACE TREATMENT NOR 

CONTAMINANT. 

The analysis of the specimens without any surface treatment or contaminant is 

important in order to have a starting point for comparison of how much the treatments 

change the surface and enhance the wettability.  

The results of the contact angle measurement are presented in “Table 5“. 

 

 

 

Figure 22 - Example of contact angle 

measurement 
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 Measurements 

1 2 3 4 5 

θ left 
(°) 

θ rigth 
(°) 

θ left 
(°) 

θ rigth 
(°) 

θ left 
(°) 

θ rigth 
(°) 

θ left 
(°) 

θ rigth 
(°) 

θ left 
(°) 

θ rigth 
(°) 

1 87,26 86,84 85,76 86,4 88,35 87,72 82,39 83,45 87,05 87,14 

2 85,98 86,4 92,26 92,24 90,13 91,99 90,52 91,23 92,97 91,79 

3 91,97 89,68 87,89 87,71 84,27 82,23 78,01 80,54 87,91 88,91 

4 83,69 85,84 87,18 88,66 85,12 85 87,52 87,56 93,65 95,15 

5 80,99 80,9 88,01 88,69 85,84 86,13 86,18 85,57 86,12 86,72 

  Avarage (°) Avarage (°) Avarage (°) Avarage (°) Avarage (°) 

  85,955 88,48 86,678 85,297 89,741 

Table 5 - Contact angle measurement of specimens without surface treatment 

nor contaminant. 

Analysing the surface in a microscope range allows the understanding of the physical 

effects of each surface treatment. Due to that, the first step was to observe the initial 

surface, without any previous surface treatment.  

It is possible to observe in “Figure 23” some manufacturing defects as irregularity in 

the surface, resin concentration, voids and scratches. The fibres are not exposed and 

it was not found any sign of burns. 

 

a) Scale x100 b) Scale x1000 
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Figure 23 – Standard surface observed by different scales  

3.2 NO TREATMENT WITH CONTAMINANT (MARBOKOTE) 

There is the need to have a standard of the contaminant likewise there is the need of 

the standard of the surface. This way it is possible to quantify influence of the 

contaminant in the wettability. 

The contact angle results of the specimens without any surface treatment but with 

the Marbokote contaminant are presented in “Table 6”. 

Table 6 - Contact angle for specimens untreated with Marbokote 

contamination. 

3.3 CLEANED WITH PF-QD 

PF-QD is a quick drying, low odour, residue-free cleaning solvent for surface 

cleaning and degreasing (https://www.cablejoints.co.uk/upload/Switchgear-Cleaning-

--LV-HV-Switchgear.pdf). This procedure does not change the surface; it is basically 

 

Measurements 

1 2 3 4 5 

θ left (°) θ rigth (°) θ left (°) θ rigth (°) θ left (°) θ rigth (°) θ left (°) θ rigth (°) θ left (°) θ rigth (°) 

1 111,14 110,9 111,63 110,79 110,46 110,6 110,33 109,49 111 110,4 

2 111,96 112,17 110,53 110,38 109,46 109,28 110,54 110,07 111,11 111,06 

3 111,3 110,92 110,72 110,2 109,56 109,03 111,67 110,9 110,65 110,18 

4 111,34 110,59 109,3 109,25 110,32 109,99 110,64 110,6 11,03 110,46 

5 111,42 110,95 109,9 109,75 109,14 109,21 110,78 109,79 109,99 109,88 

 
Avarage (°) Avarage (°) Avarage (°) Avarage (°) Avarage (°) 

 
111,27 110,25 109,71 110,48 100,58 

d) Scale x10000 c) Scale x5000 
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the cleaning of the surface. Due to that, there was no need to analyse surface with 

the SEM. 

The results of the contact angle measurement are presented in “Table 7”. 

  Measurements 

1 2 3 4 5 

θ left 
(°) 

θ rigth 
(°) 

θ left 
(°) 

θ rigth 
(°) 

θ left 
(°) 

θ rigth 
(°) 

θ left 
(°) 

θ rigth 
(°) 

θ left 
(°) 

θ rigth 
(°) 

1 82,78 82,91 84,02 83,05 81,08 78,62 79,46 79,27 81,42 81,52 

2 81,96 81,77 78,33 77,92 83,62 83,29 82,92 83,24 81,48 80,8 

3 82,29 82,23 81,3 80,44 88,31 87,89 79,76 78,85 78,95 79,47 

4 84,41 83,98 78,82 78,8 82,72 83,01 79,65 79,57 79,72 79,48 

5 83,73 84,83 79,09 79,8 77,09 77,14 77,16 76,77 76,38 76,26 

  Avarage (°) Avarage (°) Avarage (°) Avarage (°) Avarage (°) 

  83,089 80,157 82,277 79,665 79,548 

Table 7 - Contact angle measurement of specimens after cleaning with PF-QD. 

3.4 SANDED AND CLEANED WITH PFQD 

This test also uses the PF-QD for surface cleaning, however it was performed a prior 

ablation using two different sand papers, number 320 and 240. Comparing this 

method with the previous one, now there is a change in the surface. 

The PF-QD cleaning not only cleans the contaminants in the surface but also 

removes debris of the sanding ablation. 

