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Abstract

In this investigation, two objectives have been pursued: the effects

of atmospheric pressure plasma treatment on the surface of carbon

fiber composites reinforced with phenolic resin matrix, with the goal

of increase wettability and adhesion of epoxy resin, and the search of

the best air bubble removal techniques for epoxy resin.

A substantial improvement in the surface wettability of carbon

fiber composites is observed with drop contact angle measurements

after the atmospheric plasma treatment. The plasma has been created

using three different gas mix (He, He with 1% O2, He with 1% N2),

than the best working gas has been found. Adding 1% of O2 or N2 to

helium increases effectiveness of the plasma in polymer surface mod-

ification. It is observed that the surface modification of carbon fiber

plate by atmospheric pressure plasma increases both surface energy

and bonded joint strength. Scanning electron microscopy of untreated

and atmospheric plasma treated specimens is carried out to examine

the surface morphology. XPS and FTIR investigations have been con-

ducted to find out the chemical composition and modifications of the

surface. The improvement in adhesion properties of these materials

is correlated with lap shear strength of adhesive bonded joints. Lap

shear tests results for these materials show 40% improvement in joint

strength after atmospheric plasma treatment.

The air bubble removal from the epoxy resin is studied using var-

ious method. It is observed that the more efficient method is done

combining vacuum degassing with heating the substrate. This allows
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a more dense epoxy with less failure risks due to air presence.
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1 Introduction

In recent times, considerable efforts are being made for the development

of new composite and polymeric materials with higher strength to weight

ratio as well as thermomechanical properties. These materials are often used

by adhesive bonding to form structural components. The adhesive bonding

technique has shown itself capable of replacing conventional joining methods

such as riveting, welding, and mechanical fastening in a variety of applications

because of better fatigue performance and high strength to weight ratio [1,2].

Stress concentration is caused by mechanical methods and the overall load

capacity of the structure is reduced [3]. An adhesive joint can distribute the

applied load over the entire bonded area with more uniform stress distribution

[3,4].

The use of adhesive bonding for aerospace application was restricted due

to low thermal and mechanical properties of adhesives. However, due to the

development of high performance adhesives, the use of bonding technique

in space industry has been increased rapidly in last few decades. In this

context, recently developed epoxy resins have excellent resistance to most

acids, alkalis, solvents, corrosive agents, radiation [5], making it extremely

interesting and useful for aeronautic and space applications.

The application of this research is about new generation drones with

wings connected to the body by using an adhesive bonding.

Polymers have excellent bulk physical and chemical properties, are cheap,

and easy to treat. However, very often they do not possess the surface prop-
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erties needed for better adhesive bonding. They are normally hydrophobic

and in general show insufficient adhesive bond strength due to relatively low

surface energy [6]. For successful application of polymers to form structural

parts using adhesive bonding (particular and important interest of aerospace

industry), they need to have special surface properties like hydrophilicity [7]

and correct chemical groups. Due to these reasons, surface preparation of

polymeric adherends is then most important factor in the adhesive bonding

process.

The main purpose of surface preparation is to improve the adhesion prop-

erties to such an extent that adhesive failure does not take place. This

research focuses on carbon fiber composites reinforced with phenolic resin

matrix surface preparation with plasma treatment.

Plasma surface treatment is regarded as an environmentally friendly pro-

cess since no chemicals are involved and also as an effective way to modify the

bondability and wettability of polymer surface by introducing polar groups

without affecting the bulk properties [8, 9, 10]. Plasma surface treatment is

often the preferred way to treat the surfaces as it offers more stable and long-

lasting surface energy enhancement than any other treatments [11]. However,

conventional plasma treatment has also negative aspects: it requires a low

pressure (partial vacuum) and thus, the parts must be processed in a vacuum

chamber, restricting the part size; the price of the setup is not negligible.

In this study, atmospheric pressure plasma has been used.

Plasmas operating at atmospheric pressure (AP) have found widespread

commercial use as a tool for the pretreatment of polymers [12] .Atmospheric
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pressure plasma has been developed to operate at near ambient tempera-

ture and atmospheric pressure eliminating the expensive vacuum systems

[11,13]. AP are interesting alternative to other pretreatment methods (e.g.

low-pressure plasma or wet chemical treatment) because of in-line process

capabilities, relatively low costs, and low requirements on personal and en-

vironmental safety. Plasma has been created using three different gas mix

(He, He with 1% O2, He with 1% N2). The wettability of the specimens was

estimated both for untreated and plasma treated specimens through drop

contact angle measurements.

Scanning electron microscopy was used to study the effect of atmospheric

plasma treatment on the surface roughness of specimens.

The adhesion properties of the activated surfaces are evaluated by lap

shear tests. Lap shear testing was carried out for bonded joints of all the

three types of mixed gases plasmas in order to determine the joint strength.

1.1 State of art

In the last 40 years, plasma applications have been various, especially in

welding and semiconductor production. Especially in this one, plasma is

used for specific surface treatments with the aim of increase the wettabil-

ity of the surface, activate it and cover it with a thin film. All of this is

possible thanks to the great amount of active species present in the plasma

that react with the surface, and thanks to the low temperature at which

plasma can be created. Those plasmas, though, need vacuum setups, that
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give the name of low-pressure plasmas. For sure, this aspect strongly limits

the possible applications for many reasons. First of all, it’s not possible to

work with materials that don’t stand high vacuum or that can be damaged

by those pressures. Dimensions of objects that can be treated are limited by

the vacuum chamber size, that can’t be so big for economical and practical

reasons. Lastly, the systems that generate and maintain vacuum pressures

are typically expensive. This leaded plasma treatment to be used only for

special applications with high interest, for example the production of some

selected semiconductors.

Recently, the new system of plasma, called Atmospheric Pressure Plasma

(APP), can supply innovative aspects that overcome the previous listed dis-

advantages, allowing a wide application of the plasma treatments. In par-

ticular, it can be used for cheaper applications, as it doesn’t require vacuum

systems. It’s faster, because there is no insertion phase of the piece to be

treated, and it can be used in in-line process.

APP treatments have been recent subjects for scientific researches dur-

ing the last 10 years. It has been widely used to improve polymer coating,

adhesion and painting, by the mechanism of cleaning surface and introduc-

ing polar groups (–COOH, –OH), thus increasing surface energy, wettability

and adhesion capability without affecting bulk properties. For this reason,

plasma treatment is considered to be able to modify a lot of types of surface

and enhance surface energy, as it has been observed with for example glass,

ABS, polycarbonate, polyolefins, or polyester, where APP is used to pretreat

polyester fabric in order to provide an active surface for the ink jet printing.
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Also, the preparation of hydrophobic film on glass surface can be carried out

by this treatment type.

APP has been used to clean and activate polymeric surfaces for exam-

ple by H.M.S. Iqbal, S. Bhowmik and R. Benedictus from the Faculty of

Aerospace Engineering, Delft University of Technology, [23], during 2010.

They investigated the effects of atmospheric pressure plasma treatment on

the surface energy of polyetheretherketone (PEEK), carbon fibers (CF) and

glass fiber (GF) reinforced polyphenylenesulfide (PPS). To study the effect of

plasma treatment, all three materials were treated with atmospheric pressure

plasma. Samples were plasma treated using TIGRES Plasma-BLASTER

MEF equipment. It operates at 230V and 50/60HZ frequency.

