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ABSTRACT OF THE DISSERTATION 

 

Surface Modification by Atmospheric Pressure Plasma for Improved Bonding 

 

 

 

by 

Thomas Scott Williams 

Doctor of Philosophy in Chemical Engineering 

University of California, Los Angeles, 2013 

Professor Robert F. Hicks, Chair 

 

An atmospheric pressure plasma source operating at temperatures below 150°C 

and fed with 1.0-3.0 volume% oxygen in helium was used to activate the surfaces of the 

native oxide on silicon, carbon-fiber reinforced epoxy composite, stainless steel type 410, 

and aluminum alloy 2024.  Helium and oxygen were passed through the plasma source, 

whereby ionization occurred and ~10
16

 cm
-3

 oxygen atoms, ~10
15

 cm
-3

 ozone molecules 

and ~10
16

 cm
-3

 metastable oxygen molecules (O2
1
Δg) were generated.  The plasma 

afterglow was directed onto the substrate material located 4 mm downstream.  Surface 

properties of the plasma treated materials have been investigated using water contact 

angle (WCA), atomic force microscopy (AFM), infrared spectroscopy (IR), and x-ray 

photoelectron spectroscopy (XPS).  The work presented herein establishes atmospheric-

pressure plasma as a surface preparation technique that is well suited for surface 

activation and enhanced adhesive bond strength in a variety of materials.  Atmospheric 
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plasma activation presents an environmentally friendly alternative to wet chemical and 

abrasive methods of surface preparation.   

Attenuated total internal reflection infrared spectroscopy was used to study the 

aging mechanism of the native oxide on silicon.  During storage at ambient conditions, 

the water contact angle of a clean surface increased from <5° to 40° over a period of 12 

hours.  When stored under a nitrogen purge, the water contact angle of a clean surface 

increased from <5° to 30° over a period of 40-60 hours.  The change in contact angle 

resulted from the adsorption of nonanal onto the exposed surface hydroxyl groups.  The 

rate of adsorption of nonanal under a nitrogen purged atmosphere ranged from 

0.378±0.011 hr
-1

 to 0.182±0.008 hr
-1

 molecules/(cm
2
•s), decreasing as the fraction of 

hydrogen-bonded hydroxyl groups increased from 49% to 96% on the SiO2 surface.  The 

adsorption of the organic contaminant could be suppressed indefinitely by storing the 

silicon wafers in the presence of activated carbon or in a freezer at -22°C.   

The enhancement of adhesive bond strength and durability for carbon-fiber 

reinforced epoxy composite, stainless steel type 410, and aluminum alloy 2024 was 

demonstrated with the atmospheric pressure helium-oxygen plasma.  All surfaces studied 

were converted from a hydrophobic state with a water contact angle of 65° to 80° into a 

hydrophilic state with a water contact angle between 20° and 40° within 5 seconds of 

plasma exposure.  X-ray photoelectron spectroscopy confirmed that the carbon atoms on 

the carbon-fiber/epoxy composite were oxidized, yielding 17 atom% carboxylic acid 

groups, 10% ketones or aldehydes and 9% alcohols.  Analysis of stainless steel and 

aluminum by XPS illustrate oxidation of the metal surface and an increase in the 
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concentration of hydroxyl groups in the oxide film.  Following plasma activation, the 

total hydroxyl species concentration on stainless steel increased from 31% to 57%, while 

aluminum exhibited an increase from 4% to 16% hydroxyl species.  Plasma activation of 

the surface led to an increase in bond strength of the different surfaces by up to 150% 

when using Cytec FM300 and FM300-2 epoxy adhesives.  Wedge crack extension tests 

following plasma activation revealed cohesive failure percentages of 97% for carbon-

fiber/epoxy composite bonded to stainless steel, and 96% for aluminum bonded to itself.  

The bond strength and durability of the substrates correlated with changes in the specific 

surface chemistry, not the wetting angle or the morphological properties of the material.  

This suggests that enhanced chemical bonding at the interface was responsible for the 

improvement in mechanical properties following plasma activation.   

The surface preparation of polymers and composites using atmospheric pressure 

plasmas is a promising technique for replacing traditional methods of surface preparation 

by sanding, grit blasting or peel ply.  After oxygen plasma activation and joining the 

materials together with epoxy, one observes 100% cohesive failure within the cured film 

adhesive.  Depending on the material, the lap shear strength can be increased several fold 

over that achieved by either solvent wiping or abrasion.  The trends in adhesion with 

plasma exposure time do not correlate well with surface wetting or roughness; instead 

they correlate with the fraction of the polymer surface sites that are converted into 

carboxylic acid groups. 
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Chapter 1 

Introduction to Surface Treatment for Adhesive Bonding 

Introduction 

 Joining may be defined as the process of bringing two or more surfaces into 

intimate contact in order to establish continuity across the resulting interface.  The ability 

to join materials together provides the opportunity to produce complex components from 

relatively simple parts.  Complicated structures made from incompatible materials will be 

used with greater frequency in the future.  As a result, future developments are reliant on 

the ability to join one material to another in order to satisfy increasingly complex design 

criteria.  While the mechanisms of material joining are of considerable scientific interest, 

they take on added importance when public safety is considered.   

 Proper surface preparation makes use of at least one of the following effects.  

Treatment can increase surface energy, increase surface roughness, or alter surface 

chemistry.  A high surface energy allows for intimate contact between the adhesive and 

the surface of the substrate.  Wetting of the substrate by the adhesive is critical for the 

formation of secondary bonds.  Increasing surface roughness results in greater contact 

area and can allow the adhesive to form mechanical interlocks by flowing in and around 

surface irregularities.  Modification of the surface chemistry allows for the formation of 

chemical bonds across the interface between the adherend and adhesive resin [1].  

Consequently, the properties of the substrate prior to bonding influence the stability of 

the resulting joint.  The variety of joining methods used is too diverse to be presented in 

their entirety.  Nevertheless, a useful overview of techniques and current progress in 
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joining technologies used in polymer, composite and metal structures is summarized 

below.   

 

Adhesive Bonding of Polymers 

 Both thermoset and thermoplastic composite materials are inherently difficult to 

bond.  The primary aim of surface treatment for composites is to maximize the surface 

energy of the adherend.  Surface preparations decrease water contact angle, increase 

surface energy and result in increased bond strength.  Carbon-fiber-reinforced epoxy 

composites have a resin-rich surface layer, which can cause particular problems in 

bonding.  The resin-rich surface layer tends to be brittle and fails more easily when 

overloaded.  The use of highly compliant adhesives spreads the applied load over a large 

area and reduces the stress sustained by the surface of the composite.   

 Solvent cleaning and abrasion have been used to degrease the surface and remove 

mold release agents from composite adherends [2-4].  Composite sheets are often abraded 

using alumina sandpaper, then wiped clean with a solvent and allowed to dry.  Previous 

work on thermoset composites shows a significant increase in surface roughness and 

bond strength after abrasion.  The same treatments for thermoplastic polymer composites 

have been less successful due to the smooth, low surface energy surfaces [2,4,5].  One 

drawback of abrasion is that it is difficult to determine when proper surface preparation 

has been achieved.  As a result, the material can be over sanded, which can lead to stress 

fractures and delamination of the composite structure.   
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 Another commonly employed surface preparation method is grit blasting followed 

by solvent rinse and drying in nitrogen.  Grit blasting operates by forcibly propelling a 

stream of abrasive material under high pressure to roughen the surface and remove 

contaminants.  Methylethylketone (MEK) is commonly used as the solvent.  However, 

MEK may not be compatible with many government regulations for industrial 

applications and may have to be phased out and replaced by a less hazardous solvent [6].  

New types of cleaning agents will need to be introduced to use with mechanical methods 

of surface treatment.  The lap shear strength of the resulting adhesive joint is highly 

dependent on the solvent used.  A study comparing the use of acetone, frigen and 

ethylacetate found the latter gave the highest lap shear values [6].  Grit blasting tends to 

be labor and materials intensive and requires containment systems for the abrasive and 

protective equipment for the operator.   

 Peel-ply consists of an impregnated fabric, which is subsequently peeled off the 

cured resin immediately prior to bonding.  The use of a peel ply offers several benefits 

when constructing a composite laminate with epoxy resins.  Since it does not bond to the 

laminate, it will peel off when and if, additional laminating or bonding is called for.  

Peel-ply also requires minimal surface preparation before bonding.  Importantly, peel ply 

protects laminated parts from dirt, dust and contaminants allowing for rapid surface 

preparation even after being stored for months or even years.  A disadvantage of this 

technique is that it leaves a roughened surface that follows the contours of the ply 

material.  In addition, areas where the peel ply is wrinkled require additional sanding 

when the ply layer is taken off in order to remove resin rich ridges.  The peel-ply is able 
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to release from the surface due to the non-stick nature of the substrate (e.g. Teflon coated 

fiberglass fabric, coated and uncoated nylon fabrics, or fabric coated with a release agent).  

The non-stick ply often contains fluorine compounds, which contaminate the laminate 

surface.  These contaminants must be removed by abrasion of the surface to avoid 

diminished strength of the bond [7].  Plies that contain a release agent often leave this 

agent behind upon removal.  The laminate must then be cleaned with a solvent and dried 

prior to bonding.  Removal of the peel-ply layer can also lead to damage of the 

underlying composite if not correctly performed.  Figure 1.1 shows the possible fracture 

paths within a composite laminate when the peel ply is removed.  The epoxy may fracture 

in the resin rich layer between the peel ply and the underlying fibers (blue) [6].  

Interfacial fracture may occur between the peel ply fabric and the epoxy matrix (pink).  

The peel ply fibers may fracture and contaminate the composite surface (green).  Finally, 

there may be interlaminar failure within the composite itself (turquoise).  Figure 1.2 

shows an example of interlaminar failure following an unsuccessful attempt at peel-ply 

removal.  Previous research has shown that strong joints can be achieved using peel-ply 

in combination with sanding and wiping the surface free of debris [2].   

Tear-ply is a method used with thermoset composites since these become reactive 

upon heating, eliminating the need for chemical treatment of the surface.  Tear-ply differs 

from peel-ply in that it exploits the lack of strength normal to the surface in a composite.  

Immediately prior to bonding, the tear-ply fabric is torn from the surface resulting in 

fracturing between the tear-ply and the resin.  The tear-ply must be easily removed from 

the composite or else one risks damaging the part following this process.  Resins such as   
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Figure 1.1. Possible fracture paths during removal of peel ply. [8] 
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Figure 1.2. Unsuccessful attempt at removing fiberglass-epoxy prepreg peel ply 

from Toray 3631. [8] 
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polyester permit this fracture behavior.  However, a number of resins are not compatible 

with this technique.  This requires the use of peel-ply despite concerns about 

contamination arising from the ply.   

 Acids can be used to etch polymer and composite surfaces prior to bonding.  The 

acid etching removes contaminants and creates active bonding sites which promote 

adhesion.  Research has shown acid etching is capable of producing similar results to 

abrasion and grit blasting.  This is true primarily for thermoset polymer composites, 

whereas little or no effect has been reported for thermoplastics [2,5,7].  Acid etching 

processes are prone to over etching and damaging the underlying substrate unless careful 

process controls are implemented.  This method necessitates the use of hazardous wet 

chemicals which require safe waste disposal.  This process can be costly and often 

requires safety procedures not present in the other composite activation methods 

discussed.   

 

Joining Methods for Metals 

 The joining of metal structures plays a prominent role in modern technology, 

since many applications require the joint to be of equal or greater integrity than the metal 

components themselves.  This field is extremely broad, involving many scientific 

disciplines and a myriad of metals and alloys [9].  The most essential step for the 

successful implementation of adhesive bonding is associated with the preparation of 

clean and activated surfaces [9, 10].  Initial bond strength and subsequent bond durability 

are dependent on the interaction between the adhesive (and/or primer) and a pretreated 
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adherend surface.  High initial adhesion strength tends to be easier to achieve than long-

term durability in the service environment [10].   

 Metal substrates have properties that require a unique set of surface preparation 

techniques when compared to polymer composites.  For metals, surface preparation 

involves the removal of contaminants and surface layers that are chemically incompatible 

with the adhesive [11].  Many qualified surface preparations exist for metals, such as 

aluminum, titanium, and steel.  Additional variants of each process are required for on-

component repairs, as opposed to initial processing.  Industries such as commercial air 

transport require sustained airworthiness and robust maintenance techniques [12-15].  

The presence of cracks in structural components creates the risk of structural failure in 

aging aircraft [16].  Bonded repair is gaining popularity as a method of extending the 

operating life of aircraft components.   

 Fasteners are a metal joining technique that relies on a mechanical connection (i.e. 

bolts, rivets, etc.) between two components.  Mechanical joints tend to be cheap and easy 

to assemble.  However, the need for fastener holes is a major drawback [17].  Stress is 

concentrated around the holes and may initiate the onset of fatigue failure.  This 

limitation may lead to higher maintenance costs.  Welding produces a strong bond 

through interdiffusion of components maintained in intimate contact at elevated 

temperatures [18].  All metal surfaces are characterized by oxide layers that impede the 

welding process.  Removal of the surface oxide, chemical impurities, and contaminants 

such as dirt and grease is essential for a quality welded joint [9].  Bonded repairs are 

advantageous compared to mechanical joining due to their potential for weight reduction, 
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conformance to complex aerodynamic contours and better structural stability [19-21].  

Figure 1.3 gives a schematic of a riveted and bonded repair. 

Mechanical abrasion of a metal is known to improve the initial joint strength by 

producing a clean, macroscopically rough surface and removal of the oxide layer [6].  

The major disadvantage of grit blasting techniques is the hassle associated with 

containment of the abrasive on the aircraft.  If not contained, the aluminum oxide grit 

would get into the aircraft components, possibly causing damage [17].  Several types and 

grades of abrasive papers (e.g. SiC or Al2O3 grit, Scotch-brite pads) are currently used for 

bonded repairs on aircraft.  Simple hand-abrasion with an orbital sander generates a 

rough surface and removes most of the native oxide layer [22].  Abrasion and grit 

blasting techniques are often not adequate for creating durable joints.  However, 

combining these techniques with chemical treatments to achieve durable bond strengths 

has been demonstrated [2].   

Several acid paste etches are used in metal surface preparation, including nitric-

hydrofluoric acid, hydrochloric-orthophosphoric acid, hot sulfuric acid and sodium 

dichromate-chromic acid [6].  These acid etches are made from blends of strong acids, 

activators and chromates.  Most of these treatments give adequate dry strengths but 

durability in wet environments is reported to be poor [23].  Most of the acid paste etches 

in common use do not provide hydration resistance [17].  Prebond treatment of titanium 

using Pasajell 107 is reported to greatly exceed the performance of many other etching 

treatments at elevated temperatures and in humid environments [23-25].  This etch paste 

is a mixture of nitric acid, fluorides and chromic acid in water.  In order to achieve good  
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Figure 1.3. Comparison of bonded repair methods. [17] 
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bond performance, Pasajell 107 is applied as one of the steps in the surface treatment 

procedure in combination with solvent wiping and grit blasting [6].    

 Both PAA (Phosphoric Acid Anodizing) and CAA (Chromic Acid Anodizing) 

processes have been used in the aerospace industry for the adhesive bonding of aluminum 

alloy.   Chromic acid anodization produces a surface with significant microroughness and 

an oxide thickness of over 80 nm [24].  In addition, oxides made from chromic acid 

anodization are reported to exhibit excellent bond durability.  The PAA treatment has 

been considered as the standard surface treatment for aluminum alloys prior to adhesive 

bonding [26-28].  Aluminum anodization is often performed in a solution of dichromate-

sulfuric acid (Na2Cr2O7·2H2O/H2SO4), which slowly dissolves the aluminum oxide.  The 

acid etching is balanced with the oxidation rate from phosphoric acid (H3PO4) with an 

electrical charge (usually 15 V) [29].  The process releases hydrogen at the cathode and 

oxygen at the surface of the aluminum anode.  The PAA process typically requires 4 to 

10 hours to complete, with some bonded repair patch installation lasting as long as 14 

hours.  The anodization process forms an oxide layer with many nanopores that is thicker 

than what is produced by auto-passivation.  The mechanism for adhesion is thought to 

occur when the adhesive or primer penetrates the pore structure of the anodic film [10].  

Anodization and etching are also common for titanium and steel, with the procedures 

including the use of hydrofluoric acid.   

  In a repair environment, particularly when performed in the field, anodization is 

inconvenient or impractical to use.  It is labor intensive to remove the metal component 

from the aircraft and submerge it in a phosphoric acid electrolyte.  On-aircraft, 
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phosphoric acid anodizing processes have been developed which eliminate the need for 

dipping tanks in bonded repairs [30,31].  Anodization processes rely on hazardous 

materials, i.e. strong acids/bases and chromates, which are detrimental to the environment 

and pose a safety risk to personnel.   

 Suitable alternatives to wet chemical treatments in bonded repairs are the subject 

of much interest.  In the last 15 years or so, silane and sol-gel chemistries have been 

introduced as methods for promoting adhesion to adhesives, primers and coatings [10,26].  

A sol-gel process uses a series of reactions where a soluble metal alkoxide hydrolyzes to 

from a metal hydroxide which reacts with the metal surface to produce a covalent 

chemical bond [17].  The metal hydroxide functionalities condense to form an inorganic 

or organo-metallic network as seen in Figure 1.4.  By controlling the formulation 

chemistry, these coupling agents can have one side of the molecular structure designed to 

bond with the metal substrate, and the other side having a reactive organic group for 

bonding to the adhesive [17].  The chemistries available for sol-gel and silane coatings 

are virtually limitless.  This treatment method creates covalent bonding through the 

gradient coating.  The reduced dependence on hydrogen bonding and Lewis acid-base 

interactions for adhesion increases bond durability.  The main advantage of using silane 

coupling agents in bonded joints is their stability in the presence of water or water vapor 

[6].  The use of a dilute aqueous γ-glycidoxypropyltrimethoxy silane for surface 

preparation of aluminum alloys has been shown to produce strong and durable bonded 

joints [32].  The combination of grit blast with silane or sol-gel treatment has performed  
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Figure 1.4. Schematic of sol-gel network between a polymer resin and a metal 

substrate. [10] 
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favorably for bonded repairs when compared to chromic acid or phosphoric acid 

anodization [10,33].  In addition to the engineering benefits noted above, bonded repairs 

using the sol-gel technique can provide economic advantages due to the quick turnaround 

time for the repair.  

 Primers are applied to substrate surfaces before bonding for a number of reasons.  

An activated metal surface will react with organic contaminants within a few hours, 

thereby losing its readiness for bonding [34].  As a result, bond primer can be applied to a 

treated surface to protect the interface until the adhesive is laid down.  Primer is able to 

penetrate into surface pores thereby providing improved mechanical interlocking with the 

metal substrate.  It also seals the surface against hydrolysis and provides corrosion 

inhibition.  The primer layer must be cured at an elevated temperature; however, it is 

sometimes co-cured with the adhesive.  One disadvantage of bond primers is that they 

pose a health and safety risk to workers due to the inclusion of volatile organic 

compounds (VOC) and chromate inhibitors in the formulation.  New water-based primers 

are able to eliminate the VOC problem.  Lap shear and wedge tests for aluminum alloy 

2024 with water-based primers exhibit excellent bond performance [10,35,36].   

 

Environmental impact 

 Current standard surface preparation techniques mainly consist of anodization or 

etching processes.  Regrettably, these processes utilize hazardous chemicals and may not 

be feasible in some applications, such as on aircraft repairs.  These processes are also 

problematic from an environmental viewpoint because they employ strong acids or bases 
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and contain hexavalent chromium and other compounds which are toxic to fish and 

wildlife [37].  Hexavalent chromium is a known carcinogen, and the rinsing steps 

following surface treatment generate contaminated wastewater.  The application of a 

corrosion-inhibiting bond primer, which typically contains hexavalent chromium and has 

high VOC levels, is generally required after surface treatment.   

 Governmental regulations have set strict limits on the use of hazardous materials 

in the workplace and on the generation of waste [10,17].  Of particular concern are the 

levels of VOC emissions and groundwater contamination resulting from chromated 

wastewater.  These new regulations, coupled with the increased cost of waste disposal 

and increased awareness of employees’ health and safety, require a paradigm shift in the 

techniques used for bond preparation.  Nevertheless, excellent bond performance must be 

maintained by any new processes, since not doing so would impose unacceptable safety 

and cost penalties.   

 

Plasma Activation 

 Despite having desirable mechanical properties, many materials have difficulty 

bonding to adhesives and coatings due to low surface energy, contamination, or 

incompatible chemistry.  One novel way to combat this problem is to expose the substrate 

surface to plasma prior to bonding.  Plasma processes play a vital role in promoting 

adhesion in many industries.  Early experimental results have demonstrated that plasma is 

a viable alternative to abrasion and acid etching, especially when it is coupled with a sol-

gel coating.   
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Plasma is an ionized gas which is often considered the “fourth state of matter” 

[38,39].  When an electric field is applied to a gas, the energy of the field is converted 

into kinetic energy by the electrons.  When an electron has sufficient energy, an inelastic 

collision occurs, which results in the ionization of a neutral species and the generation of 

free electrons.  These energetic electrons are also used to dissociate molecules fed into 

the plasma.  This allows for the generation of reactive gases with chemistries that are 

advantageous for the surface activation of a wide variety of materials.   

 Plasmas can be classified as being either “hot” or “cold” [38-40].  Hot plasmas, or 

thermal plasmas, exist in a nearly fully ionized state, where the temperature of the 

electrons (Te), ions (Ti) and neutral gas species (Tg), are at or near equilibrium: (i.e. 

Te≈Ti≈Tg) [38,40].  Hot plasmas range in temperature from 5,000 to over 50,000 K [41-

45].  Examples of hot plasmas include arc discharges and high temperature flames [39].  

Cold plasmas, also referred to as non-thermal plasmas, are partially ionized gases with 

much less than 1% of the species exhibiting a change [40].  In gas discharges operating at 

low pressure, thermodynamic equilibrium may not be reached between the electrons and 

the ions and neutrals.  The temperature of the electrons in the plasma is much higher than 

that of the ions, Te>>Ti≈Tg [38,39].  Under these conditions, the electrons can reach 

temperatures of 1-10 eV (1 eV = 11,600 K), while the neutral gas temperature, Tg, is 

orders of magnitude lower between 323 and 573 K [39].  This allows for the capability to 

drive chemical reactions at relatively low temperatures.  The use of cold plasmas at low 

pressure has been studied for many materials [46-48].  However, there are several 

drawbacks to operating the plasma at reduced pressure.  Low pressure plasmas require 
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the substrate to be placed inside a vacuum chamber.  This limits both the size and shape 

of the structure being activated.  The vacuum chamber necessitates batch processing and 

does not allow for activation of substrates in a continuous, in-line process.  In addition, 

the need to repeatedly pump and vent the chamber adds to the processing time and cost of 

operation.   

The obstacles present in vacuum plasma processing can be overcome by operating 

plasmas at atmospheric pressure.  An increase of pressure in the plasma increases the flux 

of reactive species delivered to the substrate.  Several plasma designs have been 

developed for operation at atmospheric pressure.  One example of an atmospheric 

pressure plasma source is the torch, or transferred arc [42,49,50].  In these devices, an arc 

develops between the powered and grounded electrodes, where nearly all the gas is 

ionized.  The electrons, ions and neutrals approach thermodynamic equilibrium with the 

gas temperature inside the arc reaching more than 1000°C.   

Generating non-equilibrium plasmas at atmospheric pressure can be challenging.  

The high operating pressure requires large voltages to initiate gas breakdown, and arcing 

between the electrodes is difficult to avoid once the discharge has been generated.  To 

prevent arcing, and maintain a low gas temperature, several electrode schemes have been 

developed.  A corona discharge consists of pointed electrodes and an anode, on to which 

the material to be treated is placed [51,52].  The plasma in a corona is non-uniform and 

generates streamers (micro-arcs) across the gap between the cathode tips and the anode.  

Dielectric barrier discharges have also been developed which consist of planar metal 

electrodes separated by a dielectric material.  Dielectric barrier discharges operate in a 
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“filamentary” mode where many short-lived micro-discharges occur randomly in space 

and time [53-55].  The role of the dielectric layer is to prevent the micro-discharge from 

transforming into an arc between the electrodes [38,39].   

Coronas and DBDs have been well studied since they were introduced several 

decades ago.  A drawback of thee corona and DBD designs is that the plasmas are not 

uniform throughout the space between the electrodes.  The streamers can cause non-

uniform treatment of the surface of the material.  In addition, the gap between the 

electrodes must be limited to a few millimeters [38].  This limits the thickness and shape 

of materials that can be treated with the corona or DBD, though they have been widely 

used in polymer film activation [38,39,56].   

The atmospheric-pressure capacitive discharge used in this thesis is a non-

equilibrium plasma that is sustained between two closely spaced metal electrodes and 

operates at atmospheric pressure.  A diagram of a helium and oxygen radio frequency 

capacitive discharge source is presented in Figure 1.5.  This plasma uses radio-frequency 

power to produce a uniform, stable, and homogeneous discharge that is free of streamers, 

arcing, and filaments [39].  This plasma is stabilized with helium or argon and can be fed 

with up to 5.0 volume % of a secondary gas to drive chemical reactions [58].  The 

atmospheric pressure plasma operates at neutral temperatures below 150°C and produces 

a high density of reactive species, with approximately 10
16

 cm
-3

 of ground-state atoms 

[59-61].  This low processing temperature allows for the treatment of thermally sensitive 

materials such as plastics.  The size or shape of material being treated is not restricted,  
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Figure 1.5. Schematic of a radio frequency capacitively-coupled discharge. [57] 
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since it is placed downstream of the plasma region rather than between the electrodes.  

During remote activation, the substrate is exposed solely to neutrals in the afterglow.  As 

a result, surface damage is reduced while chemical selectivity is enhanced due to the 

absence of ions and electrons in the afterglow [39].  This atmospheric pressure plasma 

device shows many of the desirable characteristics of conventional low-pressure plasmas, 

but it allows for ambient pressure operation.  This source has been used previously for the 

surface activation of Poly(methyl methacrylate), high-density polyethylene, polysulfone, 

polyethersulfone, polyphenylsulfone, polyetheretherketone, polyethylene terephthalate, 

polyethylene naphthalate [62-65].   

 Reactive species generated by the plasma clean and activate polymer, composite 

and metal surfaces for adhesion.  This thesis investigates the underlying materials science 

of this technology.  It is essential to characterize and understand the reaction chemistry 

occurring at the adherend interface to optimize the strength and durability of bonded 

joints.  This method of atmospheric pressure plasma activation is unique compared to 

other methods of metal surface preparation in that it is able to produce an activated 

surface without the need for harsh chemical treatment or labor-intensive sanding/grit 

blasting.   

 

Outline of the Thesis 

The goal of this thesis is to characterize the use of atmospheric pressure He/O2 

plasma for the activation of material surfaces for improved wetting and adhesion.  Silicon, 

carbon-fiber-reinforced epoxy composites, 410 stainless steel, and aluminum 2024 have 
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been activated with the afterglow from the Atomflo
TM

 capacitive discharge plasma, 

which contains oxygen atoms, metastable oxygen molecules (
1
∆g O2), and ozone.  