The results of the contact angle measurement using the sand paper 320 are 

presented in “Table 8”. The results using sand paper 240 are presented in “Table 9”. 

Table 8 - Contact angle measurement of specimens sanded (sand paper 320) 

and cleaned with PFQD.   

  Measurements 

1 2 3 4 5 

θ left 
(°) 

θ rigth 
(°) 

θ left 
(°) 

θ rigth 
(°) 

θ left 
(°) 

θ rigth 
(°) 

θ left 
(°) 

θ rigth 
(°) 

θ left 
(°) 

θ rigth 
(°) 

1 98,32 96,95 97,7 97,47 92,47 94,57 97,47 99,04 94,52 94,54 

2 90,51 92,57 90,17 90,97 92,53 91,92 96,07 96,44 93,62 94,83 

3 106,22 103,57 90,96 91,18 94,71 94,49 92,87 94,16 101,61 101,5 

4 82,84 82,36 99,87 98,93 83,1 83,19 90,33 89,96 79,43 80,15 

5 91,91 92,93 99,41 99,48 89,78 88,96 94,95 94,95 88,91 91,43 

  Avarage (°) Avarage (°) Avarage (°) Avarage (°) Avarage (°) 

  93,82 95,61 90,57 94,62 92,05 
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  Measurements 

1 2 3 4 5 

θ left 
(°) 

θ rigth 
(°) 

θ left 
(°) 

θ rigth 
(°) 

θ left 
(°) 

θ rigth 
(°) 

θ left 
(°) 

θ rigth 
(°) 

θ left 
(°) 

θ rigth 
(°) 

1 76,15 76,4 84,7 81,49 76,65 76,67 82,95 82,66 87,47 86,29 

2 82 82,64 74,86 74,53 81,21 80,84 75,86 76,29 83,82 84,35 

3 77,04 77,77 73,18 74,63 76,81 76,75 79,93 79,49 80,64 83,98 

4 70,76 72,3 77,32 78,03 73,24 70,89 72,25 71,96 88,19 90,55 

5 80,94 81,08 71,73 72,33 73,62 74,25 78,82 78,93 78,27 81,17 

  Avarage (°) Avarage (°) Avarage (°) Avarage (°) Avarage (°) 

  77,71 76,28 76,09 77,91 84,47 

Table 9 - Contact angle measurement of specimens sanded (sand paper 240) 

and cleaned with PFQD. 

 

Comparing the two results, it is possible to observe that the ablation using the sand 

paper 240 had a better result by the fact the average angles are smaller. A smaller 

contact angle represents a higher wettability. Due to that, the specimen sanded with 

sand paper 240 was chosen for the microscopy evaluation. 

Sanding abrasion is a very simple and well-known surface treatment; however it 

causes damages in the surface by its aggressive approach as shown in “Figure 24”. 

It is also possible to observe increase of the roughness, exposed fibres, 

concentration of debris and fibre breaking.  

 

 

 

 



36 

 

 

 

b) Scale x400 

d) Scale x5000 

e) Fibre breaking detail scale  

x 10000 

f) Debris scale x 10000 

a) Scale x100 

c) Scale x1000 

Figure 24 - Sanded surface observed by different scales 
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The fact that sanding ablation is the only treatment that requires contact of the 

surface with other material suggested the analysis of the elements present in the 

surface. Due to that it was also performed the Energy-Dispersive X-Ray 

Spectroscopy (EDS).  

The EDS identified the presence of carbon, oxygen, sulphur, calcium and gold as 

shown in “ 

Figure 25”. By the fact the gold is only present in the surface due to the preparation 

process for the SEM, it was omitted of the next results.  

 

Figure 25 - Elements identified by Energy-Dispersive X-Ray Spectroscopy 

(EDS). 
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“Figure 26” and “Table 10” shows a quantitative reference of each element identified 

in the surface. 

 

Figure 26 - Quantitative graphic of the elements. 

 

Table 10 - Quantitative results of the identified elements. 

 

Element 

  Line 

      Net 

   Counts 

Net Counts 

       Error 

Weight % 

 

Weight % 

  Error 

Atom % 

 

Atom % 

  Error 

   C K    202361 +/-    614   92.20 +/- 0.28   94.57 +/- 0.29 

   O K        7112 +/-    225     6.47 +/- 0.20     4.98 +/- 0.16 

   S K        6902 +/-    213     0.52 +/- 0.02     0.20 +/- 0.01 

   S L             0 +/-      56       ---       ---       ---       --- 

  Ca K        6947 +/-    124     0.80 +/- 0.01     0.25 +/- 0.00 

  Ca L             0 +/-    250       ---       ---       ---       --- 

Total   100.00  100.00  
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3.5 TREATED WITH UV/OZONE 

For the study of the UV/Ozone, it was decided to test different parameters: treatment 

duration and sanding prior UV/Ozone.  

First were performed tests with treatment duration of 5, 6, 7 and 8 minutes in order to 

identify the optium exposure time. The results presented in Erro! Fonte de 

referência não encontrada.“Table 11” shows that the duration of 8 minutes 

presented the best results. Therefore, it was determined as standard for the following 

tests. 