So it can be seen that a multitude of materials can be treated by APP.

With glass surface, for example, it has been seen [45] that contact angle val-

ues diminished upon the application of the preparation process, involving an

improvement in surface energy. APPT (atmospheric pressure plasma torch)

treatment not only promoted the cleaning of the surfaces, but also increased

the amount of surface valleys due to plasma flux impact, thus improving ad-

hesion. At a final glance, glass bonded with epoxy, silicone or cyanoacrylate

did not show statistical differences in strength for the untreated adherent

sand with APPT, in contrast with APPT glass–polyurethane adhesive bond-

ings.

Previous studies have investigated the use of air plasmas for the activa-

tion of temperature sensitive polymers prior to adhesive bonding [27-29] and

textile polymer treatment [30]. The effect of the plasma is to bombard the
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surface with free radicals, electrons and ions resulting in the decomposition

of organic molecules with lower-molecular-weight polymer chains that can

vaporize off (ablate) from the surface.

Air is often used for plasma applications, as it’s a natural part of our

environment, and special attention is given in the last decades to the study

of plasmas in air at atmospheric pressure and their applications.

Air is used especially to clean the surfaces. It has been used in the removal

of a 5–8 nm thick layer of FreKote 710-NC, a widely used mold release agent,

from composite material surface. [46] During that research, it has been seen

that a 7% enhancement in lap-shear strength was achieved with the plasma

treatment compared to grit blasting.

In literature we can find studies about atmospheric pressure plasmas using

other gases, different from air. Those gases are introduced in the researches

to try to increase the benefits of the treatments, using special characteristics

of the molecules activated in the different situations.

Bowditch and Shaw [1] have revealed that when oxygen gas was used to

modify polymer surfaces, it resulted in the most effective way to introduce

the hydrophilicity to a polymer surface. Adhesion properties are also strongly

influenced by the surface topology. It can be seen that APP can be used to

treat polymeric fibers to increase the adhesion to epoxy resin to produce fiber

reinforced materials.

Y. Ren, C. Wang and Y. Qiu [19] had found that the amount of oxy-

gen added to the carrier gas helium has a significant influence on the APPJ

treatment and the aging effect. The excited species of helium have relatively
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long lifetime (1 ms to 1 s) known as metastable species at a high excitation

energy of 19.8 eV to 20.6 eV, while oxygen molecules have ionization poten-

tial of 13.6 eV. Therefore, when a metastable helium atom collides with an

oxygen molecule, the oxygen can be ionized because its ionization energy is

lower than the excitation energy of metastable helium. The reaction can be

described as follows: He∗ +O2 → O+
2 +He+ e− which is known as Penning

Ionization. With increasing O2 content in the mixture, the density of he-

lium metastables decreases due to Penning Ionization, transferring energy to

oxygen species and other species with lower energy levels. Therefore, the ex-

cess presence of oxygen affects the density of helium metastables, which will

influence the surface crossing linking. According to Schonhorn and Hansen

[31], an inert gas discharge action can induce a so-called CASING (cross-

linking by activated species of inert gases) process, creating a cross linked

layer on the surface of the substrate. The formation of the cross linked layer

on the polymer surface is critical for restricting the chain mobility and thus

inhibiting the hydrophobic recovery after the plasma treatment. For various

material processes with plasma, the reactive gases such as oxygen, nitrogen,

and other gases are usually mixed into the carrier gas to provide chemically

reactive species. In the APPJ (Atmospheric Pressure Plasma Jet) treatment,

the amount of the oxygen gas influences the surface modification effectiveness

and the aging process during the storage.

In the study of Choi and Kim [44], a new atmospheric pressure N2 cold

plasma torch has been developed by providing high voltage to the electrode

via transformer with 60 Hz power supply. N2 cold plasma torch ejects plasma
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jets with high velocity having low gas temperature suitable to polymer treat-

ments. Discharge characteristics of N2 cold plasma are examined by cur-

rent–voltage probe, optical emission spectroscopy and thermocouple. As one

possible application, polypropylene surfaces are treated with N2 cold plasmas

for adhesion improvement, and discharge parameters are correlated with the

degree of surface modification to explain mechanism responsible for the in-

creased adhesion. Variations of the gas temperature with position of power

electrode measured from 1 to 5 mm below ejection slit, are measured us-

ing thermocouple. Gas temperatures are maintained below 60° C, suitable

to polymer treatment, having little dependency on distance from ejection

slit. The gas temperature dependency on power electrode position is simi-

lar to that of power dissipation in discharge. After that, a lap shear test is

conducted relating the strength with the position of the electrode (see the

image below), resulting in an increase of the strength compared to untreated

surface.

Figure 1.1: Choi and Kim results

Until now, there is no widespread use of Helium gas, the literature is quite
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limited on this specific options/parameters.

The epoxy resin used in this study connects to the surface thanks to

the ammine groups (−NH2), so in order to increase this active groups, this

present research focuses on Helium gas with added Nitrogen or Oxygen.
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2 Experimental details

2.1 Materials

2.1.1 Epoxy resin

Epoxy resins, also known as polyepoxides, are a class of reactive prepolymers

and polymers which contain epoxide groups. Epoxy resins may be reacted

(cross-linked) either with themselves through catalytic homopolymerisation,

or with a wide range of co-reactants including polyfunctional amines, acids

(and acid anhydrides), phenols, alcohols, and thiols. These co-reactants are

often referred to as hardeners or curatives, and the cross-linking reaction is

commonly referred to as curing. Reaction of polyepoxides with themselves

or with polyfunctional hardeners forms a thermosetting polymer, often with

strong mechanical properties as well as high temperature and chemical resis-

tance.

Epoxy has a wide range of industrial applications, including metal coat-

ings, use in electronic and electrical components, high tension electrical in-

sulators, fiber-reinforced plastic materials, and adhesives.

Epoxy adhesives are a major part of the class of adhesives called ”struc-

tural adhesives” or ”engineering adhesives”.

Many current aerospace design for stringer-to-skin assemblies utilized in

fuselage, horizontal and vertical stabilizers typically use film adhesive for

bonding.

Epoxy resins typically require a precise mix of two components which
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form a third chemical. Depending on the properties required, the ratio may

be anything from 1:1 or over 10:1, but in every case they must be mixed

in exactly the right proportions, and thoroughly to avoid unmixed portions.

The final product is then a precise thermo-setting plastic. Until they are

mixed the two elements are relatively inert, although the ’hardeners’ tend to

be more chemically active and should be protected from the atmosphere and

moisture.

The following research employs epoxy resins Hysol© EA9380 and Hysol©

EA9394 , that are a low temperature curing two component assembly pastes,

that can be applied for structural bonding using a manual mixing or a dual

cartridge static mixer kit.

Table 2.1: Physical characteristics of components Hysol© EA9380

Hysol© EA9380

Component A of Hysol© EA9380 The composition of first component

is1

1CAS number = Chemical Abstracts Service
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Table 2.2: Component A

The physical state is liquid, black colored, very viscous at room temper-

ature.

Component B of Hysol© EA9380 The composition of second compo-

nent is

Table 2.3: Component B

The physical state is liquid, white colored, less viscous at room tempera-

ture than component A. It contains amines.