Exposure to the plasma rapidly converted these surfaces from a hydrophobic to a 

hydrophilic state and greatly increased the adhesive bond strength.  Each chapter in this 

dissertation represents a manuscript that has been prepared for publication in a scientific 

journal.  The aging mechanism of the native oxide on silicon after remote atmospheric-

pressure plasma activation is described in Chapter 2.  It was determined that nonanal 

adsorption onto the exposed surface resulted in the loss of surface wettability, and its 

adsorption was impeded by the presence of hydrogen-bonded hydroxyl groups.  Chapter 

3 presents a literature review detailing the physics and chemistry of atmospheric pressure 

plasmas and their application in enhancing the strength of polymer and composite bonded 

joints.  A link is made between lap shear strength and the concentration of carboxylic 

acid groups on the composite surface.  In Chapter 4, the surface activation of carbon-

fiber-reinforced epoxy composites and 410 stainless steel is presented.  This study 

examines the connection between bond strength and the water contact angle and chemical 

composition of the surface.  Chapter 5 describes the use of atmospheric pressure plasma 

as a surface treatment for the bonding of aluminum 2024.  In this work, the surfaces have 

been analyzed by water contact angle, x-ray photoemission spectroscopy, and atomic 

force microscopy.  Here, a description is provided of the effect of the process on the 

thickness and composition of the surface oxide and how this impacts the strength of 

bonded joints.  This is followed by Appendix A which describes the atmospheric pressure 

plasma enhanced chemical vapor deposition of silicon dioxide coatings on silicon 
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substrates.  This study examines the effects of the process conditions on deposition rate 

and quality of the SiO2 thin film.  The key observations of this work are that the 

deposition rate and the feed ratio of oxygen and the siloxane precursor strongly affect the 

composition, and barrier properties of the film.  Appendix B provides a description of the 

storage devices used to prevent the surface aging of hydrophilic native oxide on silicon.   
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Chapter 2 

 

The aging mechanism of the native oxide on silicon (100) following 

atmospheric oxygen plasma cleaning 

 

Abstract 

Silicon native oxide surfaces were cleaned with a radio frequency, atmospheric 

pressure helium and oxygen plasma and with an RCA standard clean-1.  Both processes 

create a hydrophilic state with water contact angles of <5° and 16.21.7°, respectively.  

During subsequent storage in a chamber purged with boil off from a liquid nitrogen tank, 

the water contact angle increased over time at a rate dependant on the cleaning method 

used.  Internal reflection infrared spectroscopy revealed that the change in water contact 

angle was due to the adsorption of organic molecules with an average hydrocarbon chain 

length of 10±2.  The rate of the adsorption process decreased with the fraction of 

hydrogen-bonded hydroxyl groups on the surface relative to those groups that were 

isolated.  On Si (100) surfaces that were cleaned by RCA standard clean-1 and then the 

plasma, 95.8% of the silanol groups were hydrogen bonded.  The first-order rate constant 

for adsorption of the organic contaminant on this surface was 0.182±0.008 hr
-1

.  
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Introduction 

Silicon surface cleaning is an important process in manufacturing integrated 

circuits [1-6], microfluidics and microelectromechanical systems (MEMS) [7-9].  It is 

also an important step in direct wafer bonding for silicon-on-insulator substrates [4,10-

13].  The wetting properties of the silicon surface play an important role in the 

performance of these devices.  In MEMS, a hydrophobic surface is desired for non-

sticking behavior; whereas in microfluidics, a hydrophilic surface is desired so that air 

bubbles are not trapped in the device when it is filled with an aqueous solution.  Direct 

wafer bonding requires a mirror smooth, highly clean and hydroxyl-terminated surface to 

be successful.   

Upon exposure to air, the water contact angle on the native oxide of silicon has 

been found to drift upwards with time under ambient conditions [14].  This change can be 

reversed by cleaning the silicon surface using a standard RCA clean or exposing it to an 

oxygen plasma [15-17].  The wet chemical clean employs strong acids and bases along 

with copious amounts of distilled water.  To use the vacuum plasma, one must place the 

substrate inside a chamber and exposed the surface directly to the energetic ionized gas 

for cleaning to occur.  By contrast, in an atmospheric pressure plasma, the substrate is 

placed downstream of the discharge so that it is only exposed to neutral reactive 

intermediates, such as oxygen atoms.  Furthermore, at atmospheric pressure the reactive 

species have the unique ability to flow through intricate micro-geometries and activate all 

the surfaces exposed to the gas.   
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Previous work has shown that the cleaned silicon surface is terminated with 

siloxanes and two distinct types of silanol groups: hydrogen-bonded ("bound") and 

isolated ("unbound") Si-OH [18-25].  The isolated silanol groups tend to be the sites 

where selective adsorption takes place [26-28].  Siloxane groups are not implicated in the 

adsorption properties of silicas [20]. 

Habib et al. [14] have shown that the native oxide on silicon exposed to the 

atmospheric pressure helium and oxygen plasma exhibits hydrophilic behavior with a 

water contact angle less than 5°.  These authors hypothesized that the oxygen atoms 

generated by the plasma are the primary species responsible for reaction with the silicon 

dioxide surface.  This previous study raised several questions: (1) Why does it take 6 to 

10 hours at ambient conditions for the water contact angle return to its initial value of 

42°? (2) What process is responsible for the return of the silicon surface to its original 

semi-hydrophobic state? 

In this study, we report on the aging mechanism following silicon surface 

cleaning with RCA standard clean-1 and atmospheric pressure helium-oxygen plasma.  

Upon aging, the water contact angle rises rapidly from 0° and then levels off to a final 

value between 30° and 40°.  Fourier transform infrared spectroscopy (FTIR) has revealed 

the organic molecules adsorb on the surface, reacting with the exposed hydroxyl groups.   

 

Experimental 

The silicon (100) attenuated total reflection (ATR) crystals used in this study were 

obtained from Harrick Scientific Corporation. The dimensions of the ATR substrates 
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were 51.7 mm long by 10.0 mm wide by 0.47 mm thick and with 45° beveled edges.  

This geometry yielded 56 reflections off the top surface of the IRE.  Water contact angle 

measurements were made using boron-doped Si (100) test wafers, 100 mm in diameter, 

with a resistivity of 1–5 Ω.  These substrates were purchased from Tech Gophers.  The 

native oxide present on these wafers was 1.0±0.5 nm in thickness [29].  Deionized (DI) 

water was generated using a Millipore Super-Q filtration system.  Liquid nitrogen was 

purchased from Praxair. 

A schematic of the test apparatus is shown in Figure 2.1.  The atmospheric 

pressure plasma system consisted of a 2 inch wide Atomflo
TM

 500L linear beam source 

from Surfx Technologies.  The plasma was maintained using 30.0 L/min of industrial 

grade helium (99.99%), and 0.8 L/min of ultrahigh purity oxygen (99.9999%) struck with 

200 W of radio frequency (RF) power at 27.12 MHz.  The RF power supply and 

matching network were models RF-3X and AM-10 from RF VII, Inc.  An I&J Fisnar 

7000C robot was used to reproducibly translate the plasma source over the samples.  A 

detailed description of the plasma system and operating procedure is presented in a 

previous publication [30].   

One set of silicon substrates was cleaned with the RCA standard clean 1 (RCA 

SC-1), which removed the organic contamination.  The RCA SC-1 solution contains 

ammonium hydroxide (30%), hydrogen peroxide (30%), and deionized water in a 1:1:5 

ratio [15,31,32].  The standard procedure calls for heating this solution to 75°C, but due 

to safety concerns, the solution was used at room temperature in an ultrasonic bath.  The  
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Figure 2.1. Schematic of the plasma cleaning apparatus. 
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substrates were placed in the solution for 10 minutes, then rinsed in deionized water for 1 

minute, and dried using compressed nitrogen.   

A second set of silicon substrates were exposed to the atmospheric pressure 

plasma system.  In the case of water contact angle measurements, the robot performed a 

single scan at a 3 mm source-to-substrate distance and 100 mm/s scan speed.  The 

samples used for WCA measurements were exposed to open air during plasma cleaning.  

However, they were quickly transferred to the nitrogen purged sample chamber following 

cleaning to prevent further contamination.  For the silicon IREs employed in the infrared 

measurements, the plasma source was sealed in the spectrometer's sample chamber to 

avoid any exposure to air.  For this method, the plasma source was translated by hand at 

approximately 100 mm/s using 3 mm spacers to separate the source from the sample. 

A third set of samples was cleaned by the RCA SC-1 procedure followed by 

plasma activation as described above.  Finally, one set of control samples was prepared 

by rinsing Si (100) wafers in an ultrasonic bath filled with deionized water at room 

temperature for 10 minutes, followed by thorough drying in flowing nitrogen. 

Changes in the composition of the silicon surface with time were monitored by 

attenuated total reflection infrared spectroscopy, using a Bio-Rad FTS-40A spectrometer 

with a liquid nitrogen cooled mercury cadmium telluride (MCT) detector.  Six hours prior 

to experimentation, the spectrometer was purged with the boil off from a liquid nitrogen 

Dewar.  The purge was continued throughout the infrared measurements to minimize 

contamination from carbon dioxide, moisture and other impurities.  Following cleaning, 



 38 

the silicon IRE was immediately placed in the spectrometer to begin acquiring infrared 

data.  Reflectance spectra were produced by recording a single-beam spectrum of the 

crystal and referencing it to the initial single-beam taken immediately after cleaning.  The 

spectra were collected at 4 cm
-1

 resolution in the range from 400 to 5300 cm
-1

 with 

signal-averaging of 512 scans.  Infrared spectra were taken at regular intervals for up to 

72 hours in order to identify how the surface ages during exposure to the nitrogen purge.  

Biorad Win IR software was used to deconvolute the reflectance spectra and calculate the 

area under the individual peaks. 

Water contact angle measurements were performed with a Krüss EasyDrop 

goniometer using distilled water.  In order to reproduce the conditions of the infrared 

study, the sample chamber was purged with liquid nitrogen boil off for six hours before 

experimentation.  The silicon samples were cleaned and immediately placed in the 

sample chamber.  Care was taken to minimize the time required to transfer the sample.  

The nitrogen purge was maintained throughout the experiment while samples were 

removed at regular intervals for water contact angle measurements.  Water contact angles 

were measured using 5-10 droplets on each sample and using 50-100 automated 

measurements per droplet.  The average value was taken and the measurement error was 

estimated using one standard deviation of the data points. 

 

Results 

The time dependant infrared spectra of silicon cleaned with RCA SC-1 and 

atmospheric plasma is shown in Figure 2.2.  During aging, the reflectance spectra show  
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Figure 2.2. Infrared reflectance spectra acquired during aging of the silicon 

native oxide surface cleaned with RCA SC-1 and plasma. 
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the emergence of three important features: a single band at 1730 cm
-1

, a group of 5 

overlapping peaks between 2750 and 3050 cm
-1

, and a broad negative band between 3250 

and 3850 cm
-1

.  The former 2 features increase in intensity fairly rapidly at the beginning, 

and then saturate after about 20 hours of aging.  The same trend is seen for the latter 

broad band, but with the intensity increasing in the negative direction below the baseline.  

The band at 1730 cm
-1

 corresponds to the C-O stretch of a ketone group [33].  The 

overlapping peaks between 2750 and 3050 cm
-1

 are due to C-H stretching vibrations from 

adsorbed organic molecules.  The broad negative band between 3250 and 3850 cm
-1

 is 

due to the O-H stretch of surface silanol groups.  Infrared spectra for silicon IREs cleaned 

separately with the RCA SC-1 solution and with the plasma exhibited the same features 

during aging.   

Figure 2.3 shows the C-H stretching region following 60 hours of aging of the 

silicon native oxide cleaned with RCA SC-1 and the atmospheric plasma.  The spectrum 

was deconvoluted into five peaks.  The peaks at 2875±5 and 2960±5 cm
-1

 (nos. 3 and 6) 

are assigned to the symmetric and asymmetric C-H stretches of methyl groups (-CH3).  

The peak at 2900±5 cm
-1

 (no. 4) is due to the C-H stretch of a methyl group bound to a 

ketone, CH3-(C=O) [34].  The bands at 2855±5 and 2925±5 cm
-1

 (nos. 2 and 5) are 

assigned to the symmetric and asymmetric C-H stretches of methylene groups (-CH2-) 

[33].  However, there is useful information that can be extracted from the peak area ratios 

of the CH2/CH3 spectral features.  The CH2/CH3 ratio for calculated from the asymmetric 

stretching bands on our spectra are ~1.8-2.3.  This corresponds to a chain length of ~8-12 

carbon atoms.  The relative intensities of the infrared peaks due to the methyl and  
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Figure 2.3. Infrared reflectance spectrum of the C-H stretching region for silicon 

cleaned with plasma following 60 hours of aging.  
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methylene stretches are indicative of an organic ketone with an average chain length of 

10 carbon atoms, for example, 2-decanone [34]. 

Infrared spectra for the O-H stretching region of the native oxide on the silicon 

samples are presented in Figure 2.4.  These data were acquired after 60 hours of aging.  

Each spectrum was deconvoluted into two separate peaks: a broad band at 3590 cm
-1

 (no. 

7) due to hydrogen-bonded hydroxyl groups, and a sharp peak at 3710 cm
-1

 (no. 8) due to 

isolated hydroxyl groups [20,33,35].  It should be noted that the spectra were smoothed to 

remove interference from trace amounts of water vapor present in the beam path.  Upon 

comparing the 3 infrared spectra in the figure, one can see that the distribution of 

hydroxyl bands changes with the cleaning method.  The wet clean produces relatively 

equal intensities of the bands for the hydrogen-bonded and isolated hydroxyl groups, 

while the RCA SC-1 clean plus plasma activation produces predominantly the one broad 

band for the hydrogen-bonded species.  

Infrared data collected for silicon native oxide surfaces after aging 36 hours are 

summarized in Table 2.1.  Peak assignments are given as well as the fraction of the total 

peak area associated with each vibration.  Note that the peak area percentages due to the 

C-H stretches and to the O-H stretches separately sum to 100%.  For the plasma activated 

surface, the (-CH3) asymmetric stretching peak accounts for 22.7% of the total C-H band 

area, while the (-CH3) symmetric stretch is responsible for 7.6%.  The (-CH2-) 

asymmetric stretching band accounted for 52.0% of the total C-H band area, while the (-

CH2-) symmetric stretch made up 13.9%.  The intensity of the asymmetric stretch is 

larger than the symmetric stretch, because the former vibration has a larger change in 
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Figure 2.4. Infrared reflectance spectra of the O-H 

stretching region for silicon cleaned with (a) RCA 

SC-1, (b) plasma, and (c) RCA SC-1 with plasma. 
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Table 2.1. Properties of the infrared spectrum collected after 36 hours of aging. 

   Fraction of total peak area (%)* 

Peak no. 

Wavenumber 

(cm
-1

) Assignment RCA SC-1 Plasma 

RCA SC-1 

and plasma 

1 1730±20 ν (C=O) --- --- --- 

      

2 2855±5 νs(-CH2-) 13.4 13.9 13.4 

3 2875±5 νs(-CH3) 13.1 7.6 13.6 

4 2900±5 νs(CH=O) 5.5 3.7 4.7 

5 2925±5 νas(-CH2-) 40.5 52.0 43.2 

6 2960±5 νas(-CH3) 27.5 22.7 25.0 

      

7 3710±20 Isolated (-OH) 50.9 14.6 4.2 

8 3590±45 H-bonded (-OH) 49.1 85.4 95.8 

* Fractions of peaks 2-6 and 7,8 are calculated independently. 
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dipole moment.  The central peak at 2900 cm
-1

 due to the aldehyde accounted for 3.7% of 

the total C-H band area.  The silicon native oxide surfaces cleaned with RCA SC-1 and 

with RCA SC-1 plus plasma displayed a comparable distribution of C-H vibrational 

bands as that of the oxide surface cleaned with the plasma only.  The ratio of the peak 

areas associated with the methyl and methylene groups can be used to deduce the chain 

length of the adsorbed organic molecule as will be discussed later.   

 Listed at the bottom of Table 2.1 are the results obtained for the O-H stretching 

vibrations at the conclusion of the 36-hour aging period.   Substrates cleaned with the 

RCA SC-1 solution displayed a nearly 1:1 ratio of the peak areas for the hydrogen-

bonded hydroxyl and the isolated hydroxyl groups.  This differs from the samples cleaned 

with the atmospheric plasma, where the bands for the hydrogen-bonded and isolated 

hydroxyls accounted for 85.4 and 14.6 % of the total area, respectively.  For the sample 

cleaned with RCA SC-1 plus plasma, the area fraction due to the H-bonded OH increased 

to 95.8%, while that for the isolated OH dropped to 4.2%. 

The dependence of the water contact angle on aging time under a nitrogen 

atmosphere can be seen in Figure 2.5.  The samples rinsed in the deionized water bath 

displayed a constant WCA of 40.1±2.1° throughout.  The native oxide surfaces cleaned 

with the plasma or the RCA SC-1 followed by the plasma exhibited an initial WCA 

below 5°.  Over time, the WCA values rose rapidly then leveled off at angles of 

29.3±0.7° and 26.1±1.2°, respectively.  The native oxide surface cleaned with the RCA 

SC-1 solution only had an initial water contact angle of 16.2±1.7°, and rose over time to a 

constant value of 35.3±1.7°.  The time it took the surfaces to reach their final aged state  
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Figure 2.5. Dependence of the water contact angle on the time for the native 

oxide of Si (100) aging under a nitrogen purge. 
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was close to 60 hours for the plasma activated samples, compared to 20 hours for the 

sample that was wet chemically cleaned.   

The data in Figure 2.5 follow an exponential decay function which is indicative of 

Langmuir adsorption kinetics [14,30,36].  The following equation was fitted to these 

results: 

 WCA(t) = WCAmax+[(WCA0-WCAmax)exp(-kWCAt)]  (2.1) 

where WCA0 is the initial water contact angle, WCAmax is the final water contact angle, 

and kWCA is the first-order rate constant.  The solid lines in Figure 2.5 represent the best 

fit of Equation (2.1) to the data.  Table 2.2 lists the initial and final WCA values as well 

as the rate constants for the different cleaning methods used.  The kWCA obtained for the 

silicon native oxide cleaned with RCA SC-1 is nearly twice that obtained for the oxide 

activated with the plasma and three times that for the oxide cleaned with RCA SC-1 and 

then activated with the plasma. 

 

Discussion 

Infrared spectroscopy of the silicon native oxide surfaces reveals that the change 

in water contact angle observed during aging in a nitrogen purge atmosphere is due to the 

adsorption of organic molecules.  These molecules contain a ketone group with a 

hydrocarbon side chain that is approximately 10 carbon atoms long.  When the organic 

molecules adsorb on the surface they displace the hydrogen-bonded and isolated 

hydroxyl groups.  The disappearance of these hydroxyl groups during aging indicates that  
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Table 2.2. Rate parameters obtained by fitting Equation (2.1) to the 

water contact angle data. 

Treatment Method WCA0(°) WCAmax(°) kWCA(hr
-1

) 

RCA SC-1 16.2±1.7 35.3±1.7 0.140±0.020 

Plasma 0 29.3±0.7 0.082±0.008 

RCA SC-1 and plasma 0 26.1±1.2 0.051±0.007 
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they serve as the sites for adsorption.  The fraction of vacant sites, θO-H, present during 

aging may be calculated from the total area of the O-H vibrational bands as follows: 

 f

f
H-O

Area

Area(t)-Area
= (t)

 (2.2) 

Where Areaf is the final value of the O-H peak area and Area(t) is the O-H peak area at a 

given time, t.   

 Figure 2.6 shows the dependence of the fraction of vacant sites on time during 

sample aging in the nitrogen atmosphere.  The number of these sites decays exponentially 

with time for all the cleaning methods, and approaches zero at about 10 to 20 hours.  The 

solid curves seen in the figure are the best fit of the data to the following equation: 

 θO-H(t) = exp(-kOHt) (2.3) 

where kOH is the first-order rate constant, and t is the aging time.  It should be noted that 

some of the data points in the figure occur below the x-axis at long times. 

The area of the C-H stretching bands between 2750 and 3050 cm
-1

 may be used to 

calculate the fraction of surface sites covered with the organic molecules, θC-H, as 

follows:   

 f

H-C
Area

Area(t)
= (t)

 (2.4) 

Where Areaf is the final C-H peak area value and Area(t) is the integrated peak area at a 

given time.  Figure 2.7 depicts the time dependence of the fractional coverage of organic 

groups on the silicon surface for samples cleaned with RCA SC-1, plasma, and  
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Figure 2.6. Fraction of vacant sites corresponding to O-H groups during 

aging of the silicon native oxide surface. 
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Figure 2.7: Fractional coverage of C-H stretching groups during aging of 

the silicon native oxide surface. 
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RCA SC-1 plus plasma.  The adsorption curves display a complex double exponential 

behavior with two distinct time constants as described by the following equation: 

 θC-H(t) = [1-exp(-kCH,monot)]+[1-exp(-kCH,multit)] (2.5) 

where kCH,mono is the rate constant for the adsorption of the first layer, and kCH,multi is the 

rate constant for adsorption of subsequent layers.  The solid lines in Figure 2.7 are the 

best fit of Equation (2.5) to the data.   

The reaction kinetics displayed by Equations (2.3) and (2.5) follow the Langmuir 

adsorption model [14,38].  An important figure of merit is the background concentration 

of organic contamination necessary to drive the adsorption process.  Following silicon 

cleaning, organic contaminants diffuse to the substrate and react with the available sites 

on the surface.  A mass balance on the surface sites yields: 

 [L] dθO-H/dt = -kads[R]θO-H (2.6) 

where [L] is the density of hydroxyl surface sites, θO-H is the fraction of vacant sites, kads 

is the adsorption rate constant, and [R] is the concentration of organic molecules above 

the silicon surface.  Solving Equation (2.6) gives: 

 θO-H = exp(-kads[R]t/[L]) (2.7) 

A comparison to Equation (2.3) reveals that the theoretical adsorption rate constant, kads, 

is related to the experimental rate constant, kOH, through the following. 

 -kads[R]/[L] = kOH (2.8) 

In order to evaluate this expression, the value of the Langmuir adsorption constant, kads, 

must be calculated from collision theory [37,38]. 

 kads = ¼vS0 (2.9) 
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 v= m 8kT/  (2.10) 

where v is the mean molecular speed, S0 is the zero coverage sticking probability, k is the 

Boltzmann constant, T is the temperature in Kelvin and m is the mass of the gas molecule.  

Equation (2.10) gives a mean molecular speed of 20,000 cm/s at 298 K, assuming a 

molecular weight of 150 g/mole for the organic molecules.  Equation (2.9) then gives an 

adsorption rate constant, kads, of 5,000 cm/s for a sticking probability of 1.0.  Zhuravlev et 

al. [18,24,39] have estimated the site density to be 5.0 per nm
2
 for a fully hydroxylated 

native oxide surface.  Solving for [R] in Equation (2.8) yields a background 

contamination level of ~106 cm
-3

, or 0.1 parts per trillion at atmospheric pressure.  

Higher concentrations would be needed if the sticking probability is less than 1.0   

The kinetic rate constants obtained by fitting the infrared data to Equations (2.3) 

and (2.5) are presented in Table 2.3.  The aging rates of the silicon native oxide surfaces 

show a dependence on the cleaning method used.  The rate constant for the loss of the 

vacant hydroxyl sites, kOH, is greatest for the silicon native oxide cleaned with RCA SC-1, 

with a value of 0.30±0.02 hr
-1

.  By contrast, the kOH values for the samples cleaned with 

plasma and cleaned with RCA SC-1 plus plasma equal 0.23±0.02 and 0.21±0.01 hr
-1

, 

respectively.  Note that the first-order rate constants for adsorption of the organic 

molecules, kCH,mono follow the same trends with cleaning method and agree with the kOH 

values to within 20%.  These results further demonstrate that the organic molecules react 

with the silanol groups on the silicon dioxide surface. 

Differences in the amount of time the native oxide is able to remain 

contamination free and hydrophilic correlate with the distribution of hydroxyl groups on  
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Table 2.3. Rate parameters obtained by fitting Eq. (2.3) and Eq. (2.5) to the 

infrared data. 

Cleaning Method kOH (hr
-1

) kC-H,mono (hr
-1

) kC-H,multi (hr
-1

) 

RCA SC-1 0.30±0.02 0.378±0.011 0.060±0.007 

Plasma 0.23±0.02 0.205±0.003 0.032±0.001 

RCA SC-1 and plasma 0.21±0.01 0.182±0.008 0.042±0.003 
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the surface immediately following cleaning.  This is borne out by comparing the trends in 

kWCA, kOH and kCH,mono (Tables 2.2 and 2.3) to the distribution in isolated and hydrogen-

bonded hydroxyl groups (Table 2.1).  The percentage of the O-H infrared band area due 

to the isolated hydroxyl groups falls from 50.9% for the RCA SC-1 clean, to 14.0 and 

4.2 % for plasma activation and the wet clean plus plasma activation.  This suggests that 

the isolated hydroxyl groups are more reactive towards the organic molecules than the 

hydrogen-bonded hydroxyl groups.  A similar trend has been observed by Davydov et al. 

[18,19] for the adsorption of trimethylchlorosilane on silicon dioxide.  They found that 

nearly all of the isolated OH reacted with (CH3)3SiCl, while only a small percentage of 

hydrogen-bonded OH groups exhibited reactivity.   

Whether the hydroxyl is hydrogen-bonded or not depends on its distance from a 

nearest neighbor oxygen atom [20].  A hydroxyl cannot undergo hydrogen bonding if it is 

separated by a distance greater than 3.1 Å [18,20,40].  Variations in the hydrogen bond 

length give rise to the broad infrared band associated with this species. The infrared data 

presented in Figure 2.4 indicates that both the isolated and the hydrogen-bonded hydroxyl 

groups react with the organic molecules.  Presumably, the hydrogen bond to a 

neighboring oxygen atom must be broken before reaction can occur.  This energy barrier 

would explain the reduced rate of adsorption on these sites.   

The contamination is likely due to a variety of different organic compounds.  

However, there is useful information which can be extracted from the CH2/CH3 peak 

ratio.  The data in Table 2.1 show that the CH2/CH3 ratio calculated from the asymmetric 

stretching bands ranges from 1.8 to 2.3.  This corresponds to a chain length of ~10±2 
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carbon atoms [41,42].  This information along with the presence of the C=O stretching 

mode at 1730±20 cm
-1

, suggests that the average molecular structure of the adsorbate is 

closest to 2-decanone [34].  It should be emphasized that it is highly unlikely that the 

contamination is due to a single molecule.  Rather, 2-decanone represents an average 

overall structure for what is likely a range of environmental contaminants. The source of 

the contamination could be from the spectrometer walls, or from the tubing that the liquid 

nitrogen boil-off flowed through.  As calculated earlier, the concentration of organic 

species in the ambient necessary to drive the adsorption process is only 0.1 parts per 

trillion.  It is pretty unlikely that this low level of contamination could be prevented in a 

storage system held at atmospheric pressure.  Gasoline emissions from automobile 

exhaust are a likely source of volatile organic compounds.  Extensive research has been 

done on the combustion products of automobiles as well as the concentrations of 

hydrocarbons in the atmosphere over the Los Angeles basin [43-47].  Long chain alkenes 

are a common component of automotive exhaust, and could be one of the potential 

sources of contamination. 

 

Conclusions 

The native oxide on silicon (100) has been cleaned using an atmospheric pressure 

helium and oxygen plasma.  This process created a hydrophilic state with a water contact 

angle of less than 5°.  By comparison, traditional RCA SC-1 cleaning reduced the water 

contact angle to 16.2±1.7°.  The fraction of silanol groups in the hydrogen-bonded 

configuration was much higher if plasma activation was carried out following the wet 
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clean.  During storage in nitrogen gas, trace amounts of organic molecules, with a 

structure similar to 2-decanone, adsorbed onto the exposed silanol groups and converted 

the surface into a more hydrophobic state with a water contact angle between 30° and 40°.  