  

Measurements - 5 minutes 

1 2 3 4 5 
θ left 
(°) 

θ rigth 
(°) 

θ left 
(°) 

θ rigth 
(°) 

θ left 
(°) 

θ rigth 
(°) 

θ left 
(°) 

θ rigth 
(°) 

θ left 
(°) 

θ rigth 
(°) 

1 51,71 51,23 51,05 50,55 51,06 49,42 60,53 61,54 50,29 50,76 

2 42,03 43,18 56,52 55,86 51,25 52,27 49,5 46,74 54,04 50,66 

  Avarage (°) Avarage (°) Avarage (°) Avarage (°) Avarage (°) 

  47,04 53,50 51,00 54,58 51,44 

  Avarage (°)  51,509           

  

Measurements - 6 minutes 

1 2 3 4 5 
θ left 
(°) 

θ rigth 
(°) 

θ left 
(°) 

θ rigth 
(°) 

θ left 
(°) 

θ rigth 
(°) 

θ left 
(°) 

θ rigth 
(°) 

θ left 
(°) 

θ rigth 
(°) 

1 38,66 39,64 32,66 33,91 34,81 34,12 33,91 34,81 34,03 33,36 

2 54,8 54,67 53,79 54,79 41,4 40,21 45,44 44,35 43,44 35,41 

  Avarage (°) Avarage (°) Avarage (°) Avarage (°) Avarage (°) 

  46,94 43,79 37,64 39,63 36,56 

  Avarage (°)  40,910           

  

Measurements - 7 minutes 

1 2 3 4 5 
θ left 
(°) 

θ rigth 
(°) 

θ left 
(°) 

θ rigth 
(°) 

θ left 
(°) 

θ rigth 
(°) 

θ left 
(°) 

θ rigth 
(°) 

θ left 
(°) 

θ rigth 
(°) 

1 47,32 47,69 37,38 38,45 43,34 42,62 51,92 49,93 45,28 44,72 

2 37,91 39,62 36,63 37,92 39,44 37,6 32,72 34,85 36,41 35,41 

  Avarage (°) Avarage (°) Avarage (°) Avarage (°) Avarage (°) 

  43,14 37,60 40,75 42,36 40,46 

  Avarage (°)  40,858           

 

  

Measurements - 8 minutes 

1 2 3 4 5 
θ left 
(°) 

θ rigth 
(°) 

θ left 
(°) 

θ rigth 
(°) 

θ left 
(°) 

θ rigth 
(°) 

θ left 
(°) 

θ rigth 
(°) 

θ left 
(°) 

θ rigth 
(°) 

1 26,58 23,47 51,74 51,86 51,94 53,16 21,95 20,72 35,61 34,4 
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2 36,55 35,4 48,92 49,55 38,77 39,2 44,9 45,04 48,48 46,48 

  Avarage (°) Avarage (°) Avarage (°) Avarage (°) Avarage (°) 

  30,50 50,52 45,77 33,15 41,24 

  Avarage (°)  40,236           

Table 11 - Comparison of contact angle for different UV/Ozone exposure time. 

In order to get a more accurate result, a few more tests were performed for the 

UV/Ozone with 8 minutes’ exposure. These results are presented in “Table 12”. 

  

Measurements 

1 2 3 4 5 
θ left 
(°) 

θ rigth 
(°) 

θ left 
(°) 

θ rigth 
(°) 

θ left 
(°) 

θ rigth 
(°) 

θ left 
(°) 

θ rigth 
(°) 

θ left 
(°) 

θ rigth 
(°) 

1 47,32 47,69 37,38 38,45 43,34 42,62 51,92 49,93 45,28 44,72 

2 37,91 39,62 36,63 37,92 39,44 37,6 32,72 34,85 36,41 35,41 

3 47,11 48,95 50,54 49,49 43,84 42,91 39,88 39,28 41,26 41,23 

4 30,81 28,48 34,01 35,36 35,91 33,99 45,55 44,55 33,99 31,82 

5 39,46 40,33 42,64 42,64 49,8 48,32 42,81 42,82 39,64 38,76 

  Avarage (°) Avarage (°) Avarage (°) Avarage (°) Avarage (°) 

  40,77 40,51 41,78 42,43 38,85 

           
Table 12 - Results for UV/Ozone with 8 minutes' exposure. 

One question was if sanding the sample before treating with the UV/Ozone would 

result in a better wettability. In order to answer this, it was measured the contact 

angle in this configurtion. The results are presented in “Table 13”. 

 

Table 13 - Contact angle for specimens sanded before treated with UV/Ozone. 

In order to analyse only the effects of the UV/Ozone in the surface, it was chosen to 

observe in the SEM the specimens without prior sanding. 