Table 2.4: Physical characteristics of components Hysol© EA9394

Hysol© EA9394
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Component A of Hysol© EA9394 The composition of first component

is

Table 2.5: Component A

Component B of Hysol© EA9394 The composition of second compo-

nent is

Table 2.6: Component B

2.2 Epoxy optimization

This products requires mixing two components together just prior to ap-

plication to the parts to be bonded. Complete mixing is necessary. The

temperature of the separate components prior to mixing is not critical, but

should be close to room temperature (25°C). 2

The mixing ratio between the two components is, by weight:

� component A = 100, component B = 55 for Hysol© EA9380

� component A = 100, component B = 17 for Hysol© EA9394

2Hysol EA 9380 Henkel Corporation Aerospace Group Guide
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Figure 2.1: Curing time suggestions

Application Samples have been created by spreading the mixed compo-

nents in layers of 1 mm thickness on aluminum foil, resulting in about 6

cm2. In some trials the temperature of the mixed has been slightly increased

(35°C) to facilitate and to regularize the spreading procedure.

Curing Curing may be done at temperature at 70°C or above. As sug-

gested in the preparation guide, all the samples have been cured at a tem-

perature of 80°C for 120 minutes. This, as can be seen in literature, enhances

shear stress resistance, as well as it reduces metal-metal peeling.3

Problems The mixing procedure is a very delicate process: during the

hand movements in open container, air bubbles are trapped into the mixture,

3Henkel© Corporation
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with the risk of giving a foam shaped cured epoxy. During the first period

of research, without a mixing kit, a method to efficiently remove air bubbles

has been searched, before the curing session.

Vacuum degas Vacuum degassing involves actual removal of the air sur-

rounding the epoxy by allowing the air that is trapped within the epoxy to

easily escape.4

To do this, samples have been put in a desiccator, allowing all the upper

surface of the sample to be vacuumed. A little “rise” in the volume of epoxy

has been observed once the material is subjected to the vacuum.

The pumps used can reach -60 kPa in 2 minutes (pump A) or 30 seconds

(pump B).

Test have been conducted maintaining constant vacuum value, changing

time of permanence of the sample in the dedicator.

As we can see in the results, vacuum should be held for as short a period

of time as possible without pulling too much vacuum, otherwise a counter-

productive phenomenon can happen, creating more bubbles in the epoxy.

Heating Heating is an efficient and the simplest method to remove bubbles

from epoxy. The key to this technique is to keep the product in a wide

container that has large amounts of epoxy in the X and Y dimension, but

little in the Z dimension. This gives the maximum amount of surface area

for the bubbles to escape.

4www.epotek.com Tech Tips
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In our experiment, the sample is 1±0.5 mm thick, and 2×3 cm wide, it

has been placed on a copper plate, heated with 2 cartridge type resistors of

120 W power.

Combinations Several attempts have been made to find the best solution

at our first problem, the air bubble presence in the cured epoxy. Combining

the two degassing method previously illustrated, the research followed the

suggestions of Epotek©, trying to implement the results.

These are the combinations of the various samples:

Table 2.7: Epoxy treating combinations
Sample Vacuum (-60 kPa)

time (minutes)
Heating

temperature (°C)
Heating time

(minutes)

1 none none none
2 5 none none
3 10 none none
4 none none none
5 30 none none
6 none 34±1 10
7 5 34±1 5
8 10 34±1 10
9 30 34±1 30
10 none none (heated

before application)
none

11 none 40 10
12 none 40 15
13 none 40 20

Samples 1, 4 and 10 didn’t follow the ideal combination, but have different

curing times or, for the sample 10, has been heated before application.
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Figure 2.2: Epoxy resin on a carbon fiber plate after heat and vacuum treat-
ment. Note the bubbles that come up to the surface

Measurements The performance of the degassing process has been quan-

tified by counting the number of bubbles, their diameters, therefore their

areas, using microscope images. The magnification of the images is 5×. The

considered cross section area is a selected 700×700 pixel square. It has been

calculated that, at magnitude 5×,

0.5mm = 450px

It follows that, considering a circle,

Areapx2 =
π ∗ d2px2

4
=
π ∗ d2mm2 ∗ 810000

4
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from there it can be easily calculated the equivalent area diameter in mm.

Sample preparation To obtain a proper cross section to analyze, the

samples have been cut manually using either a box cutter either a sharp

blade. This last method resulted more precise because of the setting of the

cut.

Then cross sections have been polished with glass-paper 1200# grit. This

simplified the image analysis, because the cut bubbles, filled with tiny glass

particles, have an homogeneous color and texture.

Figure 2.3: cut cross section
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Figure 2.4: Glass-papered cross section.Note the homogeneous texture of the
bubbles

Software The image analyzer software used is ImageJ.

Figure 2.5: ImageJ software

ImageJ is a public domain, Java-based image processing program devel-

oped at the National Institutes of Health. ImageJ was designed with an

open architecture that provides extensibility via Java plugins and recordable

macros. Custom acquisition, analysis and processing plugins can be devel-

oped using ImageJ’s built-in editor and a Java compiler. User-written plugins
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Figure 2.6: Processed image

make it possible to solve many image processing and analysis problems.5

After processing the image with contrast, brightness and threshold set-

tings, the command Analyze � Analyze particles selects areas and draws a

contour around each bubbles, measuring its area in px2.

5http://en.wikipedia.org/wiki/ImageJ
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Figure 2.7: Analyze particles

Analyze particles give a results in the form of Excel© file with informa-

tions of Label, Area, Mean, Mode, Min, Max, Circ., IntDen, RawIntDen,

AR, Round and Solidity. The research focuses mostly on the area and the

number of the bubbles, trying to minimize the total area.

Table 2.8: Example of result
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2.2.1 Carbon fiber plates

Carbon fiber, alternatively graphite fiber or CF, is a material consisting of

fibers about 5–10 μm in diameter and composed mostly of carbon atoms.

To produce carbon fiber, the carbon atoms are bonded together in crystals

that are more or less aligned parallel to the long axis of the fiber as the crystal

alignment gives the fiber high strength-to-volume ratio. Several thousand

carbon fibers are bundled together to form a tow, which may be used by

itself or woven into a fabric.

The properties of carbon fibers, such as high stiffness, high tensile strength,

low weight, high chemical resistance, high temperature tolerance and low

thermal expansion, make them very popular in aerospace, civil engineering,

military, and motorsports. However, they are relatively expensive when com-

pared to similar fibers, such as glass fibers or plastic fibers.

Carbon fibers are usually combined with other materials to form a com-

posite. When combined with a plastic resin and wound or molded it forms

carbon fiber reinforced polymer (CFRP, often referred to as carbon fiber)

which has a very high strength-to-weight ratio, and is extremely rigid al-

though somewhat brittle.

The binding polymer is often a thermoset resin such as epoxy, but other

thermoset or thermoplastic polymers, such as polyester, vinyl ester or nylon,

are sometimes used. The composite may contain other fibers, such as aramid

(e.g. Kevlar, Twaron), aluminum, ultra-high-molecular-weight polyethylene

(UHMWPE) or glass fibers, as well as carbon fiber. The properties of the
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final CFRP product can also be affected by the type of additives introduced

to the binding matrix (the resin).