The rate of adsorption was slower on surfaces that had a higher fraction of hydrogen-

bonded hydroxyl groups. 
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Chapter 3 

 

Atmospheric pressure radio-frequency plasma activation of polymers 

and composites for adhesive bonding 

 

Abstract 

A review is presented on the surface preparation of polymers and composites 

using atmospheric pressure plasmas.  This is a promising technique for replacing 

traditional methods of surface preparation by abrasion.  With sufficient exposure to the 

plasma afterglow, polymer and composite surfaces are fully activated such that when 

bonded and cured with epoxy adhesives, they undergo 100% cohesive failure in the 

adhesive.  Depending on the material, the lap shear strength and crack delamination 

resistance (GIC) can be increased several fold over that achieved by either solvent wiping 

or abrasion.  In some cases, a plasma-responsive layer must be incorporated into the top 

resin layer of the composite to achieve maximum bond strength to the adhesive.  

Adhesion does not correlate well with water contact angle or surface roughness.  Instead 

it correlates with the fraction of the polymer surface sites that are oxidized and converted 

into active functional groups, as determined by x-ray photoelectron spectroscopy and 

infrared spectroscopy. 
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Introduction 

The strength of bonded joints is of great concern to the aerospace, automotive, 

medical device, and electronics industries [1].  Atmospheric pressure plasma activation is 

rapidly gaining acceptance as a desirable method of surface preparation prior to bonding 

[1].  This technique provides an alternative to traditional methods of surface preparation 

by wet chemical cleaning and mechanical abrasion [1,2].  Although these latter 

procedures are “tried and true,” they are time consuming manual processes.  Moreover, in 

certain instances, they yield lower bond strengths, and can even result in damage to 

composites that are fabricated with high modulus fibers [1,2].  Abrasion methods 

generate dust which is an environment, health, and safety concern.  Consequently, there 

is a need to explore alternative, environmentally friendly approaches that activate the 

surface without damaging the bulk material.  Atmospheric pressure plasmas show 

promise for fulfilling this need.   

This review article focuses primarily on atmospheric pressure plasmas that are 

self contained, and are suitable for the treatment of three-dimensional extruded parts, 

such as are common in many manufactured products.  Plasmas used for this purpose are 

decoupled electrically from the workpiece.  They produce an afterglow that contains 

neutral reactive species, which flow out and down onto the surface being activated.  This 

may be contrasted to coronas and dielectric barrier discharges that are used to treat plastic 

film.  In this latter case, the polymer film is passed between the powered and grounded 

electrodes in roll-to-roll fashion, and the film is activated by contact with both ionized 
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and neutral species.  For more detailed information on the performance of these latter 

devices, the reader is referred to several excellent review articles [3,4,5,6].  

 In this paper, we examine published work using downstream, atmospheric 

pressure plasma to activate polymer and composite surfaces.  First an overview of the 

physics and chemistry of atmospheric pressure plasmas will be given, along with a 

comparison of the different types of devices.  Then, the efficacy of this technique for 

surface activation will be discussed in terms of the mechanical properties, the water 

contact angle (i.e., surface energy), the surface roughness, and the surface composition.  

Lastly, we will consider the mechanism of polymer surface activation. 

Plasma Chemistry and Physics 

A plasma is an ionized gas consisting of positively and negatively charged species 

in which the discharge volume maintains overall charge neutrality.  Atmospheric pressure 

plasmas are generated by flowing gas between grounded and powered electrodes, and 

providing a sufficiently high voltage to break down the gas.  Initially, when power is 

applied to the electrodes, the system operates in the Townsend dark region where the 

voltage rises quickly with the current until ionization occurs.  The breakdown voltage, VB, 

depends on the gas composition, the pressure, P, and the gap spacing, d [7,8].  The well-

known Paschen curve provides the characteristic dependence of VB on Pd for a given gas 

[7,9].  In order to have a sufficient flux of reactive species to activate a surface, the 

electrode gap needs to be greater than about 1 mm, and so at atmospheric pressure, the 

value of Pd is fixed at 76 Torrcm.  Shown in Table 3.1 are the breakdown voltages in 

kV for helium, argon, nitrogen and oxygen at P•d = 76 Torrcm.  Helium and argon  
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Table 3.1. Breakdown voltages (VB), electron impact ionization thresholds 

(Eiz) and cross sections (iz) for helium, argon, nitrogen and oxygen [7,11-

18]. 

Gas VB DC* (kV) VB RF* (kV) Eiz (eV) iz** (10
-16

 cm
2
) 

He 0.44 0.11 24.59 0.07 

Ar 0.61 0.45 15.80 1.58 

N2 6.00 - 15.63 1.24 

O2 6.50 - 12.07 1.13 

*The DC and RF breakdown voltages were taken at 76 Torrcm. 

**Electron impact ionization cross sections were evaluated at Te = 30 eV, 

where Te is electron temperature. 

  



 66 

undergo ionization at much lower voltages than nitrogen and oxygen.  To break down air 

one must have a 10 kV DC or AC power supply. 

 Following ionization the plasma sustains itself by generating free electrons in the 

gas through electron-impact ionization.  The surface also may contribute free electrons 

through thermionic emission and Auger processes [7].  Electron-impact ionization may 

be represented by the following reaction: 

 M + e
-
  M

+
 + 2e

-
 (3.1) 

where M represents the feed gas.  The rate of this reaction depends on the electron 

temperature, Te, the electron density, ne, and the gas density, ng.  At atmospheric pressure, 

the gas density is relatively high so this “autocatalytic” reaction may easily runaway 

resulting in an arc.   

 The electron ionization rate, riz can be estimated from collision theory [10]: 

 r iz = σizvngne (3.2) 

Where σiz is the ionization cross section (cm
2
), and v is the velocity of the impacting 

electron (cm/s).  Listed in Table 3.1 are the ionization thresholds and cross sections for 

helium, argon, nitrogen and oxygen [7,11-18].  The cross sections were evaluated at an 

electron energy of 30 eV.  Argon, nitrogen and oxygen have similar cross sections.  Their 

rates of ionization at atmospheric pressure are expected to be fast.  When this is 

combined with the extremely high breakdown voltages of nitrogen and oxygen, it is easy 

to understand why air (containing 78% N2 and 21% O2) spontaneously transitions to an 

arc following ionization.  Helium, on the other hand, has a much lower cross section.  

This fact combined with the low breakdown voltage makes it possible to stabilize a 
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weakly ionized helium plasma at atmospheric pressure over a wide range of currents and 

voltages without undergoing the transition to an arc. 

 There are three types of atmospheric pressure air plasmas: the torch, corona, and 

dielectric barrier discharge (DBD) [9,10].  In a torch, gas flows through an arc that is 

generated between two metal electrodes.  The torch is a thermal plasma in which the 

neutral temperature approaches that of the electron temperature, Tn ~ Te [9,19].  Electrode 

sputtering occurs during operation due to the high impact rate of positively charged 

species, e.g, Ar
+
, with the metal surface.  The corona and dielectric barrier discharge are 

constructed with a dielectric spacer inserted between the electrodes in order to prevent 

thermal arcing.  In this case, the plasmas are struck and maintained in a weakly ionized 

state that is not at thermal equilibrium, i.e., Tn <<< Te.  The corona has a point-to-plane 

configuration with breakdown occurring in the vicinity of the sharp tip [9,20].  The 

plasma density falls off rapidly as the distance from the point source increases.  Dielectric 

barrier discharges are driven with AC power at frequencies ranging from 500 Hz to 500 

kHz [21,22].  In a DBD, charges build up on the surface of the dielectric and then 

discharge off as streamers in short bursts with each cycle of the alternating current.  The 

streamers or micro-discharges are distributed randomly in space and time for periods of 

about 10 to 100 ns [9,20,23].  In the torch, corona and DBD, the plasma is not distributed 

uniformly over the gas volume between the electrodes, and so it can be challenging to 

estimate the average electron temperature and density.   
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Plasma Properties Influencing the Effectiveness of Activation for Adhesive Bonding 

A number of physical properties determine the performance of the plasma source 

as well as how well the plasmas are able to activate polymer and composite substrates.  

Shown in Table 3.2 are the physical properties of different types of atmospheric pressure 

plasmas [20,21,24-28].  In a torch, plasma densities can be extremely high, from 10
16

 to 

10
19

 cm
-3

, with average electron temperatures of 1 to 2 eV (1.0 eV = 11,605 K) 

[7,9,19,20].  Note that the neutral species density is ~10
19

 cm
-3

.  Due to the heat sensitive 

nature of polymer and composite materials, a high gas temperature will damage or melt 

the substrate.  As a result, the neutral gas temperature of the plasma is an important 

parameter affecting the performance of plasmas for processing polymers and composites.  

In a plasma torch, the high collision rate of electrons with neutrals causes rapid heating of 

the gas to temperatures between 5,000 and 14,000 K.   These temperatures are not 

suitable for treatment of polymers and composites.  Nevertheless, it is possible to blow a 

sufficient amount of gas through the arc so that the overall gas temperature is low enough 

to treat thermally sensitive materials.  The Plasmaflume
TM

 system by PlasmaTreat is an 

example of this type of device.  It utilizes a rotating electrode that rapidly spins the arc 

through the gas volume, maintaining an overall neutral temperature near 600 K.  Plasma 

streamers shoot out the end of the housing and treat polymer substrates placed 

downstream.    Although this device has been proven industrially for surface activation, 

there appears to be a lack of published information on the properties of the plasma.  

 Corona and dielectric barrier discharges operating with air as the supply gas 

exhibit electron densities in the range of 10
9
-10

13
 and 10

12
-10

15
 cm

-3
, respectively, and  
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Table 3.2. Physical Properties of atmospheric pressure plasmas [20,21,24-28] 

Plasma type Feed Gas VB (kV) ne (cm
-3

) Te (eV) Tn (K) [O] (cm
-3

) [O3] (cm
-3

) 

Torch Air 2-20 10
16

-10
19

* 1-2* >5000 ~10
18

** <10
10 

Corona Air 2-20 10
9
-10

13
* 3-5* <600 10

11
-10

13 
10

17
-10

19 

DBD Air 2-20 10
12

-10
15

* 1-10* <700 10
12

-10
14 

10
16

-10
18 

RF discharge Noble gas 0.1-0.6 10
11

-10
12 

1-2 <600 10
16

-10
17

 10
14

 -10
15 

Note: VB is breakdown voltage, ne is electron density, Te is electron temperature, Tn is 

the neutral gas temperature, [O] is the concentration of atomic oxygen, and [O3] is 

ozone concentration.  

*Values estimated for electron density and temperature inside the arc or streamer. 

**Value estimated for inside the arc. 
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average electron temperatures between 1 and 10 eV [20,21,25].  These values are quoted 

for inside the streamers and micro-discharges, which are highly non-uniform and occupy 

a small fraction of the total gas volume between the electrodes.  In these non-equilibrium 

plasmas, the neutral temperature is below 700 K. When helium is used in place of air 

in a DBD a diffuse glow discharge is obtained [20,23,24].  In this case, the ionized gas 

spreads over most of the gas volume at some interval during the AC cycle. 

 Atmospheric pressure noble gas plasmas, driven with radio-frequency power at 

13.56 or 27.12 MHz, operate in a fundamentally different way than the air plasmas.  Due 

to the low breakdown voltages of helium and argon, and the relatively slow rate of 

electron impact ionization, a weakly ionized, capacitive discharge plasma is generated 

between the two electrodes [9,13,29.]  The plasma uniformly fills the gas volume with a 

collisional sheath forming at the boundaries to repel the electrons and maintain the 

discharge.  The average electron density and temperature have been determined in 

multiple experimental and theoretical studies [13,30-34].  The consensus from this body 

of work is that the electron density ranges from 10
11

 to 10
12

 cm
-3

 and the average electron 

temperature is 1 to 2 eV.  Depending on the RF power level and whether the source is 

water cooled or not, the neutral temperature can vary between 323 and 573
 
K.  Another 

important distinction between RF noble gas discharges and air plasmas is that in the 

former case, the plasma chemistry can be varied over a broad range by mixing different 

molecular gases with the argon or helium, e.g., oxygen, nitrogen, hydrogen, carbon 

tetrafluoride, etc. [35-42].  This allows one to tailor the chemistry to the specific 

requirements of the material being treated. 
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 The neutral reactive species generated inside atmospheric pressure plasmas are 

responsible for the surface activation of polymers and composites.  These species are 

generated by electron impact with the molecules fed to the discharge, e.g., O2 or N2.  In 

an RF helium/oxygen discharge, the reactive neutral species that flow out of the plasma 

and into the afterglow are ground-state oxygen atoms, metastable oxygen molecules 

(O2(
1
Δg) and O2(

1
Σg

+
)), and ozone [40].  Atomic oxygen is produced by electron impact 

dissociation of molecular oxygen [40]: 

 O2 + e
-
  O + O + e

-
 (3.3) 

The rate of dissociation is given by the following equation: 

 Rate=A • exp (Ea / RTe)[O2][e
-
] (3.4) 

Where A is the pre-exponential factor, Ea is the activation energy, R is the ideal gas 

constant, Te is the electron temperature, [O2] is molecular oxygen concentration, and [e
-
] 

is the plasma electron density.  The speed of polymer activation depends on the flux of 

atomic oxygen to the substrate surface [43].  As Equation (3.4) shows this flux is, in turn, 

dependent on the electron temperature, electron density, and concentration of molecular 

oxygen. 

 The activation rate for polymers and composites depends on the concentrations of 

reactive species being generated by the plasma device.  For atmospheric plasmas fed with 

oxygen or air, the reactive species are primarily atomic oxygen (O), metastable oxygen 

molecules (O2(
1
Δg)), and ozone (O3).  This is accomplished in plasmas fed with air or by 

using noble gas plasmas which are fed with a secondary stream of oxygen.  The estimated 

concentrations of atomic oxygen, [O], and ozone, [O3], produced by the different types of 
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atmospheric pressure plasma discharges are presented in Table 3.2.  Inside an arc, the 

oxygen atom concentration can be extremely high, more than 10% by volume of the gas 

[9].  However, the temperature is also extremely high as noted above.  To the authors’ 

knowledge, no published estimates are available for the O atom concentration in the case 

where air is blown through an arc sufficient to cool the gas below 600 K.  Estimates of 

the oxygen atom concentration in coronas and dielectric barrier discharges range from 

10
11

 to 10
14

 cm
-3

 [9,21,44].    Note that the ozone concentration produced in a DBD is 

much higher, up to 10
18

 cm
-3

.  This is because conditions within this device (i.e., high 

density plasma streamers dispersed throughout the air) are favorable towards ozone 

generation from atomic and molecular oxygen [9,21,44]. 

 A picture of a radio-frequency, capacitive discharge plasma treating a micro-

machined metal part is shown in Figure 3.1.  This source produces a 50 mm wide plasma 

beam and is fed with helium and up to 3.0 volume % oxygen.  Neutral oxygen atoms, 

metastable oxygen molecules and ozone flow out of the device and activate the polymer 

surface.  In order to treat the part within a few seconds, it must be kept within 10 mm of 

the exit of the device, and preferably within 5 mm.  Shown in Figure 3.2 are the 

concentrations of the reactive species as a function of distance downstream as predicted 

by a numerical model of the RF helium/oxygen plasma [43].  At up to 10 mm, the 

estimated concentrations are as follows:  8x10
16

 cm
-3

 O atoms, 8x10
16

 cm
-3

 O2(
1
Δg), 

<1x10
14

 cm
-3

 O2(
1
Σg

+
), and ~5x10

15
 cm

-3
 O3.  Titration of the atomic oxygen with nitric 

oxide has confirmed that the O atom concentration at the exit of the source is in the range  
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Figure 3.1.  Picture of an RF helium/oxygen plasma activating the surface of a 

micro-machined metal part. 
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Figure 3.2.  Dependence of the concentration of neutral species on distance from 

the plasma exit at 200 W RF power, 30 L/min He, and 0.8 L/min O2 [43]. 
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of 10
16

 to 10
17

 cm
-3

 [36].  On the other hand, direct measurement of the ozone 

concentration at the source exit yields a value of 4x10
14

 cm
-3

 (20 parts per million). 

 

Survey of Atmospheric Pressure Plasma Treatment and its Effect on Polymer 

Surface Properties 

A brief survey is presented in this section on polymers and composites treated 

with atmospheric pressure plasmas.  Previous work on atmospheric pressure plasma jets 

for surface activation did not always focus on adhesion.  Instead, it often concentrated on 

the surface energy and wetting of the materials.  Although this is not a direct indicator of 

a surfaces readiness for adhesion, it is still useful in indicating how these methods might 

impact bond strength.  The results obtained in previous studies are summarized in Figure 

3.3 and Tables 3.3 and 3.4.   

 A survey of the plasma oxidation of plastic film using a dielectric barrier 

discharge (DBD) in air was performed by Borcia et al [3,4].  The polymers studied 

include polyethylene (PE), polystyrene (PS), poly(methyl pentene) (PMP), 

poly(tetrafluoroethylene) (PTFE), polyamide-6 (PA-6), polyamide-6,6 (PA-6,6), 

polyamide-12 (PA-12), poly(ethylene terephthalate) (PET), poly(methylmethacrylate) 

(PMMA), poly(etheretherketone) (PEEK), and poly(oxymethylene) (POM).  Pappas et al. 

[45] used a DBD fed with helium/oxygen to activate PE, PA-6, polyimide (PI), and PTFE.  

Noeske et al. [46] have examined surface activation for adhesion of PET, PA-6, PE, 

poly(vinylidene fluoride) (PVDF), and polypropylene (PP) using a plasma torch fed with 

air (Plasmatreat’s OpenAir® device).  A DBD plasma source fed with air (TIGRES  
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Figure 3.3.  Water contact angle (WCA) of four different polymers before and 

after activation with DBD or RFCD He/O2 plasma [3,4,43,45,48,49,50,54,55]. 
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Table 3.3. The effects of atmospheric plasma activation on the surface 

composition of polymers, as determined by X-ray photoelectron spectroscopy 

[45,46,49-53,57-60]. 

Material 

Plasma 

type 

Feed 

gas 

XPS Composition 

Ref. 

O atomic % O/C ratio 

Before After Before After 

PE Torch Air 2.0 24.4 0.02 0.34 46 

PP Torch Air 3.1 8.7 0.03 0.10 46 

PVDF Torch Air 3.1 6.8 0.06 0.14 46 

PET Torch Air 15.2 32.4 0.18 0.50 46 

PA-6 Torch Air 11.9 23.8 0.16 0.37 46 

PE DBD He/O2 --- --- 0.07 0.27 45 

Nylon DBD He/O2 --- --- 0.14 0.31 45 

Kapton DBD He/O2 --- --- 0.27 0.34 45 

PTFE DBD He/O2 --- --- 0.06 0.07 45 

PET DBD Air 28.6 40.0 0.40 0.70 60 

PET DBD Air 29.1 35.5 0.41 0.56 59 

PU DBD Air 28.4 37.2 0.52 0.78 59 

PP RFCD Ar 3.0 9.0 0.03 0.10 58 

PP RFCD Ar 6.8 42.9 0.07 0.79 57 

PP RFCD Ar/O2 6.8 33.6 0.07 0.52 57 

PMMA RFCD He/O2 --- --- 0.38 0.67 43 

PEEK RFCD He/O2 --- --- 0.18 0.50 50 

PPS RFCD He/O2 --- --- 0.20 0.56 50 

PES RFCD He/O2 --- --- 0.19 0.48 50 

PSU RFCD He/O2 --- --- 0.17 0.43 50 

PET RFCD He/O2 --- --- 0.33 0.59 49 

PEN RFCD He/O2 --- --- 0.29 0.56 49 

HDPE RFCD He/O2 --- --- 0.02 0.28 51 

Epoxy-CF RFCD He/O2 19.9 31.1 0.33 0.65 52 

Note: PE is polyethylene, PP is polypropylene, PVDF is poly(vinylidene fluoride), 

PET is poly(ethylene terephthalate), PA-6 is polyamide-6, PTFE is 

poly(tetrafluoroethylene), PU is polyurethane, PMMA is 

poly(methylmethacrylate), PEEK is poly(etheretherketone), PPS is 

poly(phenylene sulfide), PES is polyethersulfone, PSU is polysulfone, PEN is 

poly(ethylene naphthalate) and HDPE is high density polyethylene. 
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Table 3.4. Water contact angles (WCA), surface energy and lap shear strength of 

adhesive joints made of polymers and composites before and after plasma treatment 

[43,46,47,49,50,52]. 

Material 

Plasma 

type 

Feed 

gas 

WCA (°) 

Surface energy 

(mJ/m
2
) 

Lap shear 

strength (MPa) Ref. 

Before After Before After Before After  
PE Torch Air --- --- 28 60 0.3 4.6 46 

PP Torch Air --- --- 27 52 0.3 3.7 46 

PVDF Torch Air --- --- 35 42 0.6 8.9 46 

PET Torch Air --- --- 35 63 1.6 4.8 46 

PA-6 Torch Air --- --- 35 62 1.9 7.8 46 

PEEK DBD Air --- --- 51 73 0.5 5.6 47 

PPS-CF DBD Air --- --- 48 73 5.3 21.5 47 

PPS-GF DBD Air --- --- 44 70 6.1 17.2 47 

PMMA RFCD He/O2 --- --- 41 55 1.0 10.2 43 

PET RFCD He/O2 --- --- 44 55 3.8 11.2 49 

PEEK RFCD He/O2 81 16 --- --- 1.0 3.7 50 

PSU RFCD He/O2 83 26 --- --- 3.0 3.7 50 

PPS RFCD He/O2 80 20 --- --- 0.6 1.4 50 

Epoxy-CF RFCD He/O2 80 18 --- --- 16.5 24.8 52 

Note: PE is polyethylene, PP is polypropylene, PVDF is poly(vinylidene fluoride), 

PET is poly(ethylene terephthalate), PA-6 is polyamide-6, PEEK is 

poly(etheretherketone), PPS is poly(phenylene sulfide), PPS-CF is PPS with carbon 

fiber reinforcement, PPS-GF is PPS with glass fiber reinforcement, PMMA is 

poly(methylmethacrylate) and PSU is polysulfone. 
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Plasma-BLASTER MEF) has been used to improve the surface energy and bond strength 

of PEEK, poly(phenylene sulfide) (PPS) reinforced with carbon fiber (PPS-CF), and PPS 

reinforced with glass fiber (PPS-GF) [47].  Ionita et al. [48] have treated PE, PET and 

PTFE with an RF atmospheric pressure plasma jet fed with argon/oxygen.  Work by 

Gonzalez and coworkers [43,49-51] and by Zaldivar and coworkers [1,52] have reported 

on the surface activation for adhesion of PMMA, PET, poly(ethylene naphthalate) (PEN), 

PE, PEEK, polysulfone (PSU), polyethersulfone (PES), PPS and epoxy composites using 

an RF capacitive discharge (RFCD) fed with helium/oxygen (Surfx Technologies 

Atomflo™).  Additional work by several research groups has examined the effect of 

other atmospheric plasma devices on PP, PET, PA-6, PA-12 and polyurethane (PU) [53-

60].   

 Figure 3.3 shows the results reported for the water contact angle (WCA) of four 

different polymers before and after plasma activation.  The change in WCA is compared 

between dielectric barrier discharges (DBD) and RF capacitive discharge (RFCD) 

plasmas fed with inert gases.   The initial values for the polymers vary by about 10% for 

PE, PMMA and PEEK, while they vary by about 25% for PET.  These disparities in the 

initial WCA are likely the result of differences in the density and molecular weight of the 

polymers, particularly for the PE samples.  For PE activation, there is a dramatic 

difference in the final water contact angle, depending on whether the polymer is treated 

with a dielectric barrier or the RF capacitive discharge source.  The DBD reduced the PE 

water contact angle to between 40 and 55°.  By contrast, the RF capacitive source 

achieved a contact angle of only 14°.  Similar behavior is seen with PMMA and PEEK, 
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where treatment with the RF discharge yields WCAs of 40° and 20°, respectively, 

compared to 60° and 40° for treatment with the DBD.  Borcia et al. [4] have reported that 

the water contact angle after DBD plasma activation is stable against aging for a period 

of 2 weeks.  The WCA is shown to increase by 5-10° over 3 days after which it stabilizes.   

 Table 3.3 shows the effects of atmospheric plasma activation on the surface 

composition of polymers, as determined by X-ray photoelectron spectroscopy.  Results 

are reported for treatment with a plasma torch fed with air, a DBD fed with air, and an 

RFCD fed with inert gas (He or Ar) and oxygen.  Polyethylene exhibits a low 

concentration of adsorbed oxygen initially, 2.0 to 3.0 atom%, consistent with its 

molecular structure.  After activation with the plasma, the surface oxygen concentration 

on PE jumps to 24.4 atom%, and the O/C ratio increases from 0.025 to 0.30.  

Polypropylene, on the other hand, appears to be more resistant to oxidation, with a 

surface oxygen concentration of 3.0% prior to treatment and 9.0% afterwards.  However, 

studies by Kwon et al [57] on PP appear to contradict this other work, because they 

apparently achieved a surface atomic oxygen concentration of about 40% after activation.  

The other polymers listed in Table 3.3, in particular, PET, PA-6, PMMA, PEEK, PPS, 

PES, PSU and PEN, appear to oxidize readily upon exposure to the atmospheric plasma.  

After treatment, the O/C ratios for these plastics range from 0.37 to 0.70. 

 Table 3.4 lists water contact angles (WCA), surface energy and lap shear strength 

of polymers and composites before and after helium/oxygen plasma treatment.  Surface 

activation of PE, PP, PVDF, PET and PA-6 with a plasma torch appears to be quite 

effective at increasing adhesive bond strengths [46].  For example, the adhesion strength 
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of PE was increased from 0.3 to 4.6 MPa following activation.  The RFCD used by 

Gonzalez et al. [43] is also effective for promoting adhesion.  For example, the lap shear 

strength of PMMA increases from 1.0 MPa initially to 10.2 MPa following 

helium/oxygen plasma activation.   

Noeske et al. [46] observed that the plasma activated samples of PE, PP, PVDF, 

PET and PA-6 exhibited only substrate mode and cohesive failure in the adhesive, while 

untreated materials exhibited interfacial failure between polymer and adhesive.  Scotch® 

tape peel tests performed by Ionita et al. [48] indicated a 4-5x increase in the adhesion 

strength of PE, PTFE and PET following treatment using the RF capacitive discharge fed 

with argon.  Plasma treatment is known to alter the chemical composition, surface 

wetting, and topography of a substrate's surface.  The observed improvements in 

adhesion result from a combination of these effects.  Both the quantity and quality of the 

chemical bonds formed between the substrate and the adhesive determine how strong the 

joint will be.  Consequently, the reaction chemistry between the adhesive and the surface 

functional groups is important, and is examined in more detail below.   

 

Mechanical Strength of Bonded Materials 

Atmospheric pressure plasma activation of composite surfaces for joining has 

been the subject of several publications [1,52,61,62].  Figure 3.4 illustrates how the lap 

shear strength of adhesively bonded carbon fiber/epoxy composites depends on the 

number of times the surface is scanned with the helium/oxygen plasma [52].  In this study,  
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Figure 3.4.  Dependence of the lap shear strength of adhesively bonded 

carbon fiber/epoxy composites on number of passes with the atmospheric 

pressure helium/oxygen plasma [52]. 
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the composites were prepared from 8 prepreg plies made with Nelcote E765 epoxy and 

AS4 PAN-based carbon fibers, and laid up in a unidirectional configuration.  The E765 

resin system is based on a semi-interpenetrating network that includes a multifunctional 

epoxy backbone and a reactive thermoplastic modifier for increased toughness.  After 

curing in an autoclave, the laminates were processed with a 25-mm linear beam plasma 

from Surfx Technologies at the following conditions: 96 W of RF power (13.56 MHz), 

0.45 L/min oxygen, 15.0 L/min helium, 1.0 mm source-to-sample distance, and a 25.4 

mm/s scan speed.  Then the coupons were bonded using Hysol EA 9394 adhesive paste 

and cured.  Single lap shear strengths were measured following the ASTM D-3165 

procedure [63].  Solvent wiped control samples gave average values of 16.5 MPa.  Over 

the first 6 plasma scans, the bond strength increased from 16.5 to 23.0 MPa.  With further 

treatment from 12 to 48 scans, the bond strength gradually increased to a maximum value 

of 26.0 MPa.  The total improvement in lap shear strength was 58%.  Note that surface 

abrasion by sanding with 280-grit silicon carbide paper yielded no improvement in 

strength over that obtained by solvent-wiping [1]. 