  

Measurements 

1 2 3 4 5 

θ left (°) θ rigth (°) θ left (°) θ rigth (°) θ left (°) θ rigth (°) θ left (°) θ rigth (°) θ left (°) θ rigth (°) 

1 24,24 24,27 16,56 16,44 26,28 23,15 18,38 22,83 18,73 18,8 

2 12,37 12,47 17,55 16,53 12,01 10,38 16,38 14,99 12,21 9,7 

3 12,54 12,74 13,52 12,01 15,73 16,45 13,42 11,91 21,93 20,4 

4 13,69 15,38 12,47 16,42 21,38 22,59 13,45 11,64 12,75 13,52 

5 20,96 19,92 19,72 19,04 24,89 24,67 19,49 18,16 18,32 17,7 

  Avarage (°) Avarage (°) Avarage (°) Avarage (°) Avarage (°) 

  16,86 16,03 19,75 16,07 16,41 
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The UV/Ozone affects mostly chemically the surface, due to that it is not possible to 

observe great surface change in “Figure 27”, only a slight irregularities reduction. 

3.6 TREATED WITH UV/OZONE AND CONTAMINATED WITH MARBOKOTE 

In order to quantify how much the contaminant affects the wettability after treatment, 

it was checked the contact angle of specimens treated with UV/Ozone and later 

contaminated with Marbokote. The results presented in “Table 14” show an increase 

of the contact angle of more than 2 times.  

  

Measurements 

1 2 3 4 5 
θ left 
(°) 

θ rigth 
(°) 

θ left 
(°) 

θ rigth 
(°) 

θ left 
(°) 

θ rigth 
(°) 

θ left 
(°) 

θ rigth 
(°) 

θ left 
(°) 

θ rigth 
(°) 

1 111,14 110,9 111,63 110,79 110,46 110,6 110,33 109,49 111 110,4 

2 111,96 112,17 110,53 110,38 109,46 109,28 110,54 110,07 111,11 111,06 

3 111,3 110,92 110,72 110,2 109,56 109,03 111,67 110,9 110,65 110,18 

a) Scale x100 b) Scale x400 

c) Scale  x1000 d) Scale  x5000 

Figure 27 - Specimen treated with UV/Ozone observed by different scales 
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4 11,34 110,59 109,3 109,25 110,32 109,99 110,64 110,6 11,03 110,46 

5 111,42 110,95 109,9 109,75 109,14 109,21 110,78 109,79 109,99 109,88 

  Avarage (°) Avarage (°) Avarage (°) Avarage (°) Avarage (°) 

  101,27 110,25 109,71 110,48 100,58 

Table 14 - Contact angle measurement of speciments treated with UV/Ozone 

and later contaminated with Marbokote. 

3.7 ATMOSPHERIC PLASMA 

A similar study was performed for the atmospheric plasma in order to stabilish a 

standard time exposure for the surface treatment. 

The results are presented in “Table 15"Erro! Fonte de referência não encontrada.. 

  

Measurements - 20 seconds 

1 2 3 4 5 
θ left 
(°) 

θ rigth 
(°) 

θ left 
(°) 

θ rigth 
(°) 

θ left 
(°) 

θ rigth 
(°) 

θ left 
(°) 

θ rigth 
(°) 

θ left 
(°) 

θ rigth 
(°) 

1 87,29 85,28 85,27 83,63 80,32 81,4 86,81 84,1 85,83 84,88 

  Avarage (°) Avarage (°) Avarage (°) Avarage (°) Avarage (°) 

  86,29 84,45 80,86 85,46 85,36 

  

Measurements - 30 seconds 

1 2 3 4 5 
θ left 
(°) 

θ rigth 
(°) 

θ left 
(°) 

θ rigth 
(°) 

θ left 
(°) 

θ rigth 
(°) 

θ left 
(°) 

θ rigth 
(°) 

θ left 
(°) 

θ rigth 
(°) 

1 61,15 60,86 61,75 59,38 70,66 68,66 81,45 79,72 66,71 66,27 

  Avarage (°) Avarage (°) Avarage (°) Avarage (°) Avarage (°) 

  61,01 60,57 69,66 80,59 66,49 

  Avarage (°)  67,661           

  

Measurements - 40 seconds 

1 2 3 4 5 
θ left 
(°) 

θ rigth 
(°) 

θ left 
(°) 

θ rigth 
(°) 

θ left 
(°) 

θ rigth 
(°) 

θ left 
(°) 

θ rigth 
(°) 

θ left 
(°) 

θ rigth 
(°) 

1 70,14 69,08 60,74 59,18 72,6 73,07 67,65 63,49 57,47 62,5 

  Avarage (°) Avarage (°) Avarage (°) Avarage (°) Avarage (°) 

  69,61 59,96 72,84 65,57 59,99 

  

Measurements - 50 seconds 

1 2 3 4 5 
θ left 
(°) 

θ rigth 
(°) 

θ left 
(°) 

θ rigth 
(°) 

θ left 
(°) 

θ rigth 
(°) 

θ left 
(°) 

θ rigth 
(°) 

θ left 
(°) 

θ rigth 
(°) 

1 67,56 67,72 66,62 67,79 61,93 63,15 63,57 63,77 61,9 61,34 

  Avarage (°) Avarage (°) Avarage (°) Avarage (°) Avarage (°) 

  67,64 67,21 62,54 63,67 61,62 

  

Measurements - 60 seconds 

1 2 3 4 5 

θ left θ rigth θ left θ rigth θ left θ rigth θ left θ rigth θ left θ rigth 
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(°) (°) (°) (°) (°) (°) (°) (°) (°) (°) 

1 62,58 62,06 58,92 60,06 76,65 75,44 64,34 64,08 64,1 62,57 

  Avarage (°) Avarage (°) Avarage (°) Avarage (°) Avarage (°) 

  62,32 59,49 76,05 64,21 63,34 

Table 15 - Contact angle comparison for different exposure time. 