The reinforcement will give the CFRP its strength and rigidity; measured

by stress and elastic modulus respectively. Unlike isotropic materials like

steel and aluminum, CFRP has directional strength properties. The proper-

ties of CFRP depend on the layouts of the carbon fiber and the proportion

of the carbon fibers relative to the polymer.

During this research, carbon fiber composites reinforced with phenolic

resin matrix plates have been treated with atmospheric pressure plasma to

understand the changes in the nature of the surface and to increase the bond

strength with epoxy resin.

2.3 Atmospheric plasma treatment

Plasma is a chemical active media, consisting of ionized gas. It is the fourth

state of matter (plasma, liquid, solid, gas) and is present in more than 99%

of the universe.

It’s composed by electrons, ions and neutrals, which are in fundamental

and excited state. Macroscopically it is electrically neutral, but because of

his nature, it contains free charge carrier and is electrically conductive.

A plasma is created by applying energy to a gas [32] in order to reorganize

the electronic structure of the species (atoms, molecules) and to produce

excited species and ions. This energy can be thermal, or carried by either an

electric current or electromagnetic radiations. [33]
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The atmospheric plasmas are generated from electrical energy. The elec-

tric field transmits energy to the gas electrons (which are the most mobile

charged species). This electronic energy is then transmitted to the neutral

species by collisions. These collisions [34] follow probabilistic laws and can

be divided in:

� Elastic collisions: they do not change the internal energy of the neutral

species but slightly rise their kinetic energy

� Inelastic collisions: when electronic energy is high enough, the collisions

modify the electronic structure of the neutral species. It results in the

creation of excited species or ions if the collisions are energetic enough.

Most of the excited species have a very short lifetime and they get to ground

state by emitting a photon. The “metastable species” are also excited states

but with a long lifetime because their decay by emission of radiation is ham-

pered as there are no allowed transitions departing from the respective state:

decay can only take place by energy transfers through collisions.

Plasmas classification Depending on the type of energy supply and the

amounts of energy transferred to the plasma, the properties of the plasma

change, in terms of electronic density or temperature. These two parameters

distinguish plasmas into different categories, presented in the figure below:

The atmospheric plasma sources described are supposed to be positioned

near the glow discharges and the arcs.

In this classification, a distinction can be made between:
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Figure 2.8: Plasma categories

� Local thermodynamic (or thermal) equilibrium plasmas (LTE)

� Non-local thermodynamic equilibrium plasmas (non-LTE).

Atmospheric pressure plasmas: LTE or non-LTE? The Local Ther-

modynamic Equilibrium notion [35] is really important, especially for a spec-

troscopic study of the plasma, since the determination of the plasma param-

eters (particles distribution functions; electron, excitation, vibration tem-

peratures...) is based on relationships which differ for plasmas in LTE or

not.

LTE plasmas LTE plasma requires that transitions and chemical re-

actions are governed by collisions and not by radiative processes. Moreover,
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collision phenomena have to be micro-reversible. It means that each kind

of collision must be balanced by its inverse (excitation/deexcitation; ioniza-

tion/recombination; kinetic balance) [36]. Moreover LTE requires that local

gradients of plasma properties (temperature, density, thermal conductivity)

are low enough to let a particle in the plasma reach the equilibrium: diffusion

time must be similar or higher than the time the particle need to reach the

equilibrium [37]. For LTE plasma, the heavy particles temperature is closed

to the electrons temperature (ex: fusion plasmas). According to the Griem

criterion [38], an optically thin homogeneous plasma is LTE if the electron

density fulfills:

ne = 9.1023(
E21

EH+

)(
kT

EH+

) (m−3)

where

� E21 represents the energy gap between the ground state and the first

excited level,

� EH+=13.58 eV is the ionization energy of the hydrogen atom,

� T is the plasma temperature.

This criterion shows the strong link that exists between the required electron

density for LTE and the energy of the first excited state. Those rules for

LTE are very strict. Thus most of the plasmas deviate from LTE, especially

all types of low density plasma in laboratories.
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Non-LTE plasmas Departure from Boltzmann distribution for the

density of excited atoms can explain the deviation from LTE. Indeed, for

low-lying levels, the electron-induced deexcitation rate of the atom is gener-

ally lower than the corresponding electron induced excitation rate because

of a significant radiative deexcitation rate [36]. Another deviation from LTE

is induced by the mass difference between electrons and heavy particles.

Electrons move very fast whereas heavy particles can be considered static:

electrons are thus likely to govern collisions and transitions phenomena. De-

viations from LTE are also due to strong gradients in the plasma and the

associated diffusion effects. It has been shown that the LTE distribution can

be partial. For example, LTE can be verified for the levels close to ionization

threshold [39] (e.g., 5p levels and higher, in argon plasma): such plasmas

are pLTE (partial LTE). The non-LTE plasmas can be described by a two

temperature model: an electron temperature (Te) and a heavy particle tem-

perature (Th). Regarding the huge mass difference between electrons and

heavy particles, the plasma temperature (or gas temperature) is fixed by Th.

The higher the departure from LTE, the higher the difference between Te

and Th is. More details on LTE and deviations from LTE are developed in

the books by Huddlestone and Leonard [40], Griem [41], Lochte-Holtgreven

[42] and Mitchner and Kruger [43].

Atmospheric pressure plasmas The figure below shows the influence

of the pressure on the transition from a glow discharge (Te>Th) to an arc

discharge.
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Figure 2.9: Influence of the pressure

Low pressure plasmas (10−4 to 10−2 kPa) are non-LTE. Heavy particles

temperature is lower than the electronic one. The inelastic collisions between

electrons and heavy particles are excitative or ionizing. These collisions do

not rise the heavy particles temperature. When the pressure becomes higher,

collisions intensify. They induce both plasma chemistry (by inelastic col-

lisions) and heavy particles heating (by elastic collisions). The difference

between Te and Th is reduced: plasma state becomes closer to LTE but

does not reach it. The significant gradient of properties in plasma restricts

a particle, moving in the discharge, achieving equilibrium. The density of

the feeding power influences a lot the plasma state (LTE or not). On the

whole, a high power density induces LTE plasmas (e.g. arc plasmas) whereas

non-LTE plasmas are favored by either a low density of feeding power or a
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pulsed power supply. In this latter case, the short pulse duration prevents

the equilibrium state from establishing. Finally, it is important to note that

an atmospheric plasma jet can be divided in two zones:

� a central zone or plasma core which is LTE

� a peripheral zone which is non-LTE.

A classification with the different types of equilibrium is not really imme-

diate and convenient to use. It’s preferable to make an overview of various

atmospheric plasma sources.

Atmospheric plasma sources The excitation frequency is important since

it influences the behavior of the electrons and the ions. The atmospheric

plasma sources can be classified regarding their excitation mode. Three

groups are then highlighted:

� the DC (direct current) and low frequency discharges;

� the plasmas which are ignited by radio frequency waves (RF);

� the microwave discharges.

The trend of miniaturization of plasma systems is important in order to cre-

ate low-powered directive portable systems and to reduce instrument and

operation costs.

During the study, a atmospheric pressure RF plasma has been used. It

doesn’t require some expensive facilities of low-pressure plasmas, as vacuum
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equipment. The dimensions of the setup are also reduced in comparison to

industrial setups.

In the lab, a 20 V potential difference is applied, with a 1 A current (AC),

for a 20 W average power, giving a 300 K plasma flame.