Analysis of the fracture surfaces illustrates the failure mode of the bond.  When 

interfacial failure occurs, i.e., at the interface between the adhesive and substrate, proper 

surface preparation can greatly improve bond strength.  On the other hand, when 

cohesive failure occurs, the bond strength is limited by the adhesive itself and no further 

improvement in surface preparation can be made.  Figure 3.5 shows the fracture surfaces 

of the carbon fiber/epoxy composites that were prepared by solvent wiping, abrasion and 

exposure to the atmospheric pressure helium/oxygen plasma [1].  In Figure 3.6, the  
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Figure 3.5.  Pictures of fracture surfaces of adhesively bonded carbon fiber/epoxy 

composites for three different surface preparation methods [1].  The solvent wiped 

surface exhibits interfacial failure.  The abrasion surface shows interfacial failure 

mixed with failure in the composite itself.  The He/O2 plasma activated sample 

exhibits nrealy 100% cohesive failure in the adhesive. 
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Figure 3.6.  Schematics showing failure mechanisms of adhesively bonded 

carbon fiber/epoxy composites after surface preparation by (a) solvent wiping 

showing failure at the interface, (b) abrasion showing interfacial failure and 

failure in the top ply of the composite, and (c) atmospheric pressure He/O2 

plasma which shows cohesive failure in the adhesive[1]. 
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observed failure mechanisms are illustrated schematically.  The sample cleaned with the 

solvent exhibited 100% interfacial failure.  Interfacial failure occurred on the sample 

prepared by abrasion as well.  However, in this case, failure also took place within the 

composite itself, indicating that the abrasion damaged the matrix.  By contrast, the 

helium/oxygen plasma-activated composite exhibits 100% cohesive failure in the 

adhesive, as can be seen by the uniform gray coating on both coupons.  Separate tests 

confirmed that He/O2 plasma activation did not cause any damage to the matrix [1].   

Hicks et al. [64] have studied the surface preparation of carbon fiber-reinforced 

poly(etheretherketone) (PEEK) composites with an RF noble gas plasma.  The laminates 

contained 16 prepreg plies made with AS4 carbon fibers and PEEK thermoplastic resin.  

Coupons were wiped with acetone and dried thoroughly.  Then they were processed with 

a 25-mm circular showerhead plasma maintained at 80 W RF power, 0.45 L/min oxygen, 

30.0 L/min helium, a source-to-sample distance of 2.0 mm, and a scan speed of 10 mm/s.  

Under these conditions, each coupon was exposed to the plasma for a total of 30 seconds.  

Following surface preparation, the samples were bonded together with 3M AF563 film 

adhesive and cured.  Double-notch lap shear strengths were measured according to 

ASTM D-3165 [63].  The untreated PEEK yielded an average shear strength of 35.0±1.2 

MPa.  Examination of these samples revealed that interfacial failure occurred at the 

interface between adhesive and composite.  This may be compared to the plasma-

activated PEEK, which had a shear strength of 43.2±0.6 MPa, and underwent 100% 

cohesive failure in the adhesive. 
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In contrast to many epoxy composites, cyanate ester composites exhibit only 

negligible increases in lap shear strength with helium/oxygen plasma activation due to the 

formation of highly oxidized, weakly bonded species on the surface [62].  In order to 

improve the bonding performance of a composite system that would otherwise not be 

susceptible to plasma treatment, Zaldivar et al. [62] modified the composite surface 

through the incorporation of a co-cured layer.  This layer consisted of a carboxyl 

terminated butadiene nitrile rubber cross-reacted with a difunctional epoxy.   

Figure 3.7 demonstrates how the relative bond strength of carbon fiber/cyanate 

ester composites depends on the type of surface preparation and the presence of a co-

cured plasma susceptible layer.  In this study, composites were prepared from 11 prepreg 

plies laid up in a unidirectional configuration with Toray M55J carbon fiber and using 

Hexcel 954-3 cyanate ester.  All of the composite specimens contained a polyester peel 

ply adjacent to the surface with all treatments performed on the peel ply surface.  After 

curing in an autoclave, the laminates were processed with a 25-mm linear beam plasma at 

the following conditions: 96 W of RF power (13.56 MHz), 0.45 L/min of oxygen, 30 

L/min helium, 1.0 mm source-to-sample distance, and a 25.4 mm/s scan speed.  An 

ambient-temperature cured paste adhesive, Henkel’s EA9394 epoxy, was used to bond 

the specimens together.  The cyanate ester composite generated a significant amount of 

highly oxidized residue or ash that was easily removed via a solvent wash.  These lower 

molecular weight fragments were the result of excessive chain scission and led to low 

bond strength.  Lap shear tests showed that solvent wiping, peel ply, and helium/oxygen 

plasma activation resulted in a 30% bond strength improvement over surface abrasion.   
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Figure 3.7.  Relative bond strength improvement of a cyanate ester composite 

(Hexcel 954-3) bonded with a room temperature cured adhesive (Hysol EA 

9394) [62]. 
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By contrast, the addition of the plasma-responsive layer improved the bond strength by 

over 225% compared to the abraded control specimen, and approximately 190% of the 

equivalently treated system with no plasma-responsive layer.   

 Figure 3.8 illustrates the effect of atmospheric pressure helium/oxygen plasma 

activation on the pull strength for adhesively bonded high-density polyethylene (HDPE) 

[65].  Pull strength measurements were performed using the procedure specified in 

ASTM D-4541.  All of the control samples failed at the adhesive-HDPE interface.  

Following activation with the helium/oxygen plasma, the pull strength was increased 16 

times for the urethane adhesive (Hardman, Inc. 04022), 8 times for the epoxy (Hardman, 

Inc. 04005), and 6 times for the acrylic adhesive (3M Scotch-Weld DP805).  Gonzalez et 

al. [43,49,50] have demonstrated similar findings for bonding other polymers with these 

adhesives.  Poly(ethylene terephthalate) (PET) was bonded using silicone (NuSil 

Technology MED1-4013), epoxy and urethane adhesives.  Helium/oxygen plasma 

activation increased the bond strength by approximately 3 times for each adhesive used 

[49].  Plasma activated polyphenylsulfone (PPS) exhibited an increase in pull strength 

with epoxy adhesive from 0.6 to 1.3±0.1MPa [50].  Many other polymer and adhesive 

combinations have been studied with results ranging from two- to ten-fold increases in 

bond strength for helium/oxygen plasma activation compared to solvent wiped and dried 

controls [43,66-68]. 

 Zaldivar et al. [1] measured the load-displacement curves for AS4 fiber/Nelcote 

E765 composites bonded with EA9394 epoxy following surface preparation by abrasion 

and atmospheric pressure plasma.  These results are presented in Figure 3.9.  The 25-mm  
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Figure 3.8.  Pull strength for high-density polyethylene bonded with three 

different adhesives as a function of plasma exposure time [65]. 
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Figure 3.9.  Load-displacement curves for GIC testing of epoxy composites 

that were prepared by (a) abrasion, and (b) atmospheric pressure plasma [1]. 
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linear beam plasma was operated at 96 W RF power, 0.45 L/min oxygen, 15.0 L/min 

helium, a source-to-sample distance of 1.0 mm, and a 25.4 mm/s scan speed.  The mode 1 

crack delamination resistance was measured according to ASTM D-5528 [69].  In this 

technique, two composites are bonded together, and are pulled apart across a built-in 

delamination area in tension using a double cantilever beam specimen.  As the strain is 

increased, the amount of load necessary to initiate and maintain crack growth is measured.  

The delamination displacement represents the distance that the composites are pulled 

apart from one another.  The crack delamination resistance (GIC) values obtained in these 

tests were 263 J/m
2
 for abrasion and 455 J/m

2
 for helium/oxygen plasma activation.  The 

latter surface preparation process yielded a 73% increase in crack delamination resistance. 

A summary of the mechanical properties of the adhesively bonded carbon 

fiber/epoxy composites, prepared using the different surface treatments is given in Table 

3.5.  It should be noted that the abrasion method does not improve the crack delamination 

resistance: the solvent-wiped control sample had a GIC value of 280 J/m
2
 compared to 

263 J/m
2
 for sanding with 280 grit paper.  The reduction in crack delamination resistance 

following abrasion is attributed to the damage caused to the top layer of the matrix.  It 

should be noted that these results apply to epoxy composites employing the toughened 

E765 resin and AS4 carbon fibers.  A less stiff composite may not be damaged by 

sanding or other abrasion techniques [1,52].  These data make the case that atmospheric 

pressure helium/oxygen plasma activation not only improves static bond strengths, but 

also significantly enhances the durability of the joint. 
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Table 3.5.  Crack delamination resistance and lap shear strength of adhesive joints made of 

carbon fiber/epoxy composites with different surface preparations [1]. 

Surface 

treatment 

Crack delamination 

resistance (J/m
2
) 

Lap shear 

strength (MPa) Failure mode 

None 280 16.5 Interfacial 

280 grit abrasive 263 14.2 Interfacial w/ composite failure 

12 plasma scans 455 22.0 Cohesive in adhesive 

24 plasma scans 508 23.5 Cohesive in adhesive 

48 plasma scans 525 24.8 Cohesive in adhesive 
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The mechanism of adhesion improvement by atmospheric pressure plasmas has 

been a matter of debate.  A number of factors have been proposed to contribute to the 

higher bond strengths observed.  Among these are higher surface energy as measured by 

the water contact angle, greater surface roughness, and a desirable change in the chemical 

composition of the surface.  These concepts are examined next.  

 

Effects of Atmospheric Pressure Plasma Treatment on Surface Properties 

Water contact angle (WCA) is a well known method for determining if a surface 

has been activated and exhibits a high surface energy.  Small microliter water droplets are 

placed on the surface and the angle at the edge of the droplet is recorded using a 

goniometer.  Water contact angle data have been measured for many polymers and 

composites [43,49-51].  Figure 3.10 shows an example of the dependence of WCA on 

plasma exposure time for poly(ethylene terephthalate) (Ertalyte PET-P) and 

poly(ethylene naphthalate) (DaiNippon).  Here, the surfaces were exposed to a 50-mm 

linear beam plasma operated at 150 W (27.12 MHz), 0.8 L/min oxygen, 30.0 L/min 

helium, 3.0 mm source-to-sample distance, and 250 mm/s scan speed.  The PET had an 

initial WCA of 85.2±5.2 degrees which was reduced to 35±4.1
 
degrees after 0.25 seconds 

of exposure.  Subsequently, the water contact angle stabilized and became irresponsive to 

further treatment.  The PEN followed the same trend but with a greater drop in the WCA 

from 85.2±4.6 to 20.5±4.2
 
degrees.   
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Figure 3.10.  Dependence of the water contact angles of poly(ethylene 

terephthalate) and poly(ethylene naphthalate) on exposure time to the 

atmospheric pressure He/O2 plasma [49]. 
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 The water contact angle exhibits an exponential decay with exposure time that 

may be fitted with the following equation:  

 WCA(t) = WCA() + [WCA(0) – WCA()]•exp(-kτ) (5) 

where WCA() is the water contact angle at long times, WCA(0) is the initial water 

contact angle, k is the rate constant (s
-1

), and τ is exposure time (s).  The rate constant has 

been determined for a series of polymers [50].  The exponential decay function can be 

explained by a Langmuir adsorption model for the oxygen atoms on the polymer surface.  

For a further discussion of this theory, the reader is referred to previous publications 

[43,49-51]. 

 The water contact angle is often cited as a method for determining a surface’s 

readiness for adhesion [52,70, 71].  However, there is a discrepancy with the time scale 

necessary for WCA reduction compared to that required for maximum bond strength.  

The data in Figure 3.4 show a significant increase in lap shear strength with 12 to 48 

plasma scans, whereas the minimum water contact angle is achieved after only 6 plasma 

scans [52].  Therefore, a high surface energy is necessary, but not sufficient for good 

adhesion [71]. 

According to the literature, changes in surface morphology can result in improved 

adhesion through a process known as mechanical interlocking [72-74].  Previous 

publications have used atomic force microscopy (AFM) and scanning electron 

microscopy (SEM) to analyze how atmospheric pressure helium/oxygen plasma 

activation affects the roughness and surface area of polymers [43,51,75].  Hicks et al. 

[64] used scanning white light interferometry to analyze the surface roughness of carbon 
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fiber/PEEK composites after activation with the helium/oxygen plasma for 0, 10, 30 and 

60 seconds.  The surface was treated with a 25-mm circular showerhead plasma 

maintained at 80 W RF power, 0.45 L/min oxygen, 30.0 L/min helium, 2.0 mm source-

to-sample distance, and 10 mm/s scan speed.  Figure 3.11 shows a plot of the root mean 

squared (RMS) roughness as a function of plasma exposure time.  Little change is 

observed in the RMS roughness for surfaces treated up to 30 seconds, which exhibit an 

average roughness of 110 m.  Further plasma exposure totaling 60 seconds yielded an 

average roughness of 170 m.  This increase is likely due to etching of the substrate.  No 

correlation is discerned between bond strength and surface roughness, since the 

improvement in lap shear strength occurs for treatment times up to 30 seconds. 

Atomic force microscopy measurements were performed on carbon fiber/epoxy 

composites (AS4 fiber/Nelcote E765) following helium/oxygen plasma activation [52].  

The specimens were exposed to a 25-mm linear beam plasma operated at 96 W RF power, 

0.45 L/min oxygen, 15.0 L/min helium, 1.0 mm source-to-sample distance, and 25.4 

mm/s scan speed.  In Figure 3.12, AFM images of the composite surface are presented 

after 3, 6, 12, 24 and 48 plasma scans.  Specimens of the control through 6 scans exhibit 

identical morphologies, with an average RMS amplitude of 0.22 m.  After 12 scans, the 

composite surface shows a change in appearance from an undulating profile to one with 

many small sharper peaks and valleys.  This change is ascribed to etching of the resin.  

Further treatment from 24 to 48 passes continues the etching process which results in a 

smoothing out of the surface profile.   
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Figure 3.11.  The RMS roughness of the carbon fiber/PEEK surface as a 

function of exposure time to the atmospheric pressure He/O2 plasma [64]. 
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Figure 3.12.  Atomic force micrographs of a carbon fiber/epoxy composite 

surface exposed to (a) 3, (b) 6, (c) 12, (d) 24 and (e) 48 scans of the atmospheric 

pressure, He/O2 plasma [52]. 
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When the AFM data are compared to the mechanical properties reported in Figure 

3.4, no correlation between surface morphology and bond strength can be seen.  For 

example, the lap shear strength increases from 16.5 to 21.0 MPa after 6 plasma scans, 

where no significant change in roughness is recorded.  Note that there is one situation 

where bond strength and roughness do correlate with one another.  If the composite is 

exposed to the plasma for far too long, enough resin can be etched away to expose the 

fibers.  This will give rise to increased surface roughness but decreased lap shear strength.  

Fortunately, surface activation and etching occur on different time scales: on the order of 

seconds for maximizing adhesion, compared to minutes for significant etching. 

The surface activation of aliphatic polymers with the RF noble gas plasma has 

been studied by x-ray photoelectron spectroscopy (XPS) [50,51,75-79].  High density 

polyethylene is a good example of these polymers since its chain is composed of only -

CH2- groups.  The carbon 1s spectra of HDPE before and after helium/oxygen plasma 

activation are presented in Figure 3.13, and the results are summarized in Table 3.6 [51].  

The samples were processed with a 50-mm linear beam plasma at 200 W RF power, 0.9 

L/min O2, 30.0 L/min He, 5.0 mm source-to-sample distance, and 10 mm/s scan speed.  

Surface treatment caused the C/O atomic ratio to decrease from 50.0 to 3.6.  At the same 

time, higher oxidation states of carbon appear and dramatically increase in intensity at 

286.5 eV (peak 2), 287.5 eV (peak 3), and 289.0 eV (peak 4).  These features are 

assigned to carbon atoms with C-O single bonds (alcohols), C=O double bonds (ketones), 

and with two bonds to oxygen atoms (carboxylic acids), respectively.  Together the 

oxidized states of carbon account for 21.1% of the total C atoms sampled by the XPS. 
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Figure 3.13.  Carbon 1s XPS spectra of the high-density polyethylene surface 

(a) before and (b) after He/O2 plasma activation [51]. 
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Table 3.6.  Carbon 1s components binding energies and surface composition of 

high-density polyethylene before and after He/O2 plasma activation [51]. 

        Fraction of total carbon (%) 

 Peak # 

Binding 

energy (eV) Assignment Control Plasma 

C 1s 1 285.0 C-C 98.7 78.9 

 2 286.5 C-O 0.7 7.2 

 3 287.5 C=O 0.6 2.9 

 4 289.0 (C=O)-O - 11.0 

      

C/O ratio       50.0 3.6 
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Further identification of the functional groups generated by helium/oxygen 

plasma activation has been accomplished by internal reflection infrared spectroscopy.  

Figure 3.14 shows the infrared spectra of high-density polyethylene before and after 

plasma treatment.  The peak positions and assignments are summarized in Table 3.7.  The 

aliphatic carbon groups are identified from the doublet at 719 and 731 cm
-1

 (peak 1), due 

to the C-C rocking mode of CH2 groups, as well as peaks at 1463 and 1473 cm
-1

 (peak 4) 

corresponding to the C-H deformations [51,80-82].  Symmetric and asymmetric stretches 

of the C-H bond are observed at 2848 cm
-1

 (peak 7) and 2916 cm
-1

 (peak 8).  The carbon-

oxygen stretches of alcohols and ketones are seen at 1150 cm
-1

 (peak 2) and 1730 cm
-1

 

(peak 6), respectively.  Several new functional groups are generated from helium/oxygen 

plasma activation of the HDPE, and are observed in the spectra.  Vibrations arising from 

hydroxyl groups are seen as a narrow band at 1318 cm
-1

 (peak 3), and an extremely broad 

band between 3100 and 3600 cm
-1

 (peak 9).  Finally, the presence of carboxylic acid 

groups is confirmed from the band recorded at 1640 cm
-1

 (peak 5) [51,81,83,84]. 

Chain scission is the only mechanism available for carboxylic acid formation on 

the polyethylene surface.  This mechanism is consistent with the polymer etching 

observed by Gonzalez and coworkers [50].  Figure 3.15 shows a proposed mechanism for 

this process.  The first step consists of alcohol formation via an oxygen atom being 

inserted across a C-H bond.  A second oxygen atom is then inserted, forming a diol.  The 

ketone groups observed by XPS and IR spectroscopy may be generated through the loss 

of water from the diol group.  Chain scission may also occur at the diol site via transfer of  
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Figure 3.14.  Infrared spectra of high-density polyethylene before and after 

He/O2 plasma activation [51]. 
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Figure 3.15.  Proposed mechanism for the activation of high-density 

polyethylene with the atmospheric pressure, He/O2 plasma [51]. 
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Table 3.7.  Infrared peak assignments for He/O2 plasma-activated HDPE [51]. 

Peak # Wavenumber (cm
-1

) Assignment 

1 719, 731 C-C rocking mode (-CH2-) 

2 1150 C-O stretch (C-OH) 

3 1318 O-H in-plane deformation (C-OH) 

4 1463, 1473 C-H deformation (-CH2-) 

5 1640 C=O stretch of H-bonded carboxylic acid 

6 1730 C=O stretch of ketone 

7 2848 C-H symmetric stretch (-CH2-) 

8 2916 C-H asymmetric stretch (-CH2-) 

9 3100-3600 O-H stretch (C-OH) 
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one of the H atoms from the alcohol to the carbon backbone.  This step yields the 

carboxylic acid.  A similar mechanism should be operative for other aliphatic polymers. 

Activation of aromatic polymers with the RF noble gas plasma has been studied 

by XPS as well [50,51].  The materials examined include poly(ethylene terephthalate) 

(PET), poly(ethylene naphthalate) (PEN), poly(etheretherketone) (PEEK), 

polyphenylsulfone (PPS), polyethersulfone (PES), and polysulfone (PSU).  The carbon 1s 

spectra of PES before and after plasma treatment are presented in Figure 3.16 [65].  The 

sample surface was scanned with a 50-mm wide plasma beam operated at 200 W RF 

power, 0.9 L/min O2, 30.0 L/min He, 5.0 mm source-to-sample distance, and 10 mm/s 

scan speed.  The control spectrum for PES exhibits peaks for aromatic carbon atoms at 

284.9 eV (no. 1), carbon atoms with C–S bonds at 285.4 eV (no. 2), and carbon atoms 

with C–O single bonds at 286.4 eV (no. 3).  After treatment, two new features are seen in 

the spectrum: peaks at 287.4 eV and 289.5 eV (nos. 4 & 5), corresponding to the C=O 

and ((C=O)-O) states of ketones and carboxylic acids, respectively [49,50].  In Table 3.8, 

the carbon 1s binding energies and fraction of surface carbons attributable to the different 

oxidation states are shown for four aromatic polymers that have been treated with the 

atmospheric pressure helium/oxygen plasma.  For each of these polymers, surface 

treatment causes the C/O atomic ratio to fall from about 5.5 to 2.0.  In addition, a 

substantial increase occurs in the fraction of surface carbon atoms associated with 

ketones (C=O) and carboxylic acids ((C=O)-O).   By contrast, no appreciable change 

occurs in the fraction of surface carbon atoms associated with alcohols or ethers (C-O  
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Figure 3.16.  Carbon 1s XPS spectra of polyethersulfone (a) before and (b) after 

He/O2 plasma activation [65]. 
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Table 3.8.  Carbon 1s components binding energies and surface composition of 

aromatic polymers [50]. 

        Control Plasma 

Polymer 

Peak 

# 

Binding 

energy 

(eV) Assignment 

Fraction of 

total 

carbon (%) 

C/O 

ratio 

Fraction of 

total 

carbon (%) 

C/O 

ratio 

PEEK 1 284.9 C-C 78.3 5.6 57.2 2.0 

 2 286.4 C-O 16.9  12.9  

 3 287.2 C=O 4.8  10.8  

 4 289.5 (C=O)-O -  19.1  

        

PPS 1 284.9 C-C 75.6 5.1 65.1 1.8 

 2 285.4 C-S 8.9  6.6  

 3 286.4 C-O 15.5  14.3  

 4 287.4 C=O -  7.0  

 5 289.5 (C=O)-O -  7.0  

        

PES 1 284.8 C-C 68.1 5.2 63.8 2.1 

 2 285.4 C-S 15.9  14.7  

 3 286.4 C-O 15.9  11.5  

 4 287.4 C=O -  5.4  

 5 289.5 (C=O)-O -  4.7  

        

PSU 1 284.9 C-C 78.3 6.0 64.8 2.3 

 2 285.4 C-S 8.2  14.5  

 3 286.5 C-O 13.5  11.4  

 4 287.4 C=O -  5.2  

  5 289.5 (C=O)-O -   4.1   

Note: PEEK is poly(etheretherketone), PPS is poly(phenylene sulfide), PES is 

polyethersulfone and PSU is polysulfone. 
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single bonds).  As indicated in the table, helium/oxygen plasma activation of PEEK 

converts 19.1% of the exposed carbon atoms into carboxylic acid groups.  These sites can 

react with the epoxide rings in the adhesive and form strong covalent bonds upon curing 

[52]. 

Shown in Figures 3.17 and 3.18 are the infrared spectra of PES before and after 

helium/oxygen plasma activation.  The infrared peak positions and their assignments are 

identified in Table 3.9.  The spectrum of the untreated PES control exhibits aromatic C-H 

deformations at 840, 880 and 1006 cm
-1

 (peak nos. 1 and 3), as well as the aromatic C-H 

stretches at 3036, 3068, and 3090 cm
-1

 ( no. 18) [51,81,85,86].  The bands at 1486 and 

1578 cm
-1

 (no. 13) are due to aromatic C-C stretches.  The aromatic C-S stretch is 

observed at 1073 cm
-1

 (no. 5).  The peaks located at 1108 and 1241 cm
-1

 (nos. 6 and 8) 

are assigned to the C-O stretches of ether groups.  Additionally, S=O stretches are 

observed as doublets at 1150 and 1165 cm
-1

 (no. 7) and at 1295 and 1323 cm
-1

 (no. 9).  It 

is important to note that carbonyl or carboxyl groups are not present in the control PES 

spectrum. 

 Following helium/oxygen plasma activation, the PES exhibits new vibrational 

features resulting from oxidation of the aromatic rings and the sulfone linkages.  The 

peak at 910 cm
-1

 (no. 2) is due to the out-of-plane C-H deformation of a meta-substituted 

aromatic ring, while the peak at 1428 cm
-1

 (no. 12) corresponds to the C-C stretching 

vibration of a para-disubstituted aromatic ring [51,81].  The presence of phenol groups is 

noted with the emergence of a peak at 1412 cm
-1

 (no. 11).  Sulfone oxidation is evidenced 

by the presence of SO2, SO3, and R-(SO2)-OH groups (nos. 4, 10 and 20).  The formation  



 111 

 

 
Figure 3.17. Infrared spectra of polyethersulfone before and after He/O2 

plasma activation [51]. 
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Figure 3.18.  Infrared spectra of the C-H and O-H stretching regions of 

polyethersulfone before and after He/O2 plasma activation [51]. 
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Table 3.9.  Infrared peak assignments for He/O2 plasma-activated polyethersulfone [51]. 

Peak # Wavenumber (cm
-1

) Assignment 

1 840, 880 Aromatic out-of-plane C-H deformation 

2 910 Out-of-plane C-H deformation of meta-substituted ring 

3 1006 Aromatic in-plane C-H deformation 

4 1045 SO3
-
 symmetric vibration 

5 1073 Aromatic C-S stretch 

6 1108 Symmetric C-O stretch of ether 

7 1150, 1165 Symmetric S=O stretch 

8 1241 Asymmetric C-O stretch of ether 

9 1295, 1323 Asymmetric S=O stretch 

10 1360 Asymmetric SO2 stretch of R-(SO2)-OH 

11 1412 O-H deformation/C-O stretch combination of phenols 

12 1428 C-C stretch of para-disubstituted aromatic ring 

13 1486, 1578 Aromatic C-C stretch 

14 1640 C=O stretch of H-bonded carboxylic acid 

15 1685 C=O stretch of aromatic ketones 

16 1725 C=O stretch of aliphatic ketones 

17 2700-3000 C-H stretch of aldehydes and alkenes 

18 3036, 3068, 3090 Aromatic C-H stretch 

19 3080 O-H stretch of H-bonded carboxylic acid 

20 3230 O-H stretch of R-(S=O)-OH 

21 3396 O-H stretch of H-bonded hydroxyl 

22 3535 O-H stretch of hydroxyl H-bonded to aromatic ring 
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of aromatic and aliphatic ketones is confirmed by the presence of peaks at 1685 and 1725 

cm
-1

 (nos. 15 and 16).  Finally, the formation of carboxylic acids is demonstrated by the 

observation of a broad band at 1640 cm
-1

 due to the C=O stretching mode of hydrogen-

bonded COOH groups (no. 14).  