By the fact the best result was with time of 50 seconds, more tests were made in 

order to have a more accurate result and presented in “Table 16”. 

  

Measurements 

1 2 3 4 5 
θ left 
(°) 

θ rigth 
(°) 

θ left 
(°) 

θ rigth 
(°) 

θ left 
(°) 

θ rigth 
(°) 

θ left 
(°) 

θ rigth 
(°) 

θ left 
(°) 

θ rigth 
(°) 

1 67,56 67,72 66,62 67,79 61,93 63,15 63,57 63,77 61,9 61,34 

2 64,24 64,8 66,64 68,42 72,65 73,7 82,63 82,27 73,27 72,46 

3 62,34 61,78 74,41 74,37 63,27 61,76 61,97 64,07 63,17 62,35 

4 62,38 63,57 65,18 66,27 61,15 60,72 63,5 63,55 62,82 63,16 

5 62,73 63,51 60,62 59,21 62,45 62,69 68,42 66,06 63,42 63,17 

  Avarage (°) Avarage (°) Avarage (°) Avarage (°) Avarage (°) 

  64,06 66,95 64,35 67,98 64,71 

Table 16- Contact angle of specimens treated with atmospheric plasma during 

50 seconds. 

Two points were expected to have influence in the resulted surface: the heat and the 

manual distribution. When exposed to heat the material tends to expand and after 

cooling down it is possible to observe in “Figure 28” some physic effects as fibre 

damage and lack of resin, especially in the edge of the fibre.  
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a)  Scale  x100 b) Scale x400 

c) Scale x1000 d) Scale  x5000 

e) Scale  x5000 f) Scale x10000 

Figure 28 - Surface treated with atmospheric plasma observed by 

different scales 
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3.8 LASER 

All the specimens were treated using the Sirius 1000 Laser as shown in “Figure 29”. 

A 1 kW excimer laser, which generates 1J pulses at an optical wavelength of 308 

nm. The pulse length is 200 ns and the maximum energy density is greater than 5 

J/cm². The laser has a beam profile over a 28 mm beam diameter. 

 

The test was divided in two parts. First, the test is going to be performed with a larger 

range of the fluence (J/cm²). The fluence value that results in a better wettability 

according to the contact angle measurement, is going to be the reference to the 

second part of the test. In this part, the range for the fluence is smaller, converging to 

the best result to be used for the peel test. 

The initial tests were following the values presented in “Table 17”. 

 

 

 

Figure 29 a) Sirius 1000 Laser 

Equipment 

b) Pulse hitting the specimen 
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Configuration Laser power level (fluence) Number of samples 

LS1 0,53 J/cm² 1 

LS2 1,1 J/cm² 1 

LS3 1,86 J/cm² 1 

LS4 2,67 J/cm² 1 

Table 17 - Laser test (Part 1) 

The results of the contact angle measurement are presented in “Table 18”. 

LS
1 

Measurements  

1 2 3 4 5 
θ left 
(°) 

θ rigth 
(°) 

θ left 
(°) 

θ rigth 
(°) 

θ left 
(°) 

θ rigth 
(°) 

θ left 
(°) 

θ rigth 
(°) 

θ left 
(°) 

θ rigth 
(°) 

1 77 76,08 78,96 79,52 77,82 77,5 77,49 75,67 78,19 77,49 

  Avarage (°) Avarage (°) Avarage (°) Avarage (°) Avarage (°) 

  76,54 79,24 77,66 76,58 77,84 

LS
2 

Measurements  

1 2 3 4 5 
θ left 
(°) 

θ rigth 
(°) 

θ left 
(°) 

θ rigth 
(°) 

θ left 
(°) 

θ rigth 
(°) 

θ left 
(°) 

θ rigth 
(°) 

θ left 
(°) 

θ rigth 
(°) 

1 68,71 71,48 68,16 69,14 76,41 75,15 71,71 66,61 66,71 66,27 

  Avarage (°) Avarage (°) Avarage (°) Avarage (°) Avarage (°) 

  70,10 68,65 75,78 69,16 66,49 

  Avarage (°)  70,035           

LS
3 

Measurements 

1 2 3 4 5 
θ left 
(°) 

θ rigth 
(°) 

θ left 
(°) 

θ rigth 
(°) 

θ left 
(°) 

θ rigth 
(°) 

θ left 
(°) 

θ rigth 
(°) 

θ left 
(°) 

θ rigth 
(°) 

1 67,9 68,4 76,09 70,82 72,64 73,6 75,39 74,04 73,03 73,43 

  Avarage (°) Avarage (°) Avarage (°) Avarage (°) Avarage (°) 

  68,15 73,46 73,12 74,72 73,23 

LS
4 

Measurements  

1 2 3 4 5 
θ left 
(°) 

θ rigth 
(°) 

θ left 
(°) 

θ rigth 
(°) 

θ left 
(°) 

θ rigth 
(°) 

θ left 
(°) 

θ rigth 
(°) 

θ left 
(°) 

θ rigth 
(°) 

1 75,14 76,03 74,76 75,08 75,67 76,44 73,17 72,8 76,34 76,55 

  Avarage (°) Avarage (°) Avarage (°) Avarage (°) Avarage (°) 

  75,59 74,92 76,06 72,99 76,45 

Table 18 - Comparison of the contact angle of the laser test (Part 1). 