The current is given by a pulsed wave (about 6 kHz frequency), and the

pulse width and duty cycle are set in order to get maximum power transferred

to the gas.

The plasma setup is a dielectric breakdown system. A discharge in the

gas is started applying a voltage between the electrodes (the voltage value

depends on the values of gas pressure and the gap between the electrodes).

Figure 2.10: Plasma gun operating

Atmospheric plasma has various applications: cleaning, etching, coating.

With the treatment used in this research, the aim is to clean the surface,
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increase the surface energy (decrease the contact angle) and generate surface

functional groups that will allow the epoxy resin to stick to the surface,

with higher adherence properties. This is possible because plasma is a high

chemically reactive media: high energy protons and high energy atoms (3He∗,

metastable triplet state helium) collide with the surface, with the creation

of radicals. Those react with O2, N2 and H2O creating −OH and −NH2

groups on the surface.

The surface activation (or functionalization) needed is the one that in-

creases O and N groups, and that decreases F groups (fluorides).

Figure 2.11: Surface treatment with plasma: etching, coating and surface
functionalization

The treatment efficiency can be measured via drop contact angle and via

XPS, so that the spectroscopic analysis can link the surface energy evolution

to the surface composition and chemical bounds.

It has been observed, trough the contact angle measurement, that the

surface activation remains stable over a quite long period (10 hrs).

Surface etching Surface etching consists in removing material from the

treated sample surface in order to create a relief.

The etching rate depends on several parameters: plasma composition
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(oxygen species), substrate nature, working conditions (power, gas flow, sub-

strate position).

We’ll see in the results that a particular molecule (SiO2) becomes more

present in the surface as the treatment last longer. This is probably due to

surface etching by the plasma flow. Silica is in effect a component of the

CFRP as an additive, to define the mechanical properties of the composite

material.

Plasma treatment The plasma treatment conducted for the measurement

consists, as already said, in a fixed plasma flow blowing to the center of a

square plate area.

Treatment is now required to a larger surface, in order to prepare samples

for the shear tests, so it’s necessary to scan the surface with the plasma flow.

For this purpose, a program has been written using the software LabVIEW©

from NationalInstruments.

Two ThorLab© stepper motors are connected to a movable platform,

allowing a controlled 2D movement of the surface under the plasma flow.

The path that has been followed is shown here:

Figure 2.12: Path of scanning
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The treated area has been always 25mm ×25mm.

After the treatment, the epoxy glue has been spread on the surface, and

two plates of carbon fibers have been glued together, following the chosen

process to minimize air bubbles and cure. The prepared samples have then

been tested with single-lap shear test.

The scans test have been conducted with different gaps between the lines.

The parameters are:

First scan

� scan rate: 0.5 mm/s

� gap between lines: 2.5 mm

� plasma beam diameter: 1 mm

Second scan

� scan rate: 0.5 mm/s

� gap between lines: 1.5 mm

� plasma beam diameter: 1 mm

The second scan has been conducted twice with two different plasma jets

to investigate the different effects that can be obtained: kHz beam and RF

(Radio Frequencies) beam.
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Spectrum lines of plasma To obtain always the same characteristics

of the plasma, spectrum lines have been monitored, after having set the

parameters as follows:

� current pulse: 6.7 kHz

� duty cycle: 15.2 % (pulse width: 22.7 µs)

The spectrum of the plasma has been monitored with a spectrometer

Table 2.9: Spectrum Lines
Ion Observed

Wave-
length

Vac
(nm)

Ritz Wave-
length Vac

(nm)

Aki (s-1) Lower Level
Conf.,

Term, J

Upper
Level Conf.,

Term, J

He
I

706.5190 706.521530 9.284e+06 1s2p 3P° 1 1s3s 3S 1

O I 777.194 777.1944 3.69e+07 2s22p3(4S°)3s
5S° 2

2s22p3(4S°)3p
5P 3

2.4 Contact angle measurements

Drop shape analysis is a good way to measure contact angles helping in

understanding wetting of materials and adhesion properties.

The set up requires a syringe connected to a needle above the surface; a

water drop of the precise volume of 2 µl is sent by a special pump, then the

drop is put in contact with the surface; the adhesion of liquid to the surface

makes the drop stay on the surface.
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Figure 2.13: Drop on needle and on surface

Assuming that the drop of water on the surface is symmetric, this method

view the still image of the shape that is the result of interfacial tension and

gravity between the drop and the surface. The interface is called liquid-solid-

vapor LSV, that can be understood looking at the following image:

Figure 2.14: LSV interface

The image is taken by a macro camera staring horizontally or at most

3° above the horizon. This requires proper lighting and camera angle. Even

more importantly, it demands finding the baseline accurately, which is the

43



difficult part of contact angle measurements. The accuracy of the measure-

ment is about ±1°.

Contact angle is then measured by fitting the profile of the drop using

mathematical expression and calculating the slope of the tangent to the drop

at the interface line.

Software The software used is ImageJ again. The specific part of drop

analysis is done with the DropSnake6 and with LB-ADSA (Low Bond Ax-

isymmetric Drop Shape Analysis)7 plugins. They are based on B-spline snake

which in reason of their elasticity unify the aspects of locality of the con-

tact angle to the guidance provided by the global drop contour, analytically

solving the Young-Laplace equation according to photographic images of ax-

isymmetric sessile drops.

2.5 SEM

A scanning electron microscope (SEM) is a type of electron microscope that

produces images of a sample by scanning it with a focused beam of electrons.

The electrons interact with atoms in the sample, producing several signals

(secondary electrons (SE), back-scattered electrons (BSE), characteristic X-

rays, light (cathodoluminescence) (CL), specimen current and transmitted

electrons) that can be detected and that contain informations about the

sample’s surface topography and composition.

6http://www.epfl.ch/publications/stalder0601.html
7http://www.epfl.ch/publications/stalder1001.html
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The electron beam is generally scanned in a raster scan pattern, and the

beam’s position is combined with the detected signal to produce an image.

SEM can achieve resolution better than 1 nanometer. Due to the very

narrow electron beam, SEM micrographs have a large depth of field yielding

a characteristic three-dimensional appearance useful for understanding the

surface structure of a sample.

Specimens can be observed in high vacuum, in low vacuum, in dry condi-

tions (in environmental SEM), and at a wide range of cryogenic or elevated

temperatures, but normally, conventional SEM requires samples to be imaged

under vacuum, because a gas atmosphere rapidly spreads and attenuates elec-

tron beams.

The most common mode of detection is by secondary electrons emitted

by atoms excited by the electron beam. On a flat surface, as in our case, the

plume of secondary electrons is mostly contained by the sample. By scanning

the sample and detecting the secondary electrons, an image displaying the

topography of the surface is created. Since the detector is not a camera, there

is no diffraction limit for resolution as in optical microscopes and telescopes.

For conventional imaging in the SEM, specimens must be electrically

conductive, at least at the surface, and electrically grounded to prevent the

accumulation of electrostatic charge at the surface. Non conductive speci-

mens tend to charge when scanned by the electron beam, and especially in

secondary electron imaging mode, this causes scanning faults and other im-

age artifacts. This is the case of the samples analyzed during the research,

being made of polymeric matter.
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Images have been taken with both the BSE and the SE detectors, using

low current to limit the charge effect.