 In Figure 3.18, the broad infrared band due to isolated and hydrogen-bonded 

hydroxyl groups has been deconvoluted into 6 separate peaks.  The peaks located at 3080, 

3230, 3396 and 3535 cm
-1

 (nos. 19, 20, 21 and 22) are due to the O-H stretches of H-

bonded carboxylic acids, R-(S=O)-OH groups, H-bonded hydroxyls, and hydroxyls H-

bonded to aromatic rings, respectively [51,81,86,87].  In summary, the O atoms generated 

in the plasma react with the aromatic rings along the polymer backbone and produce 

alcohols, ketones and carboxylic acids. 

 A mechanism for oxidation of polyethersulfone by the atmospheric pressure 

helium/oxygen plasma is presented in Figure 3.19 [50].  The same mechanism should be 

operative for other aromatic polymers.  Initially, an oxygen atom inserts into the C-C 

double bond creating a three-member epoxy ring.  Next, a seven-member ring is formed 

by breaking the C–C bond [50,88,89].  The third step consists of a resonance-stabilized 

rearrangement of electrons resulting in ring opening with an aldehyde on one end of the 

chain and a carbene group on the other end.  An oxygen atom can then attack the carbene 

to form an aldehyde.  A third and final oxygen atom inserts across the C–H bond of the 

aldehyde, thereby forming a carboxylic acid.  Note that polymer chain scission does not 

occur in this oxidation mechanism.  This allows aromatic polymers to form carboxylic 

acid groups without etching the polymer backbone. 
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Figure 3.19.  Proposed mechanism for the atmospheric-pressure He/O2 plasma 

activation of polyethersulfone [50]. 
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Mechanism of Atmospheric Pressure Plasma Activation of Polymers and 

Composites 

Traditionally, water contact angle has been used as an indicator of surface 

readiness for bonding.  However, while surface wetting is necessary, it is not sufficient to 

determine whether a surface is optimally activated for adhesion.  Data indicate that with 

atmospheric pressure helium/oxygen plasma activation, the water contact angle rapidly 

falls to a saturation value within fractions of a second.  The time scale for achieving 

maximum bond strength is on the order of seconds of plasma exposure.  Similarly, 

morphological changes in the surface show no correlation with bond strength.  Changes 

in roughness or water contact angle are not adequate to explain the improvements in bond 

strength.  This suggests that the mechanism for bond strengthening by plasma activation 

is due to changes in the chemical composition of the surface.  Specifically, strong bonds 

to epoxy adhesives are linked to the presence of carboxylic acid groups along the exposed 

polymer chains [1,43,52,49-51,90,91].   

 With regards to helium/oxygen plasma activation of carbon fiber/epoxy 

composites, the progression of lap shear strength and surface concentration of carboxylic 

acids with number of plasma scans is presented in Figure 3.20(a) [52].  In Figure 3.20(b), 

the lap shear strength is plotted directly against the surface concentration of COOH 

groups.  A direct one-to-one correspondence between the carboxylic acid concentration 

and the lap shear strength is observed.  The reaction between carboxylic acids and 3-

membered epoxide rings is a known method for cross-linking epoxy adhesives [90,91].   
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Figure 3.20.  (a) Lap shear strength and surface concentration of 

carboxylic acid groups as a function of passes with the atmospheric 

pressure helium/oxygen plasma; and (b) one-to-one correlation between 

surface concentration of carboxylic acid groups and lap shear strength 

[52].  
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For composites which are unresponsive to plasma activation, a plasma-responsive 

layer can be incorporated as described previously.  Zaldivar et al. [62] observed that 

cyanate ester (Hexcel 954-3) and high temperature tetrafunctional epoxy (Tencate RS36) 

substrates did not develop high concentrations of carboxyl species on the surface, in 

contrast to what has been observed in other matrix formulations (e.g., Nelcote E765).  

Figure 3.21 shows the XPS spectra of different epoxy resins following plasma treatment.  

The incorporation of a plasma reactive layer, labeled MOD1, onto a composite surface 

significantly increased the carboxylic acid concentration after plasma treatment.  This can 

be seen from the intense carboxylic acid (O=C-O) peaks in the spectra of the MOD1 and 

E765 epoxy samples, compared to the weak O=C-O peaks in the spectra for the AF163 

and RS36 epoxy specimens.  This difference in carboxylic acid concentration is a 

function of the organic chemistry of the substrate and its ability to produce carboxylic 

acid species when exposed to reactive oxygen species from the plasma.   

 

Future Prospects for Atmospheric Plasma Activation of 3D Plastics for Adhesion 

The inherent low surface energy of polymers and lack of appropriate functional 

groups causes coatings and adhesives to adhere poorly to these materials.  Plastic surfaces 

are quickly functionalized by exposure to atmospheric pressure plasmas, such that they 

form strong, permanent bonds to coatings and adhesives.  This technology is uniquely 

suited to solving adhesion problems due to several defining characteristics: (1) it is 

readily controlled and automated, making it highly reproducible for industrial scale 

applications; (2) it is environmentally benign and does not produce waste disposal issues,  
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Note: MOD1 is the plasma reactive layer, E765 is Nelcote E765 epoxy 

resin, AF163 is 3M Scotch-Weld AF163-OST epoxy resin and RS36 is 

Tencate RS36 tetrafunctional epoxy resin. 

 

Figure 3.21.  XPS spectra showing generation of carboxylic acid groups 

(O=C-O) for different epoxy resins following He/O2 plasma activation 

[62]. 
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such as those encountered with wet chemical etching or abrasion; and (3) it is a precision 

surface treatment that only affects the top layer of the material being adhered to, without 

any potentially harmful effects on the bulk material properties.   

Self-contained atmospheric pressure plasmas and their application to surface 

activation for adhesion is a new field that has made great scientific progress over the past 

15 years.  Some examples of new applications include functional coatings, polymer 

grafting for enhanced bonding; surface modification of low-energy fluoropolymers; 

activation of structural composites for adhesive bonding on aircraft; and manufacture of 

implantable medical devices.  In addition, plasma modification of textiles is receiving a 

lot of attention for oil and water-repellent surfaces that resist soiling and staining [92].  

Natural fibers, such as cotton, can be greatly enhanced by plasma activation to facilitate 

the adhesion of dye molecules.   

Of course, all new technological applications emerge from basic research and a 

significant amount of engineering is required before they can be fully implemented.  It is 

expected that much more powerful plasma sources will be developed in the near future 

that can take on a wide range of manufacturing applications, from commercial aircraft 

assembly to semiconductor chip packaging.  Now that we recognize the valuable role 

atmospheric pressure plasmas play in cleaning and activating structural polymers for 

adhesion, research and development in this field is likely to accelerate even further.   
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Conclusions 

Atmospheric pressure plasmas have proven to be an effective means of preparing 

polymer and composite surfaces for bonding.  Radio-frequency, helium/oxygen plasmas 

generate high concentrations of reactive species in the afterglow: up to ~10
17

 cm
-3

 O 

atoms and ~10
17

 cm
-3

 O2(
1
Δg) molecules 2 to 10 mm downstream of the source.  The 

bond strength of adhesively bonded polymers and composites increases substantially after 

a short exposure to the afterglow of the plasma, such that the bonded joints exhibit 100% 

cohesive failure in the adhesive.  In the case of carbon fiber/epoxy composites, the lap 

shear strength and crack delamination resistance increase by over 50% for surfaces 

prepared by helium/oxygen plasma activation instead of solvent wiping and abrasion.  

The improvements in bond strength are due to the addition of oxygen-containing 

functional groups along the polymer chain, and more specifically to the addition of 

carboxylic acids.  An additional process has been developed which takes full advantage 

of plasma treatment even with composite systems that would otherwise not be susceptible 

to activation.  In this process, the addition of a plasma-responsive resin to the formulation 

maximizes the concentration of carboxylic acid groups on the surface and achieves high 

bond strengths to epoxy adhesives.   
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Chapter 4 

 

Atmospheric Pressure Plasma Effects on the Adhesive Bonding 

Properties of Stainless Steel and Epoxy Composites 

 

Abstract 

An atmospheric pressure helium and oxygen plasma has been used for the surface 

preparation of 410 stainless steel and carbon-fiber epoxy laminates prior to bonding to 

themselves or to each other.  Lap shear results for stainless steel coupons and carbon-

fiber epoxy laminates demonstrated an 80% and a 150% increase in bond strength, 

respectively, after plasma activation.  Following 7 days of aging, wedge crack extension 

tests revealed a crack extension length of 7.0 mm and 2.5 mm for the untreated and 

plasma activated steel.  The untreated stainless steel had 30% cohesive failure compared 

to 97% for steel activated with the plasma.  Surface analysis by X-ray photoelectron 

spectroscopy showed that carbonaceous contamination was removed by plasma treatment, 

and specific functional groups, e.g. carboxylic acids, were formed on the surface. These 

functional groups promoted strong chemical bonding to the epoxy film adhesive.  

Atmospheric pressure plasmas are an attractive alternative to abrasion techniques for 

surface preparation prior to bonding. 
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Introduction 

The joining of stainless steel alloys to composite materials is a process with 

applications in automotive and aerospace manufacturing [1-7].  Metal-polymer 

composites can produce structures that are significantly lighter, but with the same 

strength and durability as traditional metal structures.    In automotive body panels, 

bonding ultrathin sheet metal to the composites allows one to produce a panel that is 

significantly lighter, but with the same appearance and performance as a panel made from 

steel.  Adhesively bonded metal-plastic composites offer advantages over riveted 

structures, overmolding via mechanical interlocking and other mechanical joining 

techniques because it yields a continuous bond between the two substrates, minimizes 

stress, and acts as a buffer between the metal and plastic to absorb impact [5,8-12].  

Additional technical challenges still exist for bonded repairs before widespread 

implementation can be achieved.  This includes qualification of the adhesive bonding 

process in terms of bond strength and durability [6].  An understanding of the mechanism 

responsible for attaining proper surface preparation and adhesion is also needed.  The 

leading structural adhesives are epoxies which have excellent wetting, mechanical 

properties, and high chemical and thermal resistance [13].   

Previous experiments on adhesive bonding have demonstrated that proper surface 

preparation is crucial when joining two surfaces together.  Surface activation is necessary 

for generating the strength and durability to withstand the loading experienced by 

structural elements during use [7,14,15].  Poorly activated surfaces form weak joints that 

fail at the interface between the adhesive and the substrate.  The low energy stainless 
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steel surface is usually activated either by a wet chemical process and/or by abrasion.  

The wet chemical solutions employ strong acids which require waste disposal and 

copious rinsing with distilled water.  Abrasive techniques are labor and materials 

intensive, and can damage some materials, such as polymer composites [14,16,17].   

Plasma activation of the stainless steel and polymer composite surfaces prior to 

bonding offers an alternative to chemical etching and mechanical abrasion.  However, 

previous research into plasma activation of stainless steel has been limited to vacuum-

based systems which have a number of drawbacks.  In a vacuum system, components 

must be placed inside a chamber, which limits the size and shape of the object and adds 

to the overall process cost.  Low-temperature, atmospheric-pressure plasmas are effective 

tools for pre-bonding activation due to their ability to modify surfaces without affecting 

the bulk properties.  Operation at ambient pressure does not require chambers, load locks, 

or vacuum pumps.  The process is highly reproducible since the plasma device is 

robotically scanned over the part surface.  In addition, at atmospheric pressure the 

reactive species are able to flow through intricate geometries and activate any surface 

exposed to the gas beam.   

In this study, we report on the use of atmospheric pressure plasma for surface 

activation of 410 stainless steel and carbon-fiber-reinforced epoxy (CFRE) composites.  

Measurements of the change in water contact angle with plasma exposure time were 

taken.  Single-lap-joint shear tests have been performed to demonstrate the connection 

between surface modification and adhesive bond strength.  Analysis by X-ray 

photoelectron spectroscopy (XPS) and atomic force microscopy (AFM) revealed the 
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changes in surface properties following plasma activation.  When working with epoxy 

adhesives, moisture and thermal exposure can lead to interfacial adhesive failure with a 

low joint strength [5-7,13].  Wedge crack extension tests (WCET) were performed to 

establish the long-term durability of the bonded joint against environmental exposure.   

 

Experimental 

Wear-resistant stainless steel type 410 was purchased from McMaster-Carr.  

Grade 410 stainless steel (11.5-13.5% Cr, <1.0% Mn, <1.0% Si, >0.75% Ni, <0.15% C, 

<0.04% P, <0.03% S, balance Fe) is common in automotive parts.  The stainless steel 

sheets were 30.5 cm × 61.0 cm × 0.23 cm thick.  These sheets were later cut down into 

smaller sample sizes as per ASTM specifications.  A rigid carbon-fiber/epoxy composite 

was purchased from McMaster-Carr (carbon fiber based epichlorohydrin/bisphenol A 

epoxy with <5 % polymer of epichlorohydrin, phenol-formaldehyde novolac) [18].  This 

composite had a tensile strength of 120,000 psi. Thicknesses of 3.2 mm and 1.6 mm for 

the composite were used to construct steel/ carbon-fiber-reinforced epoxy laminate panels.  

The 410 stainless steel foil used as the surface layer in these panels was 0.15 mm thick. 

Some samples were abraded with 3M Stikit 300D aluminum oxide stearate-free 

180 grit sanding disks attached to a random orbital sander.  The stainless steel and CFRE 

composite coupons were bonded together using Cytec FM300-2 film adhesive.  The film 

adhesive had a shear strength of >5000 psi.  In most cases, the stainless steel was coated 

with Cytec Industries BR6747-1 metal bond primer prior to applying the adhesive. 
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The first step in surface preparation for all samples was to wipe the surface with a 

Kim wipe and isopropyl alcohol (IPA).  The surface was allowed to air dry before any 

further treatment.  Some of the stainless steel samples were abraded after the IPA wipe.  

In this case, the surfaces were sanded to a matte finish with a sanding disk attached to a 

random orbital sander.  The sanded panels were wiped with a clean cloth to remove any 

residue on the surface.  A new sand paper disk was used for each sample to reduce the 

risk of cross contamination. 

Plasma activation was accomplished using a Surfx Technologies AtomfloTM 

system equipped with a 2” wide linear beam source.  The plasmas were struck with radio 

frequency (RF) power at 27.12 MHz.  The RF power supply and matching network were 

models RF-3X and AM-10 respectively from RF VII, Inc.  An I&J Fisnar 7000C robot 

was used to precisely translate the plasma source over the samples.  A source-to-substrate 

distance of 4.0 mm was maintained during all experiments.  Unless otherwise noted, a 

scan speed of 5 mm/s was used as well.  Plasma exposure time was estimated following 

the procedure described previously by Gonzalez et al [19].  For longer exposure times, 

the plasma source was scanned over the surface multiple times at 5 mm/s.  The effective 

plasma beam width parallel to the scan direction was 21 mm, consequently: 

 Exposure time (sec) = N•21/S (4.1) 

where N is the number of scans and S is the scan speed.  A detailed description of the 

plasma system is presented in previous publications [19-22]. 
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The plasma treatments were carried out at 200 W RF power, 30.0 L/min helium 

(99.99% pure) and 0.9 L/min oxygen (99.9999%).  The gas flow rates are given at 

nominal temperature and pressure of 25 °C and 1 atm. 

Water contact angle (WCA) measurements were performed with a Krüss 

EasyDrop goniometer containing distilled water.  Five to ten droplets were placed on 

each sample and computer software calculated 50–100 automated measurements of the 

contact angle per droplet.  The average value was taken and the measurement error was 

estimated using one standard deviation of the data points.  The plasma exposure time was 

varied in order to determine the rate at which the WCA approaches its saturation value.  

The water contact angles were measured immediately after plasma exposure. 

The surface roughness of the stainless steel and epoxy composites was measured 

using a VEECO DI3100 atomic force microscope.  Surfaces were imaged after the IPA-

wipe, sanding, and plasma activation.  The AFM pictures were recorded over a 10 μm × 

10 μm area.  The root-mean-square (Rrms) roughness, the arithmetic roughness (Ra) and 

the total surface area of the samples were obtained by using the software program 

Nanoscope V6.12r2. 

The surface composition of the stainless steel was analyzed by X-ray 

photoelectron spectroscopy (XPS) in an ultrahigh vacuum chamber with a base pressure 

of 1x10
-9

 Torr.  The samples were introduced into vacuum and characterized immediately 

after surface preparation without any sputtering.  The substrate surfaces were analyzed by 

XPS before and after plasma activation to reveal changes in the chemical structure of the 

material.  Core-level photoelectron spectra of the Fe 2p, Cr 2p, Mn 2p, O 1s and C 1s 
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lines were collected with a PHI 3057 spectrometer using magnesium Kα X-rays at 1286.6 

eV.  All spectra were taken in small-area mode with a 7° acceptance angle and 23.5 eV 

pass energy.  The detection angle with respect to the surface normal was 25°.  The 

binding energies were referenced to the C 1s peak of the aliphatic carbon atom at 285.0 

eV.  The atomic composition of the surface was calculated by integrating the intensity for 

each element, then dividing by its sensitivity factor.  The sensitivity factors of the Fe 2p3/2, 

Cr 2p3/2, Mn 2p3/2, O 1s and C 1s photoemission peaks were 1.971, 1.583, 1.739, 0.711, 

and 0.296.  The degree of oxidation of the polymer surfaces was obtained by 

deconvoluting both the C 1s and O 1s peaks and calculating the integrated intensity for 

each feature. 

The shear strength of the epoxy bonded coupons was generated following the 

procedure described in ASTM D3165-07 [23].  However, some alterations were made to 

this procedure.  The ASTM standard calls for bonding the steel into 47.5 cm × 47.5 cm 

specimens before being cut down to individual 17.78 cm × 2.54 cm coupons.  It was 

found that this approach damaged the coupons and produced visible cracking in the bond 

line.  So instead, the stainless steel was cut into 2.54 cm × 9.53 cm and 2.54 cm × 8.26 

cm pieces and then bonded together to generate the 17.78 cm × 2.54 cm coupons 

described in the ASTM standard.  The specimens were bonded together with adhesive 

using an overlap of 1.27 cm.  A schematic of these coupons is shown in Figure 4.1.  

Similarly, some alterations were made to the procedure for bonding the wedge crack 

extension test (WCET) coupons from ASTM D3762 [24].  The coupons were pre-cut to a 

size of 2.54 cm x 15.24 cm x 0.23 cm thick before they were bonded together.   
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Figure 4.1. Schematic of lap shear coupon geometry. 
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All of the samples were immediately prepared for bonding following the surface 

treatments described above.  Bond primer was applied to the stainless steel surfaces at 

room temperature using a foam brush.  The bond primer was allowed to air dry for one 

hour in a fume hood, followed by one hour in an oven at 240-260°F.  The FM300-2 film 

adhesive was applied to one of the joint surfaces, either primer stainless steel or CFRE 

composite, and the coupons were bonded together in a press which applied 50 psi of 

pressure.  The coupons were cured in an oven that was ramped up to 250°F at a rate of 

~3°F/min.  The temperature was held at 250°F for 60 minutes followed by the 

temperature being ramped down at a rate of ~3°F/min until it reached room temperature.  

At least 24 hours was allowed to pass prior to mechanical testing. 

An Instron test frame 4483 with 150 kN load cell was used to investigate the 

mechanical properties of the bonded coupons (ASTM D3165-07).  A frame moving 

speed of 2 mm/min was applied during the tests until failure.  Five sets of lap shear 

samples were fabricated and tested for every surface preparation condition to ensure 

statistical accuracy. 

Wedge crack extension test (WCET) coupons were fabricated as specified in 

ASTM D3762 [25].  Three sets of conditions were used for the surface preparation of the 

stainless steel samples.  One set was a control that received the IPA wipe, a second set 

was IPA wiped and activated with the He/O2 plasma, while a third set was IPA wiped, 

sanded and activated with the He/O2 plasma. The surface preparation, bonding and 

adhesive curing procedures were identical to those used for the single-lap-joint shear tests.  

Stainless steel wedges were inserted into each bonded coupon.  The initial crack length 
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was recorded prior to aging.  The coupons were then aged inside a humidity cabinet at 

60°C with 98% relative humidity for seven days.  The crack extension length was 

measured for each coupon at intervals of 8 hours, 1 day and 7 days.  The coupons were 

pulled apart and the crack extension region was inspected using a Nikon microscope.  

These pieces were examined to determine whether failure occurred in the composite, 

below the adherend surface, or at the interface.  The percentage of cohesive failure was 

acquired by measuring the area within the crack extension region where failure occurred 

within the adhesive itself, and taking the ratio of this area to the total area of the crack 

extension region. 

A series of drop weight impact tests were conducted on the stainless steel 

foil/CFRE composite laminates.  The He/O2 plasma treatment procedure was performed 

as described above.  Ten scans were used in these tests.  The tests followed the standard 

ASTM procedure for D7136 [24].  The impact on T-joint coupons was carried out by 

Instron Dynatup Model 8250 low velocity impact testing machine. This test determined 

the damage resistance of laminated plates to a drop-weight impact event.  According to 

the ASTM specifications, the specimen size was 7.62×7.62 cm
2
.  The energy needed to 

damage the material was used to measure toughness and damage resistance.  Control 

samples of grade 410 sheet stainless steel were tested in combination with the 

metal/composite laminates. Two damage types, “barely visible impact damage (BVID)” 

and “clearly visible impact damage (CVID)”, were conducted and investigated.  The 

energy applied in the “BVID” and “CVID” impact events were 2.7 and 78.9 Joules. 
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Results 

The dependence of water contact angle with plasma exposure time can be seen in 

Figure 4.2 for carbon-fiber-reinforced epoxy composite and 410 stainless steel.  The 

surface of each polymer was scanned once with the plasma beam using scan speeds 

between 500 and 5 mm/s in order to vary the plasma exposure time.  Longer exposure 

times were achieved using multiple scans of the plasma source at 5 mm/s.  Prior to 

exposure to the plasma, the WCA of the CFRE was measured to be 66°.  Following 

plasma activation for 5 to 10 seconds, the water contact angle dropped to a final value of 

24°.  The initial water contact angle of 410 stainless steel was measured to be 70° after 

being wiped with IPA.  After plasma exposure times of greater than 10 seconds, a water 

contact angle of 24° was achieved.  The data in Figure 4.2 follow an exponential decay 

function that is typical of Langmuir adsorption kinetics [19,20].  The data were fitted to a 

function of exposure time, τ, with the following equation: 

 WCA(t)=WCA(∞)+[WCA(0)-WCA(∞)] exp(-kexpτ) (4.2) 

where WCA(∞) is the minimum contact angle achieved, WCA(0) is the initial water 

contact angle, and kexp is the experimental rate constant.  Table 4.1 lists the initial and 

final water contact angles for both substrates along with the exponential decay constant 

for the best fit curve for the data.  The WCA reduction of CFRE occurred at a rate that 

was nearly four times that of the 410 stainless steel. 

An example of AFM images of the CFRE surface exposed to the Atomflo
TM

 

oxygen plasma is presented in Figure 4.3.  The AFM images have a projected surface 

area of 100.0 µm
2
.  The root-mean-square roughness, arithmetic roughness, and surface  
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Figure 4.2. Change in water contact angle with plasma exposure time for 

carbon-fiber-reinforced-epoxy composite and 410 stainless steel.   
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Figure 4.3. Atomic force micrographs of (a) untreated epoxy composite and (b) 

composite exposed to 10 scans of the He/O2 plasma. 
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Table 4.1. Rate parameters for water contact angle 

reduction. 

Substrate Initial WCA Final WCA Rate (s
-1

) 

CFRE 65.6° 24.2° 1.55 

Steel 69.8° 24.2° 0.42 
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area measurements for the samples are presented in Table 4.2.  It is evident that the 

plasma etched the polymer over time.  The Rrms and Ra values measured from about 10±2 

nm for the control to 63±7 nm and 39±6 nm, respectively, following 10 plasma scans.  

Another 10 scans did not change the roughness even though more etching had occurred.   

Atomic force microscopy images of IPA wiped, sanded, and He/O2 plasma 

activated 410 stainless steel are presented in Figure 4.4.  Again, the images have a 

projected surface area of 100.0 µm
2
.  One can see that surface activation by atmospheric 

pressure plasma does not affect the surface roughness, whereas sanding obviously does.  

The roughness and surface area measurements for the samples are presented in Table 4.3.  

The Rrms and Ra values for the control and plasma treated samples averaged 75±5 nm and 

57±4 nm respectively.  By contrast, sanding the steel caused the Rrms and Ra values to 

increase to 168±32 nm and 137±13 nm, respectively. 

The CFRE samples were treated under standard He/O2 plasma conditions at 5 

mm/s scan speed using 10 scans over the surface.  Previous research has shown a direct 

correlation between the strength of an adhesive joint and the concentration of carboxylic 

acid groups on the polymer surface [16,26].  Figure 4.5 shows the XPS spectra for the 

carbon peak of CFRE before and after plasma treatment.  The control spectrum exhibits 

four peaks: non-oxidized carbon (C-C) at 285.0 eV, carbon with a single bond to oxygen 

(C-O) at 286.5 eV, carbon with a double bond to oxygen (C=O) at 287.5 eV, and carbon 

bonded to two oxygen atoms in a carboxylic acid group ((C=O)-O) at 289.0 eV [22].  The 

surface concentration of C-C bonded species before and after plasma activation was 

reduced from 81% to 65%.  Following plasma activation, the surface concentration of C- 



 150 

 

 

 

 

 

 

 

 

 

 

 

 

 
Figure 4.4. Atomic force micrographs of stainless steel (a) untreated, (b) sanded 

with 180 grit paper, and (c) treated with the He/O2 plasma. 
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Figure 4.5. Carbon 1s XPS spectra of CFRE before and after plasma 

activation. 
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Table 4.2. Surface roughness of carbon-fiber-reinforced 

epoxy composite before and after He/O2 plasma 

activation. 

Treatment Rrms (nm) Ra (nm) Surface Area (μm
2
) 

Control 12±2 10±2 100±1 

1 scan 10±3 8±2 100±1 

5 scans 38±4 24±4 102±1 

10 scans 63±7 39±6 104±2 

20 scans 65±8 44±6 105±2 
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Table 4.3. Surface roughness of stainless steel before and 

after sanding and plasma activation. 

Treatment Rrms (nm) Ra (nm) Surface Area (μm
2
) 

IPA wiped 75±5 57±4 101±1 

Sanded 168±32 137±13 107±3 

Plasma 63±2 48±2 102±1 
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O groups increased slightly from 8% to 9%, whereas the concentration of C=O and 

(C=O)-O species increased significantly, from 5% to 10% and from 6% to 17%. 

Figure 4.6 shows the XPS survey spectra of the 410 stainless steel before and 

after surface preparation via He/O2 plasma, sanding, or sanding followed by He/O2 

plasma.  The plasma exposure consisted of 10 scans at 5 mm/s.  One sees a C 1s peak at 

285.0 eV associated with aliphatic carbon, and an O 1s peak centered around 531.6 eV 

[27].  The presence of chromium is indicated by the metallic Cr 2p3/2 peak at 571.4 eV.  

Manganese metal was evident from the Mn 2p3/2 peak located at 638.8 eV.  Iron metal is 

observed via the Fe 2p3/2 peak at 706.8 eV.  Auger peaks appear at binding energies 

greater than about 750 eV.   

Table 4.4 shows the atomic fraction of each element on the stainless steel surface.  