As the best result was when the specimen was treated with fluence level of 1,1 

J/cm², this value was chosen as reference for the Laser Test - Part 2. It was also 
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tested if splitting the total energy per cm² would have a different effect in the surface 

instead of shooting all the energy in a single pulse. 

The details of the Part 2 are presented in “Table 19”. For each configuration 4 

specimens were tested, being the 4th specimen tested with double pulse. 

Configuration Laser power level (fluence) 

LS5 0,81 J/cm² 

LS6 1,04 J/cm² 

Table 19  - Parameters for Laser Test - Part 2 

The results of the contact angle measurement for the Part 2 test is presented in 

“Table 20”. In the author’s opinion, the results may be affected by the fact these tests 

were performed after observing the specimens with SEM. The specimens were 

cleaned, but it was not possible to remove all the gold from the surface. 

LS
5 

Measurements 

1 2 3 4 5 
θ left 
(°) 

θ rigth 
(°) 

θ left 
(°) 

θ rigth 
(°) 

θ left 
(°) 

θ rigth 
(°) 

θ left 
(°) 

θ rigth 
(°) 

θ left 
(°) 

θ rigth 
(°) 

1 77,39 77,66 79,05 80,23 78,67 80,53 83,69 85,06 78,19 78,61 

2 79,56 80,37 79,49 80,71 83,6 81,1 83,01 81,66 80,8 80,76 

3 82,87 81,7 80,16 80,89 79,03 78,82 81,35 80,6 81,84 81,71 

4* 91,5 91,66 90,22 90,22 91,57 90,69 90,46 89,85 90,88 90,11 

  Avarage (°) Avarage (°) Avarage (°) Avarage (°) Avarage (°) 

  79,93 80,09 80,29 82,56 80,32 

LS
6 

Measurements 

1 2 3 4 5 
θ left 
(°) 

θ rigth 
(°) 

θ left 
(°) 

θ rigth 
(°) 

θ left 
(°) 

θ rigth 
(°) 

θ left 
(°) 

θ rigth 
(°) 

θ left 
(°) 

θ rigth 
(°) 

1 79,4 80,31 77,81 79,94 78,75 78,66 78,49 77,12 78,5 79,62 

2 81,28 83,65 81,31 84,88 81,25 79,65 76,35 77,05 83,18 81,02 

3 78,84 80,13 77,79 77,33 83,19 85,31 66,63 71,24 81,32 80,29 

4* 83,3 83,3 94,51 94,29 80,99 80,93 81,88 82,61 83,94 83,83 

  Avarage (°) Avarage (°) Avarage (°) Avarage (°) Avarage (°) 

  80,60 79,84 81,14 74,48 80,66 

Table 20 - Comparison of the contact angle of the Laser test (Part 2) 
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The configurations chosen to be analysed with the SEM were those ones which were 

evaluated as the ones that could show different effects on the surface. These are 

presented in “Table 21”. 

 

Configuration Fluence (J/cm²) Number of pulses 

LS2 1,0 1 

LS4 2,6 1 

LS5-1 0,81 1 

LS5-2 0,81 2 

LS6-1 1,15 1 

LS6-2 1,15 2 

 

Table 21 – Configuration of Laser specimens analysed using SEM. 

The evaluation of each configuraion is presented bellow. 

 

3.8.1  LS2   

In  

Figure 30 is possible to observe that the fibres are more exposed, and the surface 

smoother, however it is still possible to observe some irregularities and debris in the 

edge of the fibre. 
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a) Scale x40.000 Scale x10.000 

b) Scale x5000 c) Scale x1000 

d) Scale x400 e) Scale x100 

 

Figure 30 - Laser test configuration 2 observed by SEM in different 

scales. 
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3.8.2  LS4 

Congiguration 4 presents the highest energy level applied, and due to that it was 

expected to observe consequences of the high energy. Indeed, it is possible to 

observe in “Figure 31” debris, voids and burns, however even with a high energy it 

was not observed damages in the fibres. 

 

b) Scale x400 

 

a) Scale x100 

c) Scale x1000 d) Scale x5000 

e) Scale x10.000 f) Scale x40.000 

Figure 31 - LS4 observed by SEM in different scales. 
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3.8.3  LS5-1 

In configuration 5 with single pulse is also possible to observe in “Figure 32” clean 

fibres, but more debris in the surface were observed. 

 

Figure 32 - LS5-1 with single pulse observed by SEM in different scales. 
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3.8.4 LS5-2 

The configuration LS5 with double pulse had less fibre exposure, but also less debris 

as observed in “Figure 33”. 