� Backscattered electrons (BSE) consist of high-energy electrons origi-

nating in the electron beam, that are reflected or back-scattered out of

the specimen interaction volume by elastic scattering interactions with

specimen atoms. Since heavy elements (high atomic number) backscat-

ter electrons more strongly than light elements (low atomic number),

and thus appear brighter in the image, BSE are used to detect contrast

between areas with different chemical compositions.

� The most common imaging mode collects low-energy (<50 eV) sec-

ondary electrons that are ejected from the k-shell of the specimen atoms

by inelastic scattering interactions with beam electrons. Due to their

low energy, these electrons originate within a few nanometers from the

sample surface. The brightness of the signal depends on the number

of secondary electrons reaching the detector. If the beam enters the

sample perpendicular to the surface, then the activated region is uni-

form about the axis of the beam and a certain number of electrons

”escape” from within the sample. As the angle of incidence increases,

the ”escape” distance of one side of the beam will decrease, and more

secondary electrons will be emitted. Thus steep surfaces and edges

tend to be brighter than flat surfaces, which results in images with a

well-defined, three-dimensional appearance.
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2.6 FTIR (Fourier Transform InfraRed Spectroscopy)

The basis of infra-red spectroscopy is the vibrational excitation of molecules

by the absorption of infra-red radiation (wavelength 1-100 µm). This occurs

at characteristic photon energies, enabling structural analysis. Infrared spec-

troscopy can result in a positive identification (qualitative analysis) of every

different kind of material. In addition, the size of the peaks in the spectrum

is a direct indication of the amount of material present.

IR spectroscopy is normally performed in transmission mode, i.e. radia-

tion is passed through the sample. This is a bulk technique, inappropriate

for detecting surface change.

A more surface sensitive method is attenuated total reflectance Fourier

transform infra-red spectroscopy (ATR-FTIR). Here the sample is held in

intimate contact with an IR transparent crystal (e.g. KRS-5 or diamond)

into which infra-red radiation is directed. The difference in refractive indices

between the optically dense crystal and the sample result in internal reflection

at their interface. However, the beam is not completely reflected at this

junction: some propagates a short way into the sample, where it can excite

vibrations and be absorbed. The penetration of this phenomena is dependent

upon the incident wavelength but is typically about 0.1 - 10 µm.

2.7 XPS

X-ray Photoelectron Spectroscopy (XPS) is a technique that allows the in-

vestigation of the chemical composition of surfaces.
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Using photoelectric effect, XPS identifies the elements near the surface

and the surface composition, local chemical environment, probing the upper-

most 5-8 nm of the sample.

UHV (Ultra High Vacuum; p < 10−9mbar) is required in order to min-

imize the sample contamination and prevent scatter of the photoelectrons

prior to analysis.

In an XPS experiment the sample is irradiated by high energy photons

(typically soft X-rays) resulting in the ejection of core electrons by the photo-

electron effect. The kinetic energies of these electrons are measured and their

binding energies calculated. Binding energies are unique for every element,

enabling the definition of the composition of the material.

The carbon fiber plate has been analyzed through XPS before and after

the treatments, to investigate the changes in surface composition, that can

help to reach the goal of maximize the wettability of the plate. Spectra have

been obtained from the instrument: they exhibit a range of oxidation states,

that often appear like a complex envelopes which can be deconvoluted using,

for instance, the software Thermo Scientific� Avantage Data System8. In

order to quantify chemical states from overlapping peaks it is necessary to fit

the data with synthetic peak shapes, to deconvolute into their components.

The investigation has been conducted selecting the target among the

chemical species and elements we expect to be found. These are: C(1s):

F(1s): N(1s): 0(1s): Si(2p).

8http://www.thermoscientific.com/en/product/avantage-data-system.html
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2.8 Mechanical setup

The epoxy resin, as already explained in the previous parts, needs mixing of

the two components. To do this faster and in a larger scale, a specific syringe

(mixing kit) has been used.

The mixing kit from Henkel© is composed of two syringes stuck together

of different diameters to ensure the proper mixing ratio of the two resin

components, and a nozzle that mix the materials.

A mechanical setup to squeeze the syringe has been built ad hoc, as it

can be seen in the photo below:

Figure 2.15: Syringe, nozzles and mechanical setup
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2.9 Shear test

The conducted tests are of the type of Single-Lap Shear Test: despite all its

obvious weaknesses, the lap-shear test is the most widely used method for

producing in-situ shear strength data of an adhesively bonded joint.

The test consists essentially of two rectangular sections, typically 25 mm

wide, 100 mm long and 1.6 mm thick, bonded together, with an overlap

length of 25 mm.

Figure 2.16: Single-Lap Joint
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3 Results

3.1 Drop Contact Angle - Epoxy

Figure 3.1: Drop on epoxy

The contact angles have been measured on the samples 7s (a, b, c, d). It

doesn’t seem to be any remarkable difference on surface energy between the

different samples.

The contact angle value is around 78.5°±0.5° on cured epoxy.

3.2 Drop Contact Angle - Carbon fiber plate

The same measurement have been conducted on carbon fiber plates, when

they were untreated, after the treatment with atmospheric plasma, on the
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same day of the treatment, the day after, the 4th day and the 10th day.

The untreated surface has a contact angle of about 96.5°±0.5°. Attention

has been paid on not touching the surface with bare hands, not to affect the

measurement.

Treatment has been done on the center of a 1 cm×1 cm area, using

a spatially fixed plasma flow, with three combinations of gases: only He,

He + N2 and He + O2 (further called HeN2 and HeO2). Percentage of

N2and O2has been of about 1%. The length of the plasma flame, between

the gun exit and the surface, is about 10 mm.

The duration of exposure to the plasma flow has been 1 and 5 minutes

for each combination of gas.

We can see in the graph below the contact angle in function of the days

passed from the treatment (day 0 is the treatment day).

Figure 3.2: Contact angle/days on plate
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We can see that the plasma increases significantly the wettability of the

surface, reducing the contact angle, especially in the case of HeO2 for 5

minutes and HeN2, irrespective of the duration of the treatment. So at-

mospheric plasma treatment increases the surface energy by incorporating

different functional groups.

As one might expect, the longer the treatment, the higher the effect: the

value of contact angle stays under 40° even after 10 days in the samples

treated for 5 minutes, while the 1 minute treated have the angle between 40°

and 60°.

The most important results is that plasma effect lasts enough to have

the time of a epoxy resin deposition on a large surface (for instance, a wing

crossection): at least for 12 hours, the contact angle remain under 10°.