Exposing the control samples to the helium and oxygen plasma does two things: (1) it 

cleans the surface, as evidenced by the drop in carbon concentration from 59% to 20%, 

and the increase in total metal concentration from 9% to 18%; and (2) it oxidizes the 

surface, as seen by the increase in oxygen fraction from 32% to 63%.  Sanding also 

cleans the surface, but not as well as the plasma, since the carbon concentration drops 

from 59% to 31%.  In addition, the sanding leads to oxidation of the surface, but not as 

much as plasma, as seen by an O atomic fraction of 48% and a total metal fraction of 

21%.  Plasma treatment after sanding reduced the carbon fraction to 25% and increased 

the oxygen fraction to 60%.  Note the different distribution of metal elements on the 

surface between plasma treatment and sanding.  Sanded samples have about 3 times more  
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Figure 4.6. Survey spectra of 410 stainless steel before and after sanding and 

plasma activation. 
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Table 4.4. Surface composition of 410 stainless steel before 

and after sanding and plasma activation. 

Treatment C O Fe Cr Mn 

Control 59% 32% 2% 6% 1% 

Plasma activated 20% 63% 7% 8% 3% 

Sanded 31% 48% 16% 4% 1% 

Sanded and plasma activated 25% 60% 12% 2% 1% 
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iron than chrome and manganese on the surface; whereas plasma activated samples 

without sanding have slightly less iron than chrome and manganese.   

The oxygen 1s spectrum of the stainless steel after plasma treatment is presented 

in Figure 4.7.  This spectrum was de-convoluted into three peaks centered at 530.3 eV, 

532.0 eV, and 533.0 eV.  They are assigned to O
2-

, OH
-
, and other oxidized hydroxyl 

groups (OH
-
)X, where X>1 [28-30].  As listed in Table 4.5, the distribution of oxygen 

species is nearly the same for the control and sanded sample.  However, an increase in 

(OH
-
) groups from 19% in the untreated steel to 46% occurred when the steel was 

activated with the plasma and to 25% when the steel was sanded and activated with the 

plasma.  Additionally, the oxidized hydroxyl groups, (OH
-
)X, increased from 12% in the 

untreated steel to 20% when the steel was sanded first and then exposed to the He/O2 

plasma. 

The iron 2p3/2 x-ray photoemission spectra are presented in Figure 4.8.  These 

spectra were de-convoluted into five peaks centered at 706.8, 709.2, 710.2, 710.7 and 

711.6 eV.  The features at 710.2, 710.7 and 711.6 eV are attributed to Fe3O4, Fe2O3 and 

FeOOH, respectively [28,31-33].  The peak at 709.2 eV was attributed to both the FeO 

and Fe(OH)2 species, because these two bonding states are too close together to be 

resolved.  Finally, the peak at 706.8 eV was attributed to metallic iron.  The distribution 

of these species on the surface following each treatment is given in Table 4.6.  The 

control and sanded stainless steel samples have significant amounts of metallic iron in the 

surface layer.  Whereas, following plasma exposure, the iron exists almost entirely in 

oxidized states, Fe
2+

 and Fe
3+

.  Hydroxylated iron species account for approximately 26%  
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Figure 4.7. Oxygen 1s XPS spectrum of 410 stainless steel after plasma 

activation. 
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Figure 4.8. Iron 2p3/2 XPS spectrum of 410 stainless steel after plasma 

activation. 
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Table 4.5. Oxygen 1s binding energies and surface composition of 410 

stainless steel before and after sanding and plasma treatment. 

Species 

B.E. 

(eV) Control 

Plasma 

activated Sanded 

Sanded and 

plasma activated 

O
2-

 530.3 69% 43% 64% 55% 

OH
-
 532.0 19% 46% 19% 25% 

(OH
-
) X 533.0 12% 11% 17% 20% 
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Table 4.6. Iron 2p3/2 binding energies and surface composition of 410 stainless 

steel before and after sanding and plasma treatment. 

Species 

B.E. 

(eV) Control 

Plasma 

activated Sanded 

Sanded and 

plasma activated 

Fe 706.8 61% 5% 28% 3% 

FeO & Fe(OH)2 709.2 22% 32% 27% 33% 

Fe3O4 710.2 3% 22% 8% 22% 

Fe2O3 710.7 11% 17% 16% 17% 

FeOOH 711.6 4% 25% 20% 25% 
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of the total iron in the control sample, whereas plasma exposure increased the relative 

amounts of FeOOH and Fe(OH)2 to 57%.  The sanded samples had relatively more 

hydroxylated species than the control.  Plasma treatment of the sanded steel yields 

essentially the same distribution of iron bonding states as the sample that was plasma 

treated without sanding. 

The chromium 2p3/2 x-ray photoemission spectra are presented in Figure 4.9.  

These spectra were de-convoluted into four peaks centered at 574.5, 576.1, 577.4, and 

579.0 eV.  These features are attributed to metallic Cr, Cr2O3, Cr(OH)3 and CrO3, 

respectively [31, 34].  The distribution of these species on the surface following each 

treatment is given in Table 4.7.  The control and sanded chromium samples each showed 

peaks corresponding to metallic chromium on the surface.  Similar to the iron spectra, 

exposure to helium-oxygen plasma converts all the chromium on the surface into 

oxidized states.  The CrO3 species is not present at all in the control and sanded samples.  

However, it accounts for 49% of the plasma activated sample and 22% of the sanded and 

plasma activated sample.  The Cr2O3 and Cr(OH)3 species are present in all of the 

samples; however, Cr2O3 is more prevalent than Cr(OH)3 in the plasma treated samples, 

whereas the reverse is true for those not exposed to the plasma. 

Figure 4.10 shows the shear strengths of the carbon-fiber-reinforced epoxy which 

were activated with an increasing number of scans with the Atomflo
TM

.  All of the plasma 

conditions were maintained constant except for the number of scans of the plasma source.  

The IPA wiped specimens with no plasma treatment yielded average shear strengths of 

14±2 MPa.  Initially, there is a rapid increase in bond strength with short plasma  
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Figure 4.9. Chromium 2p3/2 XPS spectrum of 410 stainless steel before 

and after plasma activation. 
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Figure 4.10. Lap shear strength of bonded epoxy composites versus 

plasma exposure time. 
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Table 4.7. Rate parameters for water contact angle reduction. 

Species 

B.E. 

(eV) Control 

Plasma 

activated Sanded 

Sanded and 

plasma 

activated 

Cr 574.5 22% --- 27% --- 

Cr2O3 576.1 27% 35% 32% 60% 

Cr(OH)3 577.4 52% 16% 41% 18% 

CrO3 579.0 --- 49% --- 22% 
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exposure times followed by a more gradual increase towards a saturation value as the 

number of plasma scans continues to increase.  A 130% improvement in shear strength to 

32±2 MPa was achieved after just 5 plasma scans, with an increase to 35±2 MPa 

occurring after 20 total scans.   

Figure 4.11 shows the shear strengths of 410 stainless steel samples following the 

different surface preparation methods.  For the samples which were activated with the 

He/O2 plasma, all of the conditions were held constant.  It is often necessary to use bond 

primer in the adhesion of metals to reduce the tendency for corrosion.  The control 

specimens that received an IPA wipe exhibited a lap shear strength of 19±3 MPa without 

bond primer and 24±1 MPa with primer.  When the stainless steel was activated by He/O2 

plasma, the lap shear strength increased to 33±1 MPa.  When bond primer was added to 

the plasma activated steel, the lap shear strength was maintained at 33±2 MPa.  The lap 

shear strength of stainless steel that was sanded and plasma activated was 28±1 MPa 

without bond primer.  If bond primer was used on the material that was sanded and 

plasma activated, then the lap shear strength increased to 35±1 MPa.  The stainless steel 

samples which were sanded with bond primer had a lap shear strength of 27±3 MPa.  It is 

evident that plasma activation increases the bond strength to its maximum value.   

The rate at which the lap shear strength of 410 stainless steel increased with plasma 

exposure is presented in Figure 4.12.  Bond primer was applied to all specimens and the 

plasma conditions were held constant except for the number of plasma scans.  The 

control specimens had an average shear strength of 24±4 MPa.  The lap shear strength 

sharply increased to 32±3 MPa following 3 scans and remained constant thereafter.    
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Figure 4.11. Lap shear strength of bonded 410 stainless steel versus 

surface preparation method. 
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Figure 4.12. Lap shear strength of 410 stainless steel versus plasma 

exposure time. 
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Images of the fracture surfaces of the carbon-fiber-reinforced epoxy composite after 

bond failure are presented in Figure 4.13.  The crack extension region is indicated for 

each set of samples.  The crack extension lengths were recorded before and after seven 

days of aging at 60°C and 98% relative humidity.  Military standards for bond strength 

and durability are to achieve a wedge crack extension length of less than 6.4 mm over 7 

days and to have an average cohesive failure mode of 90% or greater [14].  Bond primer 

was applied to all of the coupons used for the WCET.  The control sample pair that was 

wiped with IPA prior to bonding is shown in Figure 4.13 (a).  The initial crack length for 

the control sample was 29.0 mm as seen in Table 4.8.  Following 7 days of aging, the 

crack length increased to 36.0 mm giving a crack extension length of 7.0 mm.  The 

control sample therefore, does not meet military specifications.  The pair in Figure 4.13 

(b) shows the crack extension region for coupons that had been prepared by sanding.  

Examination of the failed surfaces reveals domains within the crack extension region 

where the shiny metallic surface is visible, indicating interfacial failure.  This sample had 

an initial crack length of 38.5 mm.  After seven days of aging, the total crack length was 

44.0 mm which corresponds to a crack extension length of 5.5 mm.  The average 

cohesive failure percentage of these coupons was 81%, which does not meet military 

specification.   

The pair in Figure 4.13 (c) shows the crack extension region for coupons that had 

been prepared using He/O2 plasma activation.  Close examination of the failed surfaces 

shows a dull matte appearance over the bond line rather than the shiny metallic surface 

seen in the control sample.  There is also a light band in the center of the samples which  
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Figure 4.13. Pictures of the crack extension surfaces for stainless steel substrates 

prepared using (a) the IPA wipe (control), (b) sanding, (c) He/O2 plasma 

activation, and (d) sanding followed by He/O2 plasma activation. 
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Table 4.8. Wedge crack extension test results for stainless steel substrates. 

Surface preparation Crack length (mm) Cohesive 

failure (%) Sanding Plasma Initial 8 hours 1 day 2 days 7 days 

No No 29.0 32.5 34.0 35.5 36.0 30% 

Yes No 38.5 42 43.5 44.0 44.0 81% 

No Yes 34.0 35.0 36.0 36.5 36.5 97% 

Yes Yes 28.5 30.5 31.5 31.5 32.0 94% 
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is the crack extension region.  This sample had an initial crack length of 34.0 mm.  After 

seven days of aging, the total crack length was 36.5 mm which corresponds to a crack 

extension length of 2.5 mm.  The crack extension region shows little to no areas of the 

metallic substrate.  The average cohesive failure percentage of the He/O2 plasma 

activated coupons was 97%.   

The failure surface for a substrate that was sanded followed by He/O2 plasma 

activation is given by the sample pair in Figure 4.13 (d).  This set had an initial crack 

length of 28.5 mm and over a seven day period in the humidity chamber, the crack length 

increased by 3.5 mm.  Moreover, the cohesive failure percentage was 94%.  It should be 

noted that the majority of the metallic surface exposed in this sample is at the edge of the 

crack extension region.   

The metal-composite laminates and sheet steel were tested under conditions which 

were sufficient to create varying levels of damage to the panels.  The damaged samples 

exhibiting “clearly visible impact damage (CVID)” can be seen in Figure 4.14. The 

applied CVID energy was 78.9 J.  Control samples of 18 gage (1.2 mm thickness) sheet 

steel were used to normalize the damage resistance of the composite samples against a 

standard consistent with an automobile body panel.  The damage area and depth of the 

steel and steel/CFRE samples are summarized in Table 4.9.  The stainless steel panel 

shows a large depression with a penetration depth of 7.0 mm.  The depression in the steel 

panel is much deeper than that in the CFRE/steel laminate which had an impact depth of 

4.0 mm.  The 18 gage steel had a relatively large damage area of 19.6 cm
2
.  The 3.2 mm  
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Figure 4.14. Coupon surfaces following a "barely visible impact damage" event 

for (left to right) 18 gage sheet steel, 3.2 mm steel/CFRE laminate, and 1.6 mm 

steel/CFRE laminate: (a) front and (b) backside of samples. 
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Table 4.9. Damage area and depth of the steel and steel/CFRE laminates following 

impact tests. 

Material 

Thickness 

of CFRE 

(mm) Damage type 

Impact 

energy 

(J) 

Damage 

area 

(cm
2
) 

Impact 

depth 

(mm) 

Steel N/A Clearly visible 78.9 19.6 7 

Steel/CFRE laminate 3.2 Clearly visible 78.9 0.8 4 

      Steel N/A Barely visible 2.7 1.1 1 

Steel/CFRE laminate  3.2 Barely visible 2.7 0.1 0.1 

Steel/CFRE laminate 1.6 Barely visible 2.7 0.1 0.5 
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thick CFRE/steel laminate exhibited damage only where contact was made with the 

impactor and had a damage area of 0.8 cm
2
.     

A second set of conditions was used to generate “barely visible impact damage 

(BVID).”  The damaged samples can be seen in Figure 4.15.  The applied BVID energy 

was 2.7 J. Again, the steel sample shows a much larger depression with a dent which 

penetrates deeper than the two CFRE/steel laminate samples.  The steel sample shows a 

distinct protrusion resulting from the impact which was 1.0 mm deep.  The set of 1.6 mm 

thick CFRE/steel laminates exhibited damage to the front.  These samples provide better 

impact performance than the steel with indentation depths of 0.1 mm and 0.5 mm, 

respectively, for the 3.2 mm thick and 1.6 mm thick laminates.  The 3.2 mm thick and 1.6 

mm thick composite panels confined the front side damage area to 0.1 cm
2
 each.  This 

was much smaller than the 1.1 cm
2
 damage area for the sheet steel.  The laminate panels 

exhibited superior resistance to impact compared to sheet steel, while still achieving 

significant reductions in panel weight.  The 3.2 mm thick carbon-fiber-reinforced 

epoxy/steel laminates weigh 38% less than the sheet steel, while the 1.6 mm thick panels 

weigh 64% less than the sheet steel.   

 

Discussion 

A number of mechanisms are known to contribute to the strength of an adhesive 

bond.  The wettability of the surface is integral in bonding due to the desire to make 

intimate contact between the adhesive and the substrate.  Plasma activation of the carbon-

fiber-reinforced epoxy reduced the water contact angle to a saturation value of about 24°.   
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Figure 4.15. Coupon surfaces following a "barely visible impact damage" event 

for (left to right) 18 gage sheet steel, 3.2 mm steel/CFRE laminate, and 1.6 mm 

steel/CFRE laminate: (a) front and (b) backside of samples. 
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The reduction in the water contact angle on the CFRE surface is due to the oxidation of 

the polymer resin to generate polar functional groups.  Gonzalez et al. [19,20,35] have 

previously demonstrated similar results on a number of polymer substrates.  It must be 

noted that surface wetting is optimized over relatively few plasma scans when compared 

to the number of plasma scans which produced the best bond strength and durability.  

This suggests that surface wetting is a necessary but not sufficient condition for strong 

adhesive bonding between the carbon-fiber-reinforced epoxy materials.   

Atomic force microscopy measurements of carbon-fiber-reinforced epoxy increased 

from 12 nm to 65 nm after 20 scans of plasma treatment.   Zaldivar et al. [26] observed a 

decrease of approximately 10° in the water contact angle following the abrasion of epoxy 

composite specimens.  This slight reduction in contact angle was attributed to the 

increased surface roughness of the composite.  Previous work using a variety of 

polymeric materials has shown that surface roughness values below 100 nm do not 

induce significant changes in water contact angle [36,37]. This is consistent with this 

study which offers no correlation between surface roughness and the measured water 

contact angle following plasma activation.  Research shows that a more roughened 

surface gives rise to increased bond strength by creating a larger contact area between the 

substrate and adhesive as well as through the process of mechanical interlocking [38,39].  

However, no correlation is discerned between adhesion and surface roughness in this 

study, since the improvement in lap shear strength occurred at treatment times of less 

than 10 scans with a negligible improvement between 10 and 20 scans.   
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Activation of the CFRE surface with >10 scans of the atmospheric pressure, helium 

and oxygen plasma yielded a lap shear strength of 35 MPa compared to only 14 MPa for 

untreated samples.  The 150% increase in adhesion seen for the CFRE composite is 

comparable to that reported by Zaldivar et al. [26].  They observed a >50% increase in 

the lap shear strength of epoxy-bonded CFRE composites after activation with the 

atmospheric-pressure helium and oxygen plasma.  The work done by these authors has 

shown a direct correlation between the strength of the adhesive bond and the 

concentration of carboxylic acid groups generated by plasma activation.  This correlation 

is likely due to chemical bonds formed between the carboxylic acids and the epoxide 

functionality in the adhesive.  This is consistent with the measurements made in this 

study.  X-ray photoemission spectroscopy revealed that the surface concentration of 

ketone and carboxylic acids more than doubled following plasma treatment, whereas the 

surface concentration of hydroxyl groups remained relatively unchanged.  Another 

important finding in the study by Zaldivar et al. [26] is that the generation of hydroxyl 

and carbonyl species occurred first and that further oxidation of the surface created the 

carboxylic acid groups.  This phenomenon could explain the delay between the plasma 

exposure time necessary to achieve a hydrophilic surface and that needed to achieve 

maximum bond strength.   

After plasma treatment, the water contact angle of stainless steel dropped to a 

minimum of about 24°.  The water contact angle reduction exhibited by the steel surface 

is likely the result of two separate mechanisms.  It is a combination of the removal of 

organic matter from the surface and the generation of polar hydroxyl groups.  This is 
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consistent with the XPS results which showed a 66% reduction in the atomic fraction of 

carbon on the surface as well as a two-fold increase in hydroxyl groups and other 

oxidized hydroxyl species.  The high water contact angle of the untreated surface presents 

a problem when bonding the material due to the difficulty in wetting the surface with the 

water based bond primer.  As a result, the surface was not fully covered with the bond 

primer; instead, the primer beaded up leaving areas completely free of the material.   

Surface roughness measurements following plasma activation of 410 stainless steel 

demonstrate no evidence of etching or roughening of the surface.  The mechanical 

abrasion of the steel via sanding is evident from the grooves created by the orbital sander 

as seen in Figure 4.4.  An increase in roughness was generated, but this did not correlate 

with any improvement in the strength of the bond between samples that were sanded and 

those that were activated with the helium and oxygen plasma.  It is concluded that surface 

roughness was not a determining factor in realizing strong bonds between the steel 

surface and the epoxy adhesive. 

The most significant change in atomic composition between the control sample and 

the prepared steel surfaces is the presence of carbon, where the untreated steel has nearly 

twice the fraction of carbon as any of the other samples (see Table 4.4).   This is likely 

due to contamination present on the surface which is removed following any of the 

surface bond preparations.  There is a marked increase in the oxygen composition of both 

substrates which received plasma activation due to oxidation by the oxygen atoms 

generated in the discharge.  A significant change in the total metal content is observed 

following treatment of the control sample.  This is likely due to buried metals being 
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revealed from beneath the carbon contamination.  Stainless steel functions by segregation 

of chromium to the surface and generation of a stable layer of oxidized chromium to 

prevent corrosion.  This is indicated in the control sample by the high fraction of 

chromium on the surface compared to iron.  Sanding reveals a fresh surface with a greater 

concentration of iron and a low level of oxidation.  When the surface is renewed through 

abrasion, this leads to a lower concentration of chromium when compared to the surfaces 

which were allowed to oxidize.  Plasma activation of the sanded sample oxidized the 

steel and increases the oxygen fraction on the surface at the expense of the metallic 

species on the steel surface.   

The formation of chemical bonds across the interface can greatly improve the 

strength and durability of bonded materials [40].  Chemical bonds such as the C-O bonds 

formed during the curing of epoxies require significant amounts of energy before they are 

broken and delamination occurs [26,41,42].  The contribution of these bonds depends on 

both the strength of the interaction (quality) and the total number of bonds (quantity) that 

are formed.  There are a large number of different oxygenated species present on the 

stainless steel surface and many of these have an XPS peak separation of ≤0.2 eV.  

Resolving individual peaks this close is difficult.  As a result, the O 1s XPS spectra is 

analyzed by separating it into peaks assigned for O
2-

, OH
-
 and other oxidized (OH

-
)X 

species.  The increased bond strength following plasma activation appears to be related to 

the increased concentration of hydroxyl groups at the surface of the substrate.  As seen in 

Table 4.5, the fraction of total hydroxyl species, OH
-
 and (OH

-
)X, increases as follows: 

control, 31%; sanded, 36%; sanded and plasma activated, 45%; and plasma activated, 
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57%.  This may be compared to the lap shear strengths presented in Figure 4.11, where 

they increase in order (with primer): control, 24±2 MPa; sanded, 28±4 MPa; plasma 

activated, 33±2 MPa; and sanded and plasma activated, 35±2 MPa.   

Analysis of the Fe 2p3/2 region supports the analysis of the O 1s spectra. Three 

significant trends can be observed in the surface chemistry of the control, sanded and 

plasma activated steel substrates.  First, the metallic iron content decrease from 61% in 

the control to 28% for sanded steel and 3-5% in the plasma activated steel.  The high 

concentration of metallic iron on the surface of the control sample is likely due to the 

preferential oxidation of chromium which is known to segregate to the surface of the 

stainless steel.  Second, it reveals a large variation in hydroxyl group concentration, with 

FeOOH groups going from 4% in the control sample to 20% in the sanded sample 

compared to 25% after plasma activation.  Third, the concentration of Fe3O4 species rises 

from 3% in the untreated steel to 8% in the sanded steel and to 22% in the plasma-

activated steel.  It should be noted that a similar composition of functional groups is seen 

in both the plasma activated sample and the steel prepared by sanding and plasma 

activation of the surface.  All three of these trends follow along with the increase in bond 

strength between the control, the sanded steel and the plasma-activated steel substrates.   

Additional inspection of the Cr 2p3/2 region tracks well with the data obtained from 

the iron and oxygen spectra.  Both of the samples which received plasma activation 

exhibited a higher degree of oxidation when compared to the control and sanded samples 

with the emergence of a peak corresponding to CrO3 species.  It is noted that the samples 

which received plasma activation exhibit a relatively low concentration of Cr(OH)3 when 
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compared to the control and sanded substrates.  This is the opposite of what is seen in the 

iron spectra where hydroxyl groups are prevalent in the samples which were treated with 

the plasma.  This is likely due to the oxidation of the Cr(OH)3 into a CrO3 state.  An 

interesting observation from this study is that the stainless steel undergoing plasma 

treatment maintains a high concentration of chromium in the surface, equal to 8%.  This 

may be contrasted to the sanded surface, which is only 4%.  It may be that surface 

preparation using atmospheric pressure plasma instead of abrasion may improve the 

corrosion resistance of the stainless steel. 

A 50% increase in adhesion was seen for the bonded stainless steel coupons after 

plasma treatment.  This study suggests that surface composition and wetting were the 

dominant factors in determining bond performance.  In the CFRE samples, the bond 

strength was shown to be a function of the chemical bonds formed between the 

carboxylic acids on the substrate surface and the epoxide groups in the adhesive.  A 

similar mechanism is compatible with the increased bond strength which is observed for 

stainless steel following plasma activation.  Direct covalent bonding between hydroxyl 

groups and epoxides has been reported in previous studies [41-43].  However, 

mechanisms have also been proposed which involve only hydrogen bonding between the 

oxidized metals and epoxy resins [44,45].  The formation of these bonds provides the 

means by which the substrates are joined together.  Note that epoxy resin is also present 

in the bond primer thus allowing this mechanism to occur for samples bonded with 

primer or without primer [46].  It is not known, based on this study whether covalent 

bonding or hydrogen bonding occurs between the adhesive and the hydroxyl groups on 
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the stainless steel surface.  Further investigation is required to distinguish between these 

mechanisms. 

The changes observed in water contact angle and adhesion are the result of the 

formation of new chemical groups on the stainless steel surface. In contrast to CFRE, no 

intermediate species are generated during oxidation of the steel surface.  A consequence 

of this seems to be that there is no lag between the time necessary for surface wetting and 

the time required to achieve maximum strength of the bond line.  Optimization of both 

the water contact angle and the lap shear strength occur following approximately 10 

seconds of plasma exposure.  Further analysis of the rate at which these hydroxyl groups 

are generated during plasma exposure is needed to confirm this result.  It should be noted 

that the maximum possible shear strength of the bonded coupons was limited by the 

strength of the epoxy adhesive.  The shear strength of the epoxy film was in excess of 

34.5 MPa, as reported by the manufacturer [47].  Therefore, further improvements in lap 

shear strength are not possible through additional surface preparation when employing 

this adhesive. 

The wedge crack extension tests revealed that in the untreated samples, the bond 

failed largely at the interface of the stainless steel.  It is also important to note that the 

failure occurred in large areas in excess of 4.5 cm
2
 rather than having small domains of 

cohesive and adhesive failure as seen in the samples which received plasma activation or 

sanding with plasma treatment.  The water contact angle measurements indicated that the 

untreated steel surfaces were non-wetting.  This resulted in an uneven distribution of 

bond primer on the surface when the samples were dried and baked.  The absence of 
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bond primer on the steel surface would be detrimental to bond performance and will lead 

to degradation of the bond line in hot and wet environments.   

Examination of the bond surface after failure showed a >95% cohesive failure of the 

bond line for the samples activated with more than 10 scans with the atmospheric 

pressure, helium and oxygen plasma.  Cohesive failure indicates that the bond at the 

interface between the adhesive and the substrate is stronger than the adhesive itself.  

Beyond this, further increases in the bond strength could only be achieved with changes 

to the adhesive but not through additional surface preparation.  The substrates that were 

sanded and activated with the He/O2 plasma were slightly improved upon when using 

only the He/O2 plasma for activation without sanding the surface, i.e. 35±2 MPa versus 

33±2 MPa.  Further analysis of the lap shear test results shows only small differences 

between samples with bond primer and those without.  However, it is a common practice 

to use bond primers which are known to prevent corrosion and produce more durable 

bonds in hot and humid conditions.  The results of this research cannot determine 

whether bond primer is necessary or not. 

Another interesting result of this work is that the plasma activated samples 

performed significantly better than the sanded surfaces during aging of the bonded 

coupons.  However, there was little difference in the performance of the plasma activated 

steel and the coupons which were sanded and plasma activated.  This would seem to 

indicate that sanding of the surface is unnecessary.  However, during real world 

applications of this technique, many of the surfaces to be bonded will already be shielded 

with paint or some other protective film.  This would require the surface to be sanded 
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prior to bonding in order to expose the metal surface underneath.  The results of this 

research indicated that the technique will be equally valid for use on stainless steel 

surfaces which are sanded or for fresh, solvent-cleaned stainless steel surfaces. 

In order to have an impact on practical applications, carbon-fiber-reinforced 

epoxy/steel laminates must be able to meet and exceed the performance of the sheet steel 

currently being used.  To improve the fuel efficiency of automobiles, the steel/CFRP 

laminates need to achieve a significant reduction in the weight of the component, while 

maintaining the mechanical properties of the steel.  In this study, laminates exhibiting a 

38% and 64% weight reduction maintained the mechanical properties and outward 

appearance of steel panels.  Consequently, the laminates may be easily integrated into 

secondary structures, such as automobile body panels, without any need to alter auto 

body repair procedures, including painting, sanding and the use of putty body fillers. 