Figure 33 - LS5 with double pulse observed by SEM in different scales. 

a) Scale x100 b) Scale x400 

c) Scale x400 d) Scale x1000 

e) Scale x5000 f) Scale x10.000 
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3.8.5 LS6-1 

The configuration LS6 with single pulse presented a better exposure of the fibres, 

as shown in “Figure 34”. 

 

a) Scale x100 b) Scale x400 

c) Scale x1000 d) Scale x5000 

e)Scale x10.000  

Figure 34 - LS6 with single pulse observed by SEM in different scales. 
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3.8.6 LS6-2 

For specimens treated with the configuration LS6 but with double pulse it is possible 

to observe in “Figure 35” the same fibre exposure but with less debris when 

comparing with the specimens treated with a single pulse. 

 

Figure 35 – LS6 with double pulse observed by SEM in different scales. 

a) Scale x100 b) Scale x400 

c) Scale x1000 d) Scale x5000 

e) Scale x5000 
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3.9 SURFACE EVALUATION CONCLUSION 

The study of the surface teatments influence regardings wettability and visual 

evaluation of the SEM images allows a more detailed understanding of the surface 

treatments effects. All the treatments tested presented an increase of the wettability 

in different levels. The best result regarding to wettability was with the UV/Ozone 

after sanding. The comparison of the contact angle measurement is presented in       

“ 

Figure 36”.  

 

Figure 36 - Comparison of average contact angle for different surface 

treatments. 

Regarding to the contaminant Marbokote, it increases the contact angle in more than 

60° when comparing with the specimens treated with UV/Ozine, as shown in “Figure 

37”. The comparison also shows that the surface treatment prior contamination does 

not have an influence in the final contact angle. 
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The SEM images add details in order to understand the surface effects. Sanding 

ablation that is a well-known treatment presented intense surface damage, which 

was evaluated as prejudicial to adhesion strength.  

The images of the specimens treated with laser showed a smooth surface and clean 

fibres like no other treatment. And specimens treated with double pulse presented 

less debris than the ones treated with a single pulse. However, it is slower and more 

expensive procedure than the other procedures presented in this study.  

Due to that, it was decided to make a comparison of the adhesion strength of 

specimens treated with UV/Ozone, Atmospheric Plasma and Sanding, since those  

are well stablished and the results obtained regarding to wettability were not enough 

to clearly distinguish one as better than the other. 

In the authors opinion, it is interenting to futhermore be perfomed a separated study 

to make a detailed calibration in order to determine the adhesion strength of surfaces 

treated with laser.  

 

Figure 37 - Contact angle after contamination with Marbokote. 
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4 ADHESION STRENGTH EVALUATION 

The adhesion strength evaluation is presented in 4 steps: a) validate the adhesive, b) 

test the adhesion strength resulted by different surface treatments, c) perform 

composite peel test with contaminated areas and d) correlate the peel test with the 

hyper-spectral imaging. 

4.1 ADHESIVE VALIDATION BY FLOATING ROLLER PEEL TEST 

In order to verify the adhesive quality, it was performed the ASTM D3167-10 

Standard Test Method for Floating Roller Peel Resistance of Adhesives (ASTM 

D3167-10, 2010).  

The adhesive used to bond two clad Aluminium alloy 2024 plates was the AF163-2K 

(3M™ Scotch-Weld™ Structural Adhesive Film AF 163-2 Technical Datasheet). The 

plates were treated with chromic acid anodizing and primed with BR 127 (Cytec 

Engineered Materials, Tempe, Arizona, USA). First the plates were cleaned with 

acetone and then applied the film adhesive as shown in “Figure 38”. The flexible 

aluminium sheets were 0.5mm thick, and the rigid aluminium sheets were 1.6mm 

thick. 

Figure 38 - Application of the adhesive. 

a) Adhesive application a) Adhesive application in detail 
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The adhesive required a curing cycle in the autoclave of 90 minutes at 120°C and 3 

bar (3M™ Scotch-Weld™ Structural Adhesive Film AF 163-2 Technical Datasheet). 

4.1.1 Test Result 

Accordingly to the adhesive datasheet (3M™ Scotch-Weld™ Structural Adhesive 

Film AF 163-2 Technical Datasheet), the Metal to Metal Floating Roller Peel Strength 

is 78 piw. This value is approximately 340 N/25mm. In the test performed the 

average adhesion strength was not equivalente to the datasheet as shown in “Table 

22”. However, it was possible to find in the literature an adhesion strength of 222 

N/25mm (Teixeira de Freitas, 2015), which is similar to the results obtained in this 

work. 

Specimen ID Fmax  Fmin Fwith 

  N /25mm N /25mm N /25mm 

MM_AF163_1 242 199 216 

MM_AF163_2 294 226 256 

MM_AF163_3 292 242 267 

 

 

The specimens’ behaviour is presented in “Figure 39”. 

Figure 39 - Metal to Metal Floating Roller Bell Peel Strength Result 

 

Table 22 - Adhesion strength of metal-metal bonded specimens. 
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4.2 COMPOSITE FLOATING ROLLER PEEL TEST 

Once the adhesive was validated according to the metal to metal bond standard and 

literature, the adhesion strength of pre treated composite bonded joints were tested 

according to the Composite Floating Roller Peel Test (Teixeira de Freitas, 2015). 