3.3 Air bubble content

It has been observed that the average value of air bubble diameter in the

epoxy is 0,0535±0.00577 mm, but depending on the case, the single sample

average air bubble dimension changes, as the number of them, as it can be

seen in the following table:
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Table 3.1: Average air bubble dimension

sample
number

Vacuum
(-60 kPa)

time
(minutes)

Heating
tempera-

ture
(°C)

Heating
time

(minutes)

Average
diameter

(mm)

1 none none none 0.0497
2 5 none none 0.0482
3 10 none none 0.051
4 none none none 0.065
5 30 none none 0.048
6 none 34±1 10 0.051
7 5 34±1 5 0.051
8 10 34±1 10 0.065
9 30 34±1 30 0.055
10 none none none 0.048
11 none 40 10 0.057
12 none 40 15 0.052
13 none 40 20 0.055

The average area is 0.1026±0,0321 mm² for a cross section of 0.605 mm²

(700x700 px), that means that 16.97±0.05% is air.
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Figure 3.3: % of air

Table 3.2: Bubble statistics

sample
number

number
of bub-

bles
total bubble area (mm2) % of bubble area

1 44 0.0974 16.09
2 49 0.1079 17.83
3 43 0.1042 17.23
4 23 0.1157 19.13
5 34 0.0723 11.96
6 36 0.0888 14.68
7 33 0.0801 13.24
8 33 0.1576 19.41
9 43 0.1210 20.01
10 33 0.0772 12.76
11 39 0.1407 23.26
12 37 0.1039 17.17
13 37 0.1081 17.86

The variability of the result can be seen from maximum and minimum
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value of total area: maximum is for sample 11, minimum for sample 5. This

last one has 48.60% less air inside in comparison to sample 11, 25.7% less

than the untreated epoxy.

As already mentioned, too much vacuum is bad for the result: increasing

the time of vacuum pumping (see samples 7, 8 and 9), the total bubble area

increases from 0.0801 to 0.1211, that represents an increase of 51.13%.

The criterion followed for the investigation is the minimum total area of

the bubble. The samples 10, 5, 7 and 6 (see graph below) resulted the better

ones, so the research focused on them.

Figure 3.4: Bubble area % in comparison with 11 sample (as 100%)

An air bubble size distribution graph has been obtained from the data:

56



Figure 3.5: Size distribution graph

As we can see, the sample number 4 (no special treatment) has bigger

bubbles; this make think that the treatments help big bubbles to degassing

from the epoxy

In sample number 6 it’s not unusual to find very big bubbles, that can

represent a great risk factor for the strength of the linkage.

A more in-depth analysis has been conducted on process number 7, be-

cause it avoids the “over bubbling” effect, having only 5 minutes vacuum,

and also because, in terms of performance and treatment time, it would be

economically worthwhile.

Process 7 analysis For this next step, a faster pump has been used

(-60 kPa reached in 1.5 min). Four slightly different experiments have been

conducted, to find the best solution. The fixed parameter is pumping time,

while temperature has been increased.

The preparation of the crossections was the same of the previous set.
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sample temperature (°C)
vacuum

time (min)
at -60 kPa

bubbles area (mm² )

7a 29±1 5 12.99
7b 37±1 5 14.25
7c 45±1 5 14.99
7d 50±1 5 15.01

Table 3.3: Process 7

The curing characteristics are 2 hours at 80° C.

The air bubble content in the cross section is shown below:

Figure 3.6: Air bubble % in Samples 7s

It seems that increasing the temperature the over bubbling effect is made

easier. The difference between 7a sample and 7c/7d samples is about 2% of

the total area.

As it concern the dimensions of the bubbles, the bubble diameter average

value is shown in the graph below.
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Figure 3.7: bubble diameter average value

It’s then preferable to use the first setup and process to limit the bubble

air content in the epoxy. This is also favorable in terms of economic aspect,

because the energy required is less, as the temperature is lower.

3.4 SEM (scanning electron microscope) - Morphology

These are the images collected during the analysis of the samples: untreated

carbon fiber plate, treated with He, HeN2and HeO2for 1 and 5 minutes.
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Figure 3.8: Untreated carbon fiber plate

Figure 3.9: Untreated carbon fiber plate
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Figure 3.10: Plate treated with He for 1 minute

Figure 3.11: Plate treated with He for 1 minute
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Figure 3.12: Plate treated with He for 5 minute

Figure 3.13: Plate treated with HeN2 for 1 minute
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Figure 3.14: Plate treated with HeN2 for 1 minute

Figure 3.15: Plate treated with HeN2 for 1 minute
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Figure 3.16: Plate treated with HeN2 for 5 minute

Figure 3.17: Plate treated with HeN2 for 5 minute
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Figure 3.18: Plate treated with HeN2 for 5 minute

Figure 3.19: Plate treated with HeN2 for 5 minute
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Figure 3.20: Plate treated with HeO2 for 1 minute

Figure 3.21: Plate treated with HeO2 for 1 minute
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Figure 3.22: Plate treated with HeO2 for 5 minute

From the images above, a slight increase of the roughness can be observed

in some case (e. g. HeN2 for 1 minute and HeO2 for 1 minute), but this is

not much relevant in terms of increased adhesion of the epoxy resin.

Some particles can be detected, and this can be attributed to some

residues of the surface.

The charging effect is evident, and this had obstructed the investigation,

so the low voltage beam has been used (EHT = 1.00 kV); this prevented the

analysis from going deeper in the magnitude, stopping the accuracy at 2 µm

maximum.

We can say then that in this study, no significant roughness has been cre-

ated nor detected after the atmospheric plasma treatment, unlike Bhowmik

and Benedictus research [14].
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There is no evidence of damaging of the surface by the plasma beam, so

it can be described as gentle towards the surface.

3.5 FTIR

Samples have been analyzed before and right after the treatment, giving the

relatives spectra that have been processed with Microsoft Excel�.

The graphs have been then normalized in order to make comparisons

between all of them.

The result is shown below:

Figure 3.23: FTIR results

As we can see, there are no remarkable differences in the four spectra.

The reason is that FTIR has a penetration in the sample in the order of

µm, and the plasma treatment affects only some ηm of the upper surface.

We can say that FTIR is not a suitable technique for this process.

3.6 XPS

Looking at the XPS results, we can better understand how the plasma acts

on the surface, which are its interactions and what are the modifications of

the surface.

68



From the Thermo Scientific� Avantage Data System software the table

of composition are obtained. The reported data are the position of the peaks

detected (Binding Energy), the FWHM (Full Width at Half Maximum), the

area and the percentage of the element selected in the composition of the

material. An example of those parameters can be found below:

Figure 3.24: XPS results table

Observing in particular ratios of Oxygen, Nitrogen, Fluorine and Silica

percentages with Carbon percentage, the following remarks can be done:
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Figure 3.25: O/Ctot

� O/Ctot

– Compared to the untreated surface (sample ”as is”), every process

increases the O/C ratio.

– The ratio with He increases as much as the process is long.

– WithHeO2 andHeN2 this is not true: this could be due to etching

away the polar groups as plasma duration increases.

– With shorter exposure time, HeO2 and HeN2 obtain a higher O/C

ratio than He

– The maximum O/C ratio is with HeO2 1 min.
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Figure 3.26: F/Ctot

� F/Ctot

– The plasma treatment with the three gases decreases the F/C

ratio as much as the treatment is long.

– The best process to minimize F/C is He 5 min.
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Figure 3.27: N/Ctot

� N/Ctot

– The increase is proportional with time (not for HeN2).

– The highest increase is obtained with HeN2 for 1 minute.

Figure 3.28: Si/Ctot
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� Si/Ctot

– The increase is proportional with time with He. This is maybe

because Si is subsurface, and, due to the etching of the surface,

comes up after a while.

– With HeO2 and HeN2 this is not true.

Another scanning has been conducted, generating a map in a square area of

15mm×15mm, with more than 700 points of XPS analysis. The mapping

shows the presence of the different chemical groups on the surface. As it

can be seen, several chemical groups are detected on the surface after the

plasma treatment. These are: −CH2−, C −NH2, −NO2, −COOH, −CF2.