There is a dramatic difference in the amount of damage incurred in sheet steel 

compared to that in the laminate panels.  All of the laminates tested achieved an order of 

magnitude reduction in the damage area after impact.  The data in Table 4.9 demonstrate 

that the dent area is much more localized than in the steel sample, and the laminates 

display a distinct difference in the damage mechanism.  The steel samples undergo 

continuous deformation without penetration.  By contrast, rather than deforming, the 

carbon fibers within the laminate break, thereby absorbing the impact energy.  The metal-

plastic composites take advantage of the beneficial properties of both materials when 

combined into one.  Adhesive bonding has been shown to be an effective method for 
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joining dissimilar materials such as metal and polymer substrates.  Further research will 

allow this technology to migrate into primary structural components.   

 

Conclusions 

Atmospheric pressure, helium and oxygen plasmas are an effective method of 

surface preparation of stainless steel and carbon-fiber-reinforced epoxy composites prior 

to bonding.  Following 5 seconds of activation with the He/O2 plasma, the water contact 

angle of 410 stainless steel and CFRE composites was reduced to <25°.  A lap shear 

strength of 35±2 MPa was demonstrated for bonded stainless steel/epoxy composites.  

Wedge crack extension tests revealed that the stainless steel bond surfaces activated with 

the plasma exhibited >90% cohesive failure and <6.4 mm crack extension after 7 days of 

aging at 60 °C and 98% relative humidity.  Sample analysis by XPS and AFM indicated 

that the surface composition is the primary factor in determining bond performance.   
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Chapter 5 

 

Atmospheric Pressure Plasma Activation as a Surface Pretreatment for 

the Adhesive Bonding of Aluminum 2024 

 

Abstract 

A low-temperature, atmospheric pressure oxygen and helium plasma has been 

used for the surface preparation of aluminum 2024 prior to adhesive bonding.  The 

plasma converted the aluminum from a water contact angle (WCA) of 79° to down to 38° 

within 5 seconds of exposure, while sanding reduced the WCA to only 51°.  

Characterization of the aluminum surface by X-ray photoelectron spectroscopy revealed a 

decrease in carbon contamination from 70% to 36% and an increase in the oxygen 

content from 22% to 50% following plasma treatment.  Similar trends were observed for 

sanded surfaces.  Lap shear results demonstrated bond strengths of 30±2 MPa for the 

sanded aluminum versus 33±1 MPa for plasma treated aluminum, where sol-gel and 

primer coatings were added to the surface preparation.  Following 7 days of aging, wedge 

crack extension tests revealed cohesive failure percentages of 86%, 92% and 96% for 

sanded, plasma treated and sanded/plasma treated aluminum respectively.  These results 

indicate that atmospheric pressure plasmas are an attractive alternative to acid treatment 

or abrasion techniques for surface preparation prior to bonding. 
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Introduction 

Aluminum alloys, particularly 2024-T3, are used as a primary structural material 

in aircraft and automobiles as well as in a multitude of other applications.  Aircraft 

structures have employed adhesive bonding for over 50 years and it continues to be used 

as an alternative to riveting and mechanical joining techniques.  Bonding of stringers to 

skins for both fuselage and wing construction and of metallic honeycomb to skins for 

elevators, ailerons, tabs and spoilers are the main uses for adhesives.[1]  Moreover, 

adhesive bonding is a vital process in the repair of damaged components. 

The performance of an adhesively bonded part depends upon the properties of the 

adhesive, the metal, and the metal surface preparation.  The chemical composition of the 

aluminum surface influences many properties of the material, including the 

hydrophilicity, adhesion and bond durability.  The composition and structure of the 

surface is highly variable depending on the preparation process.  An understanding of the 

surface characteristics of the aluminum is of paramount importance for characterizing the 

properties of the aluminum materials.[2] 

Adhesively bonded metal joints offer advantages over mechanical joining because 

it yields a continuous bond between the two substrates, minimizes stress, and acts as a 

buffer between the metal and plastic to absorb impact.[3-6]  Prior to the adhesive joining, 

the surface must be cleaned and activated to make it conducive to forming a strong, 

durable bond.  Improper surface preparation will lead to weak joints which fail at the 

interface between the metal and the adhesive.  For aircraft structures, the strength and 
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durability needed to withstand the loading experienced during use makes proper surface 

preparation a vital step in assembly and repair.[7]   

The most common methods of activating aluminum surfaces for bonding involve 

complex, multistage processes combining degreasing, abrading, etching and anodizing.  

The wet chemical solutions employ strong acids which require waste disposal and 

copious rinsing with distilled water.  Abrasive techniques are labor and materials 

intensive.[7-9]  Other methods for improving bond strength and durability include the use 

of primers and coupling agents (e.g. silanes).[10]   

Plasma activation of aluminum surfaces prior to bonding offers an alternative to 

chemical and mechanical surface preparation.  The ability to modify surfaces without 

affecting advantageous bulk properties makes plasma an effective tool for pre-bonding 

activation of materials.  Previous research on plasma activation for bonding improvement 

of aluminum has generally been limited to vacuum-based systems.  However, these 

systems have a number of drawbacks including the need to limit the size and shape of the 

components so they fit inside the chamber, as well as the cost associated with 

maintaining and operating the vacuum system.  Low-temperature, atmospheric-pressure 

plasmas operate at ambient pressure without the need for expensive chambers.  These 

processes are highly reproducible since the plasma device can be robotically scanned 

over the surface of the part.  In addition, at atmospheric pressure, the reactive species are 

able to flow through intricate geometries and activate complex surfaces exposed to the 

gas.   
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In this study, we report on the effectiveness of atmospheric pressure plasma for 

surface activation of aluminum alloy 2024.  Measurements were taken to determine the 

change in water contact angle with plasma exposure time.  Analysis by atomic force 

microscopy (AFM) revealed whether the surface roughness changed before and after 

sanding and plasma treatment.  The chemical nature of the surface layers involved in 

bonding was examined by X-ray photoelectron spectroscopy (XPS).  Single joint lap 

shear tests have been performed to demonstrate the connection between the surface 

properties and the resulting changes in adhesive bond strength.  Finally, the ability to 

produce strong, durable bonds has been assessed by wedge crack extension tests. 

 

Experimental Methods 

High strength aluminum alloy 2024 with a T3 temper was purchased from 

McMaster-Carr.  Aluminum alloy 2024 (90.7 - 94.7% Al, 3.8-4.9% Cu, 1.2-1.8% Mg, 

0.3-0.9% Mn, <0.5% Si, <0.5% Fe, <0.25% Zn, <0.15% Ti, and <0.1% Cr) is common in 

aircraft structures, especially wing and fuselage structures under tension.  The aluminum 

sheets were 3.175 mm (0.125”) thick.  The large sheets were later cut down into smaller 

sample sizes as per ASTM specifications.  These aluminum coupons have a tensile 

strength of 290 to 350 MPa (42,000 to 50,000 psi) and a hardness of 120 Brinell.  

Samples were abraded with 3M Stikit 300D aluminum oxide stearate-free 180 grit 

sanding disks attached to a random orbital sander.  The aluminum coupons were bonded 

together using 3M AC-130-2 sol-gel, Cytec Industries BR6747-1 metal bond primer and 
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Cytec FM300K film adhesive.  Cytec reports that this film adhesive has a nominal shear 

strength of roughly 34.5 MPa (5000 psi) at ambient conditions.[11]   

Some of the aluminum panels were sanded to a matte finish.  The sanded panels 

were wiped with a clean cloth to remove any residue on the surface.  A new sand paper 

disk was used for each sample to reduce the risk of cross contamination. 

Plasma activation was accomplished using a Surfx Technologies AtomfloTM 

system equipped with a 2” wide linear beam source.  The plasmas were struck with radio 

frequency (RF) power at 27.12 MHz.  The RF power supply and matching network were 

models RF-3X and AM-10 respectively from RF VII, Inc.  An I&J Fisnar 7000C robot 

was used to precisely translate the plasma source over the samples.  A source-to-substrate 

distance of 4.0 mm was maintained during all experiments.  Plasma exposure time was 

estimated following the procedure described previously by Gonzalez et al.[12]  Plasma 

exposure time was calculated by dividing the beam width by the scan speed and 

multiplying by the number of scans used.  The effective plasma beam width parallel to 

the scan direction was 2.1 cm.  Variation of the plasma exposure time between 0.2 

seconds and 4.2 seconds was accomplished using one plasma pass and changing the scan 

speed over a range from 100 mm/s to 5 mm/s.  Due to limitations in the ability of the 

robot to perform slow scan speeds, multiple scans are necessary to achieve longer 

exposure times.  For times greater than 4.2 seconds, the plasma source was scanned over 

the surface multiple times at 5 mm/sec.  A detailed description of the plasma system is 

presented in previous publications.[13-16]   
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The samples were activated with the He/O2 plasma operated at 200 W of applied 

RF power.  The plasma was fed with 30.0 L/min of industrial grade helium (99.99% 

pure) and 0.9 L/min of ultrahigh purity oxygen (99.9999%).  The gas flow rates are given 

at nominal temperature and pressure of 25 °C and 1 atm.  Previous work on stainless steel 

and titanium alloy Ti-6Al-4V indicates that a helium/oxygen plasma often works well for 

activation of metal substrates prior to adhesive bonding.[7, 17]   

Water contact angle (WCA) measurements were performed with a goniometer 

containing distilled water.  A water droplet was placed on the sample and the computer 

software calculated the contact angle.  The average value was taken after ten 

measurements and the error was estimated using one standard deviation of the data points.  

Plasma exposure time was varied in order to determine the rate at which the WCA 

approaches its saturation value.  The water contact angles were measured immediately 

after plasma exposure. 

The surface roughness of the aluminum was measured using a VEECO DI3100 

atomic force microscope (AFM).  The AFM was used to image the surface of the 

isopropyl alcohol (IPA) wiped, sanded, and plasma-treated samples following activation 

with He/O2 plasma.  The change in surface roughness following primer application was 

also measured.  The AFM images were measured using a 10 μm × 10 μm scanning area.  

The root-mean-square (Rrms) roughness, the arithmetic roughness (RA), and the total 

surface area of the samples were obtained by using the software program Nanoscope 

V6.12r2. 
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The surface composition of the aluminum was analyzed by X-ray photoelectron 

spectroscopy (XPS) in an ultrahigh vacuum chamber with a base pressure of 1x10
-9

 Torr.  

The samples were introduced into vacuum and characterized immediately after surface 

preparation without any sputtering.  The substrate surfaces were analyzed by XPS before 

and after plasma activation to reveal changes in the chemical structure of the material.  

Core-level photoelectron spectra of the Al 2p, Mg 2p, O 1s and C 1s lines were collected 

with a PHI 3057 spectrometer using Magnesium Kα X-rays at 1286.6 eV.  All spectra 

were taken in small-area mode with a 7° acceptance angle and 23.5 eV pass energy.  The 

detection angle with respect to the surface normal was 25°.  The binding energies were 

referenced to the C 1s peak of the aliphatic carbon atom at 285.0 eV.  The atomic 

composition of the surface was calculated by integrating the intensity for each element, 

then dividing by its sensitivity factor. 

The aluminum sheets were cut into 2.5 cm × 17.8 cm (1” × 7”) strips.  The control 

samples were cleaned with isopropyl alcohol (IPA) and wiped with a Kim wipe.  Sanded 

and/or plasma treated samples were prepared using the procedures described above.  

Samples were scanned 10 times with the plasma unless otherwise indicated.  The sol-gel 

coating was applied as specified by 3MTM surface pre-treatment AC-130-2 application 

guide.[18]  The AC-130-2 Pre-Treatment solution was applied generously to the surface 

by brushing with a natural bristle brush making sure to keep the part continuously wet for 

a period of 1 minute.  The part remained wet for 5-10 minutes.  The coated parts were 

dried under ambient conditions for a minimum of 60 minutes.  Bond primer was applied 

within 24 hours of application of the 3M AC-130 pre-treatment.   
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All of the samples were immediately bonded following surface pretreatment.  

Bond primer was applied to the substrate surface at room temperature using a foam brush.  

The bond primer was allowed to air dry for one hour in a fume hood, followed by one 

hour in an oven at 240-260°F.  A direct measurement of the bond primer thickness was 

not made although care was taken to use a consistent application technique.  The FM 

300K film adhesive was then applied to the surface and the coupons were placed in a 

press which applied approximately 0.34 MPa (50 psi) of pressure.  The coupons were 

then cured in an oven.  The oven temperature was ramped up to 350°F at a rate of 

~6°F/min for 60 minutes.  The temperature was held at 350°F for 60 minutes followed by 

the temperature being ramped down at a rate of ~6°F/min, until it reached room 

temperature.  An additional time of at least 24 hours was allowed prior to adhesion 

testing. 

The shear strength of the aluminum coupons bonded with epoxy was measured 

using single-lap shear tests following ASTM D3165-07.[19]  The apparatus was an 

Instron Model 1123 tensile tester.  The aluminum specimens were bonded together with 

adhesive using an overlap of 12.7 mm (0.5”).  The specimens were placed in the grips of 

a universal testing machine and a loading rate of between 8.3 and 9.7 MPa/min (1200 and 

1400 psi/min) was maintained until failure.  Five sets of lap shear samples were 

fabricated for every condition to ensure statistical accuracy within a measurement error of 

one standard deviation. 

Wedge crack extension test (WCET) coupons were fabricated as specified in 

ASTM D3762.[20]  Four sets of conditions were used for the WCET samples.  One set 
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was a control that received only an IPA wipe and application of bond primer.  A second 

set was activated with the He/O2 plasma before bond primer.  The third set was treated 

with the He/O2 plasma before application of sol gel and bond primer, while the fourth set 

was sanded and activated with the He/O2 plasma followed by sol gel and bond primer.  

The surface preparation, bonding and adhesive curing procedures were identical to those 

used for the single-lap shear tests.  For each set, two 2.5 cm x 15.2 cm (1” x 6”) 

aluminum panels were bonded together.  Aluminum wedges were then hammered into 

each bonded coupon, and the initial crack length was recorded prior to aging.  The 

coupons were then aged in a humidity cabinet at 60°C with 98% relative humidity for 

seven days, after which the final crack extension length was measured.  The coupons 

were pulled apart and the crack extension region was inspected using a Nikon microscope.  

These pieces were examined to determine whether failure occurred within the adhesive or 

at the interface.  The percentage of cohesive failure was acquired by measuring the area 

within the crack extension region where failure occurred within the adhesive itself, and 

then taking the ratio of this area to the total area of the crack extension region. 

 

Results 

The dependence of the water contact angle (WCA) of the aluminum alloy 2024 

with plasma exposure time can be seen in Figure 5.1.  The surface of each aluminum 

substrate was scanned once with the plasma beam using scan speeds between 100 and 5 

mm/s in order to vary the plasma exposure time.  For long exposure times, multiple scans 

at 5 mm/s were used.  Prior to exposure to the plasma, the WCA of the aluminum was  
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Figure 5.1. Change in water contact angle with plasma exposure time for 

aluminum 2024. 
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measured to be 79°.  Following plasma activation for 5 seconds, the water contact angle 

dropped to a final value of 38°.  Also shown in Figure 5.1 is the WCA of the sanded 

aluminum surface at 51°.  Similarly, aluminum which was sanded followed by 10 scans 

of helium/oxygen plasma achieved a water contact angle of 22°.   

The data in Figure 5.1 follow an exponential decay function that is typical of 

Langmuir adsorption kinetics.[13,14]  The data can be fitted to a function of exposure 

time, τ, with the following equation: 

 WCA(t)=WCA(∞)+[WCA(0)-WCA(∞)] exp(-kexpτ) (5.1) 

where WCA(∞) is the minimum contact angle achieved, WCA(0) is the initial water 

contact angle, and kexp is the exponential rate constant.  Fitting of this equation to the 

experimental data gives an exponential decay constant of 1.1 sec
-1

.   

Atomic force microscopy images of aluminum 2024 prepared with IPA-wipe, 

sanded, and plasma-treated samples are presented in Figure 5.2.  All of the AFM images 

have a projected surface area of 100.0 µm
2
.  The root-mean-square roughness (Rrms), 

arithmetic roughness (RA), and surface area measurements for the samples are presented 

in Table 5.1.  From this data, one can see that surface activation by atmospheric pressure 

plasma does not result in a significantly rougher surface.  Root-mean-square roughness 

values of 49±15 nm and 50±15 nm were measured for the control and 10 scans with a 

He/O2 plasma, respectively.  This may be compared with sanded aluminum where the 

roughness increased significantly to 236±15 nm. Application of a sol-gel coating and 

bond primer to a sanded substrate results in a surface that is smoother with an Rrms of  
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Figure 5.2. Atomic force micrographs of aluminum alloy 2024: a) IPA wiped, b) 

sanded with 180 grit paper, c) treated with 5 scans of He/O2 plasma, and d) 

sanded followed by sol-gel and primer application. 
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Table 5.1. Surface roughness of aluminum before and after 

surface preparation. 

Treatment Rrms (nm) RA (nm) Surface Area (μm
2
) 

IPA Wiped 49±15 39±15 102±1 

Plasma 50±15 40±14 101±1 

Sanded 236±15 187±26 113±6 

Sanded w/ primer 36±08 30±08 100±1 
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36±8 nm.  Note that measurements were taken at multiple locations on the substrate in 

order to reduce variability. 

Figure 5.3 shows the XPS survey spectra for aluminum 2024 wiped only with IPA 

alongside the spectra for surfaces prepared by sanding and by scanning with the 

helium/oxygen plasma.  The aluminum samples were treated under standard He/O2 

plasma conditions at 5 mm/s scan speed using 10 scans over the surface.  The control 

spectrum consists of two large peaks at 531 eV and 285 eV resulting from oxygen and 

carbon present on the surface.  Additional peaks were also resolved at low binding 

energies indicating the presence of aluminum (73 eV) and magnesium (50 eV).  In the 

sol-gel coated sample, the emergence of a silicon peak at 100 eV is to be expected due to 

the silane chemistry used in the coating.  It should be noted that the mill finish was not 

removed from the control and plasma activated samples.  As a result, there will likely be 

variations between the surface compositions observed with aluminum purchased from 

different vendors.  Sanded samples had the surface layer removed and will be indicative 

of the results observed for aluminum purchased from any vendor.   

The surface concentration of aluminum, carbon, oxygen, magnesium and silicon 

before and after modification is given in Table 5.2.  A significant amount of carbon 

contamination is present on the control aluminum after IPA wiping.  The atomic fraction 

of carbon on the surface is 70%, which was reduced to 22% following sanding and 36% 

after 42 seconds of plasma exposure.  After application of the sol-gel coating, the carbon 

content increases to 62% due to the organic functionality present in the silane formula.   
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Figure 5.3. XPS survey spectra of aluminum 2024 before and after bonding 

preparation. 
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Table 5.2. Surface composition of aluminum 2024 following 

varying bond preparation methods. 

Sample Al C O Mg Si 

Control 2% 70% 22% 5% 0% 

Sanded 28% 22% 48% 2% 0% 

Plasma 4% 36% 50% 9% 0% 

Sanded+Plasma 27% 16% 56% 2% 0% 

Sol-gel 0% 62% 33% 1% 4% 
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Oxidation of the aluminum surface is obvious from the increase in the oxygen 1s 

peak area after surface preparation.  Oxygen accounted for only 22% of the surface atoms 

on the control sample.  This rose to 48% if the surface was sanded, 50% if the aluminum 

was oxidized using the plasma, or 56% when the aluminum was sanded first and then 

exposed to the plasma.  The presence of a large oxygen peak on the sanded sample is 

somewhat surprising, since abrading the surface should remove the native oxide from the 

aluminum.  The prominence of oxygen on the sanded surface most likely results from the 

rapid re-oxidation of the exposed aluminum coupled with the removal of the carbon 

contamination.   

The IPA-wiped control specimen and the plasma-treated aluminum alloy display a 

relatively high concentration of magnesium when compared to its overall presence in the 

alloy.  The control spectrum shows 2% aluminum and 5% magnesium.  After plasma 

activation, the aluminum and magnesium are at 2% and 9%.  Sanding of the surface 

resulted in a significant increase in the aluminum content up to 28%, while magnesium 

was reduced to 2%.  This remains after the sanded aluminum is activated with He/O2 

plasma.  It should be noted that copper is also present in the 2024 alloy of aluminum.  

However, this element was not detected by XPS, which suggests that it segregated away 

from the surface and into the bulk material.   

The atomic percentages of carbon, oxygen, aluminum, and magnesium on the 

alloy surface as a function of plasma exposure time are presented in Figure 5.4.  This data 

was calculated from the XPS results following plasma activation of aluminum alloy 2024 

with and without sanding of the surface.  All modification of the elemental composition  
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Figure 5.4. Atomic composition of aluminum 2024 versus plasma 

exposure time for sanded (top) and unsanded (bottom) substrates. 
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occurred within the first 5 seconds of plasma exposure.  Surface composition was 

observed to remain stable out to a plasma exposure time of at least 84 seconds.  The 

aluminum samples that received plasma activation following sanding of the surface (top) 

exhibited a reduction in the atomic fraction of carbon from 40% to 16%, indicating rapid 

removal of contamination.  A corresponding increase in the oxygen concentration from 

36% to 53% and the aluminum concentration from 21% to 27% was observed.  No 

measureable change was detected in the magnesium surface fraction. 

The surface composition of aluminum samples that received plasma activation but 

no surface sanding are presented in the lower graph of Figure 5.4.  As expected, the 

amount of carbon on the surface of the aluminum 2024 decreases following plasma 

exposure.  Initially, carbon makes up 64% of the surface, but decreases to 29% after 5 

seconds.  Oxidation of the surface by the atmospheric pressure plasma was observed.  

The untreated substrate had an oxygen content of 28%.  This increased to 53% after 5 

seconds of plasma treatment.  The aluminum and magnesium concentrations detected 

before and after atmospheric plasma exposure remained unchanged at 4% and 9%.   

Shown in Figure 5.5 are the aluminum 2p X-ray photoelectron spectra of the 

sanded aluminum samples before and after plasma activation.  Prior to XPS analysis, all 

samples were sanded using the same conditions as stated in the experimental methods.  

The spectra were de-convoluted into two distinct peaks at 72.8 eV and 75.1 eV indicating 

the presence of elemental aluminum and oxidized aluminum, respectively.[21]  The 

separation distance between these two peaks is known to differ anywhere between 2.6 eV 

and 3.7 eV, depending on the thickness of the oxide.[2, 22]  The peaks for aluminum  
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Figure 5.5. Aluminum 2p X-ray photoelectron spectroscopy (XPS) 

spectrum of sanded aluminum 2024 before (top) and after (bottom) 

plasma activation. 
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oxide (Al2O3) and aluminum hydroxides (AlO(OH), or Al(OH)3) cannot be resolved in 

the Al 2p spectra due to the small difference in their binding energies.[23]  Previous 

studies have shown that when oxidized aluminum is exposed to atmospheric conditions, 

some fraction of the surface will become hydrated.[2]   

The oxidation of the aluminum 2024 surface as a function of plasma exposure 

times for sanded and un-sanded substrates is presented in Figure 5.6.  The relative 

intensity of the oxidized aluminum peak was observed to grow following plasma 

exposure, suggesting that the plasma produces a thicker Al2O3 layer.   For the aluminum 

wiped with IPA, 68% of the surface was initially oxidized.  Plasma treatment of the un-

sanded surface changes the relative composition of the oxidized aluminum and aluminum 

metal peaks, to 81% and 19% respectively, following 5 seconds of exposure.  Modeling 

the data using an exponential decay function yields a rate constant of 0.8 sec
-1

 for 

oxidation.  The sanded aluminum had 62% of the aluminum in an oxidized state with 

38% present as aluminum metal.  Plasma treatment after sanding increases the amount of 

oxidized aluminum to 80% and decreased the metallic aluminum to 20%.  The 

exponential decay constant was calculated to be 0.3 sec
-1

 for oxidation of the sanded 

aluminum.   

An example of O1s XPS spectrum for the sanded aluminum substrate after plasma 

activation is shown in Figure 5.7.  It is difficult to differentiate the aluminum oxide and 

hydroxide peaks in the Al 2p spectra due to their small separation in binding energy.  

However, the O 1s spectrum can distinguish the degree of hydration of the aluminum 

oxide.  The O1s spectra obtained for aluminum alloys with high aluminum content can  
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Figure 5.6. Oxidation of aluminum 2p peak versus plasma exposure 

time for sanded (top) and unsanded (bottom) substrates. 
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Figure 5.7. Oxygen 1s X-ray photoelectron spectroscopy (XPS) spectrum of 

aluminum 2024 for plasma activated aluminum (top) and aluminum with 

sanded with plasma activation (bottom). 
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usually be fit with two component peaks.  The aluminum hydroxide is present at 532.8 

eV; while, aluminum oxide can be seen at 531.3 eV.[2]  Analysis of the area under the 

curve of the constituent peaks after plasma activation showed 12% of the oxidized 

surface consisted of aluminum hydroxide.  When the surface was sanded before plasma 

treatment, the hydroxyl fraction of the oxide layer rose to 30%.   

The surface fractions of aluminum hydroxide before and after plasma exposure 

for both sanded and un-sanded aluminum 2024 are presented in Table 5.3.  For aluminum 

2024 which received no sanding before treatment with the plasma, the initial hydroxide 

fraction was 5% with 95% oxide.  After plasma exposure, this increased to 18% 

hydroxide and 82% for the oxide.  The sanded aluminum exhibited a larger hydroxide 

fraction equal to 21%.  Plasma activation of the sanded aluminum increased the 

aluminum hydroxide fraction to 30% with the corresponding decrease in aluminum oxide 

to 70%.   

Figure 5.8 shows the shear strengths of aluminum alloy 2024 following plasma 

cleaning and other bond preparation methods.  The IPA-wiped, control sample had a 

bond strength of just 17±3 MPa.  It increased to 24±1 MPa after application of the bond 

primer.  Consequently, bond primer was used in all subsequent experiments.  Sanding of 

the aluminum substrates resulted in an increase in lap shear strength to 27±2 MPa.  When 

the sol-gel coating was applied to the sanded aluminum, the bond strength increased to 

30±2 MPa.  A lap shear strength of 29±3 MPa was achieved with the aluminum coupons 

following 10 scans with the He/O2 plasma.  The addition of sol-gel pretreatment after 10 

scans of He/O2 plasma further increased the shear strength to 33±1 MPa.   
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Figure 5.8. Lap shear strength of bonded aluminum 2024 versus bond 

preparation method. 

  



 219 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Table 5.3. Surface fraction of aluminum hydroxide following before and 

after plasma exposure for both sanded and un-sanded aluminum 2024. 

  Before Plasma   After Plasma 

Sanding 

Aluminum 

Hydroxide 

Aluminum 

Oxide   

Aluminum 

Hydroxide 

Aluminum 

Oxide 

No 5% 95% 

 

18% 82% 

Yes 21% 79%   30% 70% 
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Combining sanding with He/O2 plasma treatment yielded a shear strength of 28±2 

MPa, which is lower than the strength achieved with the use of plasma alone.  The 

addition of a sol-gel coating after sanding and plasma exposure improved the bond 

strength to 29±3 MPa.  An increase in strength after sol-gel application was observed for 

all of the aluminum pretreatments.   

The rate at which the lap shear strength of aluminum alloy 2024 increased with 

plasma exposure time is presented in Figure 5.9.  Bond primer and sol-gel were applied 

to all specimens and the plasma conditions were held constant except for the number of 

scans.  The control specimens had an average shear strength of 26±1 MPa.  The lap shear 

strength increased sharply to 34±2 MPa following 3 scans and remained constant 

thereafter.  The data in Figure 5.9 follow an exponential function of the same form as that 

presented in Equation 5.1 for the water contact angle.  The solid line represents the best 

fit of this equation to the experimental data, which follows an exponential decay constant 

of 1.0±0.2 sec-1.   

Shown in Figure 5.10 are images of the fractured surfaces obtained from the 

wedge-crack extension tests.  The crack extension region can be seen as a dull white, 

crescent shaped band at the center of each sample.  The crack extension lengths and 

fraction of cohesive failure observed for each surface preparation were recorded before 

and after 7 days of aging are presented in Table 5.4.  Military standards for bond strength 

and durability are to achieve a wedge crack extension length of less than 6.4 mm over 7 

days and to have an average cohesive failure mode of 90% or greater.[7]  Bond primer  
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Figure 5.9. Lap shear strength of bonded aluminum 2024 versus plasma 

exposure time. 
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Figure 5.10. Pictures of the crack extension surfaces for aluminum substrates 

prepared using bond primer with a) the IPA wipe (control), b) sanding, c) sanding 

with sol-gel, d) He/O2 plasma activation with sol-gel, and e) sanding followed by 

He/O2 plasma activation with sol-gel. 
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Table 5.4. Wedge crack extension test results for aluminum substrates. 

Surface preparation Crack length (mm) 

Cohesive 

failure (%) 

Sanding Plasma Sol-gel Initial 8 hours 1 day 2 days 7 days 
 

No No No 28.0 39.5 42.0 42.0 42.0 18% 

Yes No No 36.5 42 43.5 44.0 44.0 60% 

Yes No Yes 33.0 36.0 36.5 37.5 37.5 86% 

No Yes Yes 36.5 39.0 40.0 40.0 40.0 92% 

Yes Yes Yes 35.0 37.5 38.0 38.5 38.5 96% 
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was applied to all of the coupons used for the WCET.  The control sample pair, which 

was wiped with IPA prior to bonding, is shown in Figure 5.10(a).  Analysis of the wedge 

crack extension demonstrated a high degree of interfacial failure for the control sample.  

The initial crack length for the control sample was 28.0 mm.  Following 7 days of aging, 

the crack length increased to 42.0 mm giving a crack extension length of 14.0 mm.  After 

seven days of aging at 60°C and 98% relative humidity, the bond line underwent only 

18% cohesive failure.  The control sample did not meet the mil-spec standards.   

The pair in Figure 5.10(b) and (c) shows the crack extension region for coupons 

that had been prepared by sanding both with and without sol-gel treatment.  Examination 

of the failed surfaces reveals domains within the crack extension region where the shiny 

metallic surface is visible, indicating interfacial failure.  The sanded sample had an initial 

crack length of 36.5 mm. After 7 days of aging, the total crack length was 44.0 mm, 

which corresponds to a crack extension length of 7.5 mm.  The sanded aluminum with a 

sol-gel coating had an initial crack length of 33.0 mm.  After 7 days of aging, wedge 

crack extension tests revealed a crack length of 37.5 mm yielding a crack extension 

length of 4.5 mm.  However, neither of these aluminum pretreatments showed >90% 

cohesive failure.  The sanded aluminum had a 60% cohesive failure fraction, while the 

aluminum prepared using sanding and sol-gel exhibited 86% cohesive failure.   

The pair in Figure 5.10(d) shows the crack extension region for coupons that had 

been prepared using He/O2 plasma activation.  Examination of the failed surfaces shows a 

dull matte appearance over the bond line rather than the shiny metallic surface seen in the 

control sample.  The light band in the center of the samples indicates the crack extension 
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region.  This sample had an initial crack length of 36.5 mm.  Over a seven day period in 

the humidity chamber, the total crack length was 40.0 mm, which corresponds to a crack 

extension length of 3.5 mm.  The crack extension region shows little to no areas of the 

metallic substrate.  Upon examination under a microscope, the average cohesive failure 

percentage of the aluminum coupons activated with the He/O2 plasma was 92%.   

The failure surface for a substrate that was sanded and activated with the He/O2 

plasma is given by the pair in Figure 5.10(e).  This set had an initial crack length of 35.0 

mm, and over a 7-day period in the humidity chamber, the crack length increased by 3.5 

mm to a total length of 38.5 mm.  Moreover, the cohesive failure percentage was 96 %.  

It should be noted that the majority of the metallic surface exposed in this sample is at the 

edge of the crack extension region.  The aluminum samples prepared using He/O2 plasma 

passed military spec regardless of whether the sample was sanded.   This seems to 

indicate that sanding of the surface has a minimal influence on bond durability as long as 

the aluminum is treated with plasma.   

Figure 5.11 shows a high contrast, magnified image of the crack extension region 

for the aluminum substrates prepared by sanding with sol-gel and bond primer, and 

prepared by sanding followed by He/O2 plasma activation with sol-gel and bond primer.  

The dark regions observed in both images show the domains where the bond line failed at 

the interface between the adhesive and substrate.  The aluminum prepared using only 

sanding exhibits many more spots of interfacial failure compared to when plasma 

treatment is added to the surface preparation process.   
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Figure 5.11. High contrast images of the crack extension region for aluminum 

substrates prepared using bond primer with a) sanding with sol-gel and b) sanding 

followed by He/O2 plasma activation with sol-gel. 
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Discussion 

A number of mechanisms are known to contribute to the strength and durability of 

an adhesive bond.  Wetting of the surface is integral for proper bonding, because of the 

need for continuous contact between the adhesive and the substrate.  The XPS results 

indicate that the reduction in water contact angle is likely due to both the removal of 

organics from the surface and oxidation of the metal with the generation of polar 

hydroxyl groups on the surface.  Similar results have been demonstrated on other metal 

alloys.[7,17]  The high WCA of the untreated surface presents a problem when bonding 

the material, because it prevented the primer from fully covering surface.  As indicated in 

Figure 5.1, the minimum water contact angle of the aluminum after plasma oxidation was 

reduced from 38° to 22° following sanding of the surface.  This difference was attributed 

to the increased surface roughness of the substrate.   

The AFM data from Table 5.1 show no evidence of roughening or etching of the 

aluminum after treatment with the He/O2 plasma.  However, the lap shear strength of the 

aluminum coupons differ significantly with 17±3 MPa for the control and 29±3 MPa for 

the plasma activated material.  Mechanical abrasion of the aluminum by means of 

sanding is evident from the grooves created by the orbital sander as seen in Figure 5.2.  

This increased the roughness, but it did not correlate with an improvement in bond 

strength over plasma treatment.  Additionally, there is a large decrease in surface 

roughness for the sanded aluminum following the application of sol-gel and primer 

coatings from 236±15 nm to 36±8 nm.  The reduction in surface roughness coincides 

with an increase in the lap shear strength from 27±2 MPa to 30±3 MPa.  A roughened 
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surface can increase bond strength by creating a larger contact area or through the process 

of mechanical interlocking.[24,25]  However, these results indicate that morphological 

changes are unlikely to play an important role in the adhesive bonding of aluminum.   

The amount of carbon on the surface differs greatly between the control and the 

sanded or plasma activated samples.  Table 5.2 shows that the IPA-wiped aluminum has 

at least twice the fraction of carbon as the samples which received any of the surface 

treatments.   As expected, the oxygen content of the aluminum substrates increase after 

plasma activation due to surface reaction with the oxygen atoms generated in the 

discharge.  Treatment of the control sample resulted in a significant change in the 

observed metal content.  This is due to buried metals being revealed from beneath the 

carbon contamination.  Magnesium is known to segregate to the surface of Al-Mg 

alloys.[26,27]  This is observed in the control and plasma-treated aluminum, which have 

a relatively high fraction of magnesium on the surface compared to its abundance in the 

alloy.  Sanding the substrate reveals a fresh surface with a greater concentration of 

aluminum.  Plasma oxidation of the sanded aluminum sample increases the oxygen 

fraction on the surface, while further reducing the carbon contamination.   

Improvements in the strength and durability of bonded materials can be generated 

through the formation of chemical bonds across the substrate-adhesive interface.[28]  The 

resulting adhesive strength depends on both the strength of the interaction (quality) and 

the total number of bonds (quantity) that are formed.  Failure of the bond-line can only 

occur after a significant force has been applied to the substrate to break all of the 

interfacial bonds.[29,30,31]   
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Inspection of the Al 2p region seen in Figure 5.5 shows the presence of aluminum 

oxide on the sanded surface, suggesting that rapid oxidation occurs after abrasion.  Both 

the sanded and un-sanded samples exhibited an increase in the oxidized aluminum peak 

after plasma treatment when compared to the control and sanded samples.  This is likely 

due to the growth of an aluminum oxide film which coats the metal surface.  The 

thickness of the oxide layer formed after plasma treatment can be calculated using a 

method demonstrated by Carlson, assuming a uniform overlayer of the oxide.[32]  The 

relative intensity of the metal and oxide photoelectron peaks depends on the oxide 

thickness through the following equation: 
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where Im and Io are the integrated peak areas of the metal and oxide photoelectron peaks, 

respectively.  The inelastic mean free paths of the photoelectrons in the metal and oxide 

are represented by λm and λo. The constants Nm and No are the volume densities of the 

metal and oxide, respectively.  The electron take-off angle is θ, and d is the oxide layer 

thickness.  This expression assumes only a single oxide layer on the metal surface.  The 

XPS spectra shown in Figure 5.4 indicate the presence of carbonaceous contamination on 

the substrate surface.  This contaminant layer is known to attenuate the photoelectron 

signals.  However, for a set of samples with a relatively constant amount of surface 

contamination, its effect on the oxide thickness calculation should be small.   

Tanuma et al [33] compiled a table of electron inelastic mean free paths which 

includes aluminum oxide and aluminum metal.  For Mg Kα x-ray radiation (i.e. 1253.6 
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eV) the inelastic mean free paths in aluminum oxide and aluminum metal are 24 Å and 

22 Å, respectively.  Estimated densities for γ-Al2O3 yield an Nm/No, ratio of ~1.3-1.5.[34]  

This oxide layer will vary in density, depending on whether additional elements are 

present and on the degree of surface hydration.  For these calculations, a Nm/No, ratio of 

1.5 was used.  The electron take-off angle was 47° for this experiment.  It must be noted 

that in the above equation, it is assumed that there is no hydroxide or hydride layer 

formation.  These species are not able to be resolved in the Al 2p spectra due to the small 

difference in binding energy between these states and the oxide.  The sampling depth for 

XPS can be approximated as 3λ.  This characterizes the depth where 95% of the XPS 

signal arises.  As a result, the maximum sampling depths of electrons through aluminum 

oxide is 72 Å when using the Mg x-ray source.[2]  A photoelectron peak from metallic 

aluminum will not be detectable if the oxide layer is deeper than this.   

Table 5.5 shows the aluminum 2p area ratios and aluminum oxide thicknesses 

calculated from Equation 5.2 following various surface treatments.  The aluminum oxide 

layer calculated for the native oxide on the IPA wiped aluminum is 2.9 nm thick.  Native 

oxide thicknesses reported in literature range from 2.0 to 5.0 nm.[35]  Plasma treatment 

adds to the oxide layer increasing its thickness to 4.1 nm.  Sanding the aluminum surface 

reduced the oxide thickness to 2.1 nm.  Subsequent oxidation of the sanded surface via 

He/O2 plasma increased the oxide thickness to 3.3 nm.  The native oxide is thicker than 

the oxide produced by plasma oxidation of the sanded aluminum, although it is apparent 

that the aluminum rapidly oxidizes under ambient conditions.  The oxide layer 

thicknesses calculated in this work vary between 2.1 and 4.1 nm thick.  This represents  
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Table 5.5. Calculated oxide thickness values for sanded and un-sanded aluminum 

substrates. 

Plasma 

Exposure (sec) 

Sanded Un-sanded 

Io/Im Oxide Thickness (nm) Io/Im Oxide Thickness (nm) 

0 1.6 2.1 3.1 2.9 

1.1 1.7 2.1 3.5 3.1 

4.2 2.6 2.7 7.9 4.3 

21 3.6 3.1 6.3 4.0 

84 4.1 3.3 6.8 4.1 
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the growth of many monolayers of covalently bound oxygen atoms following plasma 

exposure.   

Cotter and Kohler used scanning electron microscopy to measure the thickness of 

aluminum alloys which were anodized in chromic acid.[36]  They report oxide 

thicknesses in the range of 1-3 µm.  This is much thicker than the values calculated here 

as would be expected after the aggressive surface preparation they performed.  The 

oxygen 1s spectra exhibited hydroxide/oxide intensity ratios ranging from 0.05-0.4 for 

the aluminum 2024 surfaces examined in this work.  This likely corresponds with 

multiple monolayers of aluminum hydroxide or hydrated oxide (i.e. Al2O3 • xH2O) on the 

oxide film.  The oxidized aluminum peak in the A1 2p spectra represents both aluminum 

oxide and aluminum hydroxide species. As a result, the aluminum oxide thickness 

obtained by this method is the combined value of both the oxide and hydroxide species 

on the surface.   

It is known that aluminum alloys are covered by a thin, amorphous, passivation 

oxide on the surface which acts to protect the metal underneath.[37-39]  The structure of 

this oxide layer is comparable to that of γ-Al2O3.  The desirable mechanical properties 

and remarkable chemical stability of aluminum oxide account for its unique protective 

properties.  Prior work shows that the external surface layers of the oxide are typically 

hydrated and have an AlO(OH) (pseudoboehmite) bond structure.[40]   

It is difficult to identify the different oxygenated species on the aluminum surface 

by using the Al 2p spectra, since their characteristic peaks have a separation of ≤0.5 

eV.[23]  As a result, the O 1s XPS spectra was analyzed by separating it into peaks 
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assigned to aluminum oxide (Al2O3) and aluminum hydroxide (AlO(OH), or Al(OH)3).  

Differences in the structure and chemistry of the oxide layer are likely responsible for 

differences in bonding behavior exhibited by the aluminum prepared using different 

techniques.  The increased bond strength resulting from exposure to the plasma appears 

to be related to the number of hydroxyl groups at the surface of the substrate.  There are 

two different effects which must be considered.  The first aspect is the growth of the 

oxide layer shown in Figure 5.6 and Table 5.5 calculated from the peak ratios in the Al 

2p spectra.  The second aspect is shown in Table 5.3 which gives the fraction of the 

oxidized layer which is present as hydroxide.  Multiplying the fraction of the aluminum 

2p peak due to oxide by the fraction of the oxide which is present as hydroxide allows for 

the calculation of the total concentration of aluminum hydroxide species.  The amount of 

total hydroxyl species increases as follows: control, 4%; sanded, 11%; plasma activation, 

16%; and sanded with plasma activation, 24%.  There does not seem to be an obvious 

correlation between the hydroxyl functionalities and the lap shear strengths presented in 

Figure 5.8, where they increase in order (with sol-gel and primer): control, 24±1 MPa; 

sanded, 30±2 MPa; plasma activated, 33±1 MPa; and sanded and plasma activated, 29±3 

MPa.  However, a relationship is seen between the concentration of hydroxyl groups on 

the surface and the durability of the bond.  The percentage of cohesive failure seen in 

Table 5.4 shows an increase as follows: 18% for the control, 86% for sanding, 92% for 

plasma activation, and 96% for sanding with plasma activation.  Note that sol-gel 

coatings and bond primer were used in all of the durability tests.  This correlation 



 234 

between the concentration of hydroxyl groups and the bond strength has been observed in 

previous work with other materials.   

An 8 MPa increase in lap shear strength was seen for the bonded aluminum 

coupons after preparation using He/O2 plasma activation, sol-gel coating and bond 

primer.  This study suggests that the specific chemical structure and wettability of the 

surface were dominant factors in determining how the adhesive joint performed.  The 

formation of covalent bonds between hydroxyl groups and epoxides has been reported in 

the literature.[29,30,41]  On the other hand, adhesion through hydrogen bonding between 

oxidized metals and epoxy resins have also been proposed.[42,43]  Note that epoxy resin 

is one of the components in the bond primer thus allowing this mechanism to occur for 

samples prepared using primer.[44]  It cannot be determined based on the data in this 

study whether covalent bonding occurs between the adhesive and the hydroxyl groups on 

the aluminum surface, or if hydrogen bonding is key.  Further research is necessary to 

differentiate between these two mechanisms.   

Table 5.6 lists the exponential rate constants, kexp, for water contact angle 

reduction, surface oxidation of aluminum after plasma activation, and lap shear strength 

enhancement.  These rate constants were obtained by fitting an exponential decay 

function to the data in Figures 5.1, 5.6, and 5.9 respectively.  X-ray photoelectron 

spectroscopy of the aluminum 2024 surfaces suggests that the changes in surface wetting 

and adhesive bond strength observed following surface preparation are due to the specific 

chemical structure of the oxidized aluminum surface.   
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Table 5.6. Rate constants for water contact 

angle reduction, aluminum 2p oxidation and 

lap shear strength enhancement. 

Surface Property kexp (sec
-1

) 

Water contact angle 1.1±0.2 

Al 2p oxidation 0.8±0.3 

Lap shear strength 1.0±0.2 
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The rate constant for water contact angle reduction had a value of 1.1±0.2 sec
-1

.  

This can be compared to the rate constant for oxidation of the aluminum 2p peak of 

0.8±0.3 sec
-1

 and lap shear strength improvement of 1.0±0.2 sec
-1

.  Note that the first-

order rate constants agree to within the error associated with the regression calculation.  

Differences in the readiness of the aluminum surface for bonding correlate with oxidation 

of the aluminum and the distribution of aluminum hydroxide groups on the surface 

immediately following activation.   

Surface wetting is optimized following approximately 5 seconds of plasma 

exposure, which is roughly the same time that produced the best bond strength and 

durability.  Zaldivar et al. [31] showed that for a composite surface, surface wetting is 

generated first by the formation of hydroxyl and carbonyl species and that further 

oxidation of the surface created carboxylic acid groups.  This work used the atmospheric 

pressure plasma system to activate polymeric materials and showed bond strength to be a 

function of the chemical bonds formed between the carboxylic acids on the substrate and 

the epoxide groups in the adhesive.  A difference in the time scales necessary for wetting 

and adhesion is not present in this study.  This suggests that the same chemical groups 

required to achieve a hydrophilic surface are also responsible for the improvements in 

bond strength.  An important implication of this finding is that surface wetting is a good 

predictor for the readiness of the surface bonding.  This relationship is demonstrated in 

Figure 5.12 which shows the lap shear strength of plasma-treated aluminum versus its 

water contact angle after the same surface pretreatment.   
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Figure 5.12. Lap shear strength of plasma activated aluminum 2024 compared 

to its water contact angle. 
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The wedge crack extension tests revealed an 18% cohesive failure rate for the 

untreated samples, indicating that the bond failed largely at the metal interface.  The 

images in Figure 5.10 a) and b) show large failure areas in excess of 2.5 cm
2
 and 0.7 cm

2
 

for the control and sanded aluminum.  The samples which received plasma activation or 

sanding with plasma treatment exhibit much smaller domains of cohesive and adhesive 

failure.  Examination of the crack extension region for the sanded aluminum samples 

showed an 86% cohesive failure of the bond line.  The substrates that were activated with 

the He/O2 plasma were slightly improved upon by sanding, i.e. 92% versus 96%.  This is 

contrary to what is observed in the lap shear data where the plasma activated aluminum 

has a strength of 33±1 MPa versus 29±3 MPa for the aluminum after sanding and plasma 

treatment.   

There can often be interplay between the strength and durability of an adhesive 

bond.  A bond may be initially strong but lack the durability required for extended usage.  

A high degree of cohesive failure indicates that the bond at the interface between the 

adhesive and the substrate is stronger than the adhesive itself.  It should be noted that the 

finish on the “as received” aluminum surface is dependent on the preparation process 

used by the manufacturer.  Substrates that were bonded without sanding will likely 

exhibit some variation in their bond performance depending on the vendor it was 

purchased from.   

Another interesting result of this work is that the plasma activated samples 

performed slightly better than the sanded aluminum during bond durability experiments.  

This suggests that sanding of the surface may not be necessary.  However, in repair 
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applications, many of the surfaces to be bonded have been coated with paint or another 

protective film.  This would require the surface to be sanded prior to bonding in order to 

uncover the metal.  There is only a moderate difference in performance between the 

plasma activated aluminum and the coupons which were both sanded and exposed to 

plasma. This indicates that plasma activation will be equally valid for use on aluminum 

surfaces that have been sanded, or solvent-cleaned.   

 

Conclusions 

The use of atmospheric pressure helium-oxygen plasmas is an effective technique 

for surface activation prior to the bonding of aluminum.  Following 5 seconds of 

activation with He/O2 plasma, the water contact angle of aluminum alloy 2024 was 

reduced from 79° to 38°.  A lap shear strength of 33±1 MPa was demonstrated for 

bonded aluminum 2024 samples prepared using He/O2 plasma, sol-gel and primer 

application.  Furthermore, wedge crack extension tests on samples prepared this way 

exhibited >90% cohesive failure and <6.4 mm crack extension after 7 days aging at 60°C 

and 98% relative humidity.  Sanding by itself did not produce results competitive with 

plasma activation.  The lap shear strength for the sanded aluminum was 30±2 MPa.  

Moreover, sanding yielded only 86% cohesive failure.  The performance of the epoxy 

bonded joints was shown to correlate with the thickness of the oxide layer and the 

concentration of hydroxide functionalities.   
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Appendix A 

 

Atmospheric Pressure PECVD of Silicon Dioxide Coatings on Silicon 

Substrates 

Introduction 

Silicon oxycarbides can be defined as having the general formula SiOxCy, where 

x<2 and y>0.  These coatings are amorphous materials that contain Si-C and Si-O bonds. 

Silicon dioxide coatings grown by plasma enhanced chemical vapour deposition of 

organic silicon precursors can fall within a range of carbon content in their composition 

depending on the deposition conditions.  Hardware and software technology can be 

compromised thereby releasing sensitive data.  Protection of sensitive data is a high 

priority security concern.  This risk can be mitigated with “anti-tamper” technologies.  

No anti-temper technique is fool-proof.  As a result, a number of techniques are used in 

an “onion layered” approach in order to provide more robust protection.  Examples of 

anti-temper technology include: non-etchable thin opaque coatings applied to 

semiconductor wafers; self-destructing components; and encryption.  Anti-tamper 

coatings function by making it challenging to extract or dissect microelectronic 

components without greatly damaging them in the process.  When exposed to certain 

etching agents or mechanical abrasives, anti-tamper coatings react by damaging the 

underlying electronics beyond reconstruction before the coating can be fully removed.   

The following work demonstrates a new deposition technology for SiOxCy barrier 

coatings that is based on atmospheric pressure (AP), radio-frequency (RF) capacitive 
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discharge (APRFD) plasma.  In this non-vacuum deposition method, a volatile vapor 

precursor, generated from the vapor pressure of a liquid in a bubbler, is introduced 

downstream of a He & O2 plasma, to deposit coatings under atmospheric conditions and 

low temperatures.  The reactive afterglow generated by the plasma contains a large 

concentration of oxygen atoms which can react with organic silicon precursor molecules 

and deposit thin oxide films.   

Experimental 

Films of SiOF and SiOC were prepared by atmospheric pressure plasma-enhanced 

chemical vapor depositions (PECVD) using tetraethoxyfluorosilane (TEOFS) and 

tetramethylcyclotetrasiloxane (TMCTS), respectively.  The SiOF and SiOC thin films 

were deposited on Si (100) wafers.  The content of fluorine and carbon incorporated in 

the films and could be altered by controlling the precursor and oxygen flow rate.  The 

barrier properties of the film are dependent on the growth rate and substrate temperature.   

The conditions of post-treatment were: RF power, 70 – 250 W; He flow, 30 

L/min; O2 flow, 0.05 – 0.40 L/min; Temperature, 50 – 200 °C; Separation distance, 5 

mm; Scan speed, 20 mm/s.  Fundamental processing relationships were developed 

between RF-power, robot translation rate, pitch (separation distance between scans) and 

coating uniformity.   In addition, by varying the oxygen flow rate in the main plasma, it is 

also possible to fabricate layers with a lower hardness and modulus, which helps to 

moderate film stress.  These coating can then be "capped" on the top with a high density, 

high hardness surface layer which provides excellent barrier properties.  Environments 

that were used to characterize the anti-tamper properties of these coatings include:  1) 
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tape-peel adhesion, 2) hot (260°C) sulfuric acid immersion (up to 15-min), 3) 

hydrofluoric acid etching and 4) diamond-particle abrasion.  These objectives must be 

accomplished while depositing tamper-resistant coatings that do not damage underlying 

integrated circuits.   

Results and Discussion 

It was desired to produce uniform coating thickness over entire substrate.    An 

image is shown in Figure A.1 of silicon oxycarbide coatings which were deposited with 

varying pitch distance in the translational robot's painting program.  These coatings were 

deposited using TMCTS at a substrate temperature of 50°C.  The plasma was operated at 

250 W and 0.7 LPM O2.  One can easily observe that the coatings with a large pitch value 

exhibit large variations in the coating thickness, as observed by the different colors of the 

coatings.  Uniformity is calculated by taking the standard deviation in the coatings 

thickness and dividing this value by the coating thickness. 

The uniformity of these coatings as a function of the robot pitch is shown in 

Figure A.2.  It should be noted that a low uniformity value is indicative of small changes 

in oxide thickness.  Therefore, a low uniformity represents a uniform coating and is thus 

more desirable.  There is a large change in the calculated uniformity of the thin films 

when the pitch distance is reduced below 1.25 mm.  The coatings with a pitch value of 

<1.25 mm exhibit a uniformity of 3.5%.  When the pitch width is increased to ≥1.25 mm, 

the uniformity rapidly rises to over 8%.  This difference is likely the result of the 

geometry of the plasma deposition source used.  The plasma source uses a showerhead 

design where the distance between each hole is roughly 1.25 mm.  The coating become  
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Figure A.1. Pictures of anti tamper coatings deposited with varying robot pitch 

settings. 

 

  



 250 

 

 

 

 

 

Figure A.2. Change in uniformity percentage as a function of the robot 

translational pitch width. 
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much less uniform in its thickness when the painting program used a pitch width larger 

than the distance between the holes in the showerhead.   

Another gauge of the uniformity of the surface of the anti-tamper coating can be 

measured using atomic force microscopy (AFM).  This technique images the small scale 

variations in the topology of the coating's surface.  Figure A.3 shows the AFM 

micrographs of the silicon oxycarbide coatings after deposition using varying applied 

plasma powers of 70 W, 160 W, and 250 W.  A large increase in the surface roughness is 

observed when the plasma power is increased.  The coating that was deposited using 70 

W of plasma power had a root-mean-squared roughness of 1.03 nm.  The roughness 

increased to 2.56 nm for the 160 W coating, and 3.84 nm for the film deposited with 250 

W of plasma power.   

The applied power to the plasma can also have a large impact on the barrier 

properties of the anti-tamper film.  The plasma power has a large impact on the 

deposition rate and density of the coating.  Figure A.4 shows the final thickness for 

SiOxCy coatings after a fixed deposition time of 1 hour.  As the plasma power is 

increased from 70 W to 250 W, the final coating thickness increased from 130±20 nm to 

320±15 nm.  This corresponds to a much faster deposition rate for the coatings deposited 

using a high plasma power.   

 Silicon oxide coatings can be etched using hydrofluoric acid (HF).  The 

rate at which this acid removes the film is an important figure of merit to characterize the 

barrier properties of the coating.  It is desired to achieve a low acid etch rate.  This makes 

is more difficult to remove the coating and gain access to the electronic components 
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Figure A.3. Atomic force micrographs of SiOxCy coatings deposited using 250 W 

(top left), 160 W (top right) and 70 W (bottom) of plasma power.   
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Figure A.4. Coating thickness after a 1 hour deposition using varying 

applied plasma power.   
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beneath.  Figure A.5 shows the hydrofluoric acid etch rate of