The avarage adhesion strength for each pre treatement tested is presented in “Figure 

40”. 

 

Figure 40 - Comparison of Average Adhesion Strength for Different Surface 

Treatments 

This result is curious by the fact that specimens treated with atmospheric plasma 

presented a similar adhesion strength to standard specimens only claned with PFQD. 

Due to that a particular investigation was performed for this case. 

The adhesion strength of specimens treated with UV/Ozone showed up to 3 times 

higher than the specimens treated with Atmospheric Plasma. The reason of this 

difference is justified by the kind of failure of each specimen. As shown in “Figure 

41”, the specimen treated with atmospheric plasma presented an adhesive failure, 

while the specimen treated with UV/Ozone presented mostly interlaminar failure.  
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Figure 41 – Speciemens failure investigation 
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In order to explain the reason why the atmospheric plasma did not have a strong 

adhesion, it would be necessary an investigation of the parameters of the equipment. 

Points as grease and exposure time to the flame would be a good start. 

4.3 COMPOSITE FLOATING ROLLER PEEL TEST AND CONTAMINATION  

As presented previously in this work, the contaminant increases the wettability, which 

is one of the factors for the adhesion strength. In order to compare and quantify the 

adhesion strength with and without contaminant, a Composite Floating Roller Peel 

Test was performed.  

A contamination layout using Teflon sheets, as presented in “Figure 42”, was used in 

order to create a standard of the contamination and well-defined edges. For the 

contamination, 3 layers of Marbokote were applied to the surface using a cloth with 

10 minutes between the applications. 

 

 

Figure 42 - Contamination Layout 
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After the contamination the specimens were bonded and then tested. For this step, it 

was selected the surface treatments that presented higher adhesion strength, 

UV/Ozone and sading.  As presented in “Figure 43” and “Figure 44”, the 

contaminated area clearly has lower adhesion strength for both cases. 

 

 

Figure 43 - Composite Floating Roller Peel Test result for specimens treated 

with UV/Ozone and contaminated with Marbokote. 
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Figure 44  - Composite Floating Roller Peel Test result for sanded specimens 

and contaminated with Marbokote. 

 

4.4 COMPOSITE FLOATING ROLLER PEEL TEST VERSUS HYPER-SPECTRAL 

IMAGING 

In order to map the contamination in the surface, the Hyper-Spectral Images were 

takes in the same day of the test. This contributes to have an image of the surface 

with no significant aging agents. The spectral signature of the reference vectors used 

for the Reference Component Analysis (RCA) are presented ion “Figure 45”. 
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Figure 45 -  Spectral signature of the reference vectors 

 

Performing Hyper-Spectral Imaging can be a challenge, due to parameters as 

material with low reflection, which was observed in the carbon fiber specimens. As 

result of that, only the speciments treated with UV/Ozone were analysed.  

When comparing adhesion strength with the hyper-spectral image, it is possible to 

correlate the low adhesion strength with the contaminated area, as shown in “ 

Figure 46”.  In the RGB image the adhesive reference vector was determined as red 

colour, the contaminant reference vector as green and the fibre reference vector as 

blue. 
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Figure 46 - Correlation of the adhesion strength and the contaminated area. 

With the RCA it is possible to visualize the three types of failure in the specimen: 

adhesive, cohesive and interlaminar failure. As the RCA results in a RGB image, it is 

possible to calculate the numbers of pixels of each colour. This way is obtained the 

percentage of each failure mode in the surface. 

The count of the pixels is done accessing the histogram of the image, as shown in 

“Figure 47”. In order to have a comparison of the failure in the non-contaminated 

area with the contaminated are, the histogram of these areas is done separately.  

Peel direction 
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Figure 47 - Histogram example 

In “Figure 48”, a comparison of the failure types in the contaminated and non-

contaminated areas. It is important to remember that the test starts in the non-

contaminated area and then enters the contaminated area. This way is possible to 

observe a decrease of cohesive and interlaminar failures and an increase of 

adhesive failure in the contaminated area. 

Figure 48 - Comparison of failure types in contaminated and non-contaminated areas.   
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5 CONCLUSION 

This work presented a line of study that allows the understanding of different surface 

treatments influence for composites and, for those present in the laboratory, gives a 

comparison of its influence in adhesion strength.  

The specimens treated with UV/Ozone and Atmospheric Plasma had the best results 

when comparing the wettability. However, in the destructive test, the specimens 

treated with UV/Ozone and Sanding Ablation presented the best results. 

The Composite Peel Test showed to be an effective test for also identifying weak 

bonds. In the contaminated areas it was clear how the adhesion strength drops. 

Another point is that adhesion strength is directly related with the type of failure in the 

surface.  

The hyperspectral image showed to be effective in identifying different failure types in 

the surface. Although, it is a challenge to identify different reference vector for the 

carbon fibre surface and the contamination. That happens due to the low reflection of 

the carbon fibre. 

Some recommendations for this work are to try to quantify the contamination, refine 

the hyperspectral images analysis, try different contaminants and quantify the 

interlaminar strength. 
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