4 species of C, 2 of O, N and F are detected. Looking to the similar shapes

on the mapping it has been possible to identifie the molecular groups of each

species, as shown in the images below.
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Figure 3.29: Mapping of He 1 min

Figure 3.30: Mapping of He 5 min

Those results show that APP treatment with Helium,−NH2 functional

groups are activated on the surface in the shape of a ring, as the time of the

treatment increases. After 5 minutes, the presence of these groups decreases

at the center of the area, where the plasma beam hit the surface.

74



−CF2 groups are eliminated by the treatment, more efficiently with the

increase of the time.

The other groups open up from the center of the area as the time of

treatment is increased.

Figure 3.31: Mapping of HeN2 1 min
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Figure 3.32: Mapping of HeN2 5 min

Those results show that APP treatment with HeN2,−NH2 functional

groups are activated on the surface in the shape of a ring, as the time of

the treatment increases. It can be observed that already after 1 minute, the

presence of these groups starts decreasing at the center of the area, where the

plasma beam hit the surface (small blue area). This can signify that HeN2

treatment is more effective than the treatment with simply He.

The concentration of −NO2 is significant, especially after 5 minutes, be-

cause it’s widespread on the sample, quite without signs of decreasing in the

center of the plasma treated area.

−CF2 groups are eliminated by the treatment, more efficiently with the

increase of the time.

The other groups open up from the center of the area as the time of
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treatment is increased, increasing their concentration.

Figure 3.33: Mapping of HeO21 min

Figure 3.34: Mapping of HeO2 5 min

Those results show that APP treatment with HeO2, −NO2 functional

groups are activated on the center of the surface, as much as the time of the

treatment is long. After 5 minutes, the presence of these groups is less then
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with the other two gases, but it doesn’t show the ring shape that could be

counter-productive for the adhesion. This aspect can be attributed to the O

atoms supplied by the plasma.

−CF2 groups are eliminated by the treatment as well as the other treat-

ments, more efficiently with the increase of the time.

The other groups open up from the center of the area as the time of

treatment is increased, and are pushed at the external part of the square

surface.

3.7 Shear test

First scan results Shown below, there are the results of the first samples,

treated with the first scan method.

The samples’ names refer to the different plasma treatments:

� sample #1: Helium

� sample #2: Helium + Nitrogen

� sample #3: Helium + Oxygen

Table 3.4: First scan shear test results
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We can see in the last column that the shear strength (= Max.Load
Width∗BondLenght

)

for sample #2 is about 11.1 MPa. This is a good result, since the best result

obtained for untreated surfaces, with the same epoxy glue, is 8.5 MPa, that

means that this research succeeded in an increase of 30.5% in the strength.

The good strength result is encouraging, but there is a but, however: the

failure is adhesive and not, as desired at least, cohesive (see picture below).

This means that the epoxy-substrate interface is not enough strong yet.

Figure 3.35: Failure mechanisms of adhesive bonding

To be thorough, here there is the load-displacement graph for the three

samples:
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Table 3.5: Second scan shear test results
samples names Max. Load (kN) Shear Strength (MPa)

1 5.22 8.35
2 7.63 12.21
3 5.50 8.80
4 4.13 6.61
5 7.13 11.41
6 6.16 9.86

Figure 3.36: Load-displacement graph: 1st scan

Second scan results In this second scan, samples have been treated with

two different plasmas: samples #1-3 are treated with the 6 kHz plasma

device, while samples #4-6 with the RF (Radio Frequency) plasma device.

The epoxy used during this test campaign has been the Hysol© EA9394.
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The lap-shear strength in megapascals (MPa) of the bonded joints was de-

fined as the peak load divided by the overlap area (standard to 25×25 mm2).

As we can see, in this case too He/N2treatment seems to be more efficient,

reaching a maximum shear strength of 12.21 MPa. There are no relevant

differences in results between the two different plasma devices treatments.

To be thorough, here there is the load-displacement graph for the three

samples:

Figure 3.37: Load-displacement graph: 2nd scan

The bigger displacement, compared to the one of the first lap-shear test,

is probably due to the different epoxy resin used in the second time. It is

about 3 times bigger.
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4 Conclusions

The influence of atmospheric plasma on surfaces of carbon fibers composites

had been studied.

The degree of surface activation depends on the treatment duration. The

maximum period of treatment studied is 5 minutes. XPS confirms that chem-

ical groups were successful introduced using atmospheric plasma treatment.

The highest degree of −NO2 groups, that are the one responsible to adhesion

of the epoxy resin, are obtained with He/N2 and He treatments. Fluorinate

groups are equally erased by the three gases, no important differences are

observed. It’s remarcable that 5 minutes can be too long for the adhesion of

chemical groups, in terms that, after the deposition of these ones an erosion

can occur by the plasma beam. We can see that He/N2 is the most effective

miture of gases that increases N content on the surface, in 1 minute it gives

even more percentage than the other gases in 5 minutes. Furthermore, the

mapping obtained with XPS shows how better is the He/N2 treatment in

terms of homogeneous coverage of the samples.

The atmospheric plasma doesn’t cause significant damage to the surfaces,

as it can be observed with SEM analysis. This signify that the plasma

generated in the lab is not aggressive towards the surface. However, and this

is a negative aspect, not even a change in roughness is notified, characteristic

that could help adhesion of epoxy.

FTIR investigation doesn’t lead to relevant results: this technique has

a penetration in the sample in the order of µm, and the plasma treatment
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affects only some ηm of the upper surface. We can say that FTIR is not a

suitable technique for this process.

The results from contact angle measurements show that the hydropho-

bicity of carbon fibers decreased significantly (still half of the value of the

untreated surface even after 10 days -with stable value at 45°-). Once again,

He/N2 seems to be the most effective treatment, decreasing the contact angle

to 0° after 1 minute of treatment.

For what it concerns the air bubbles in the epoxy layer, it has been shown

that the air content is not negligible, reaching in some case 23.3% of the cross

section area. Various method have been tried.

The process that limit the air bubble presence is the one that consider

using vacuum coupled with the heating of the epoxy resin substrate.

The optimal parameters that seems to work properly with Hysol© epox-

ies are found to be:

� vacuum: -60kPa, held for 5 min

� heating temperature of the plate: 29±1°C, held for the duration of

vacuum process

The amount of air is decreased from 16% to 12% of the total area, that

means a decrease of 25.7%, with an average bubble diameter of about 0.0565

mm.The process duration is short (5 min), and this is a good economic aspect,

in addition to limiting the over bubbling effect that occurs when the vacuum

is held for a longer period of time.
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According to the lap-shear strength tests of the bonded joints, the best

treatment seems to be He/N2, as it is the most efficient, reaching a maxi-

mum shear strength of 12.21 MPa, which represents an increase of 43% of

the strength without treatments. There are no relevant differences in results

between the two different plasma devices (6kHz and Radio Frequency) treat-

ments.

In conclusion, atmospheric plasma with He and 1% N2 is a useful tech-

nique to provide better adhesion properties to the surface of carbon fiber

composites reinforced with phenolic resin matrix. In addition to this, atmo-

spheric plasma is characterized by its high environmental efficiency and easy

implementation at industrial level.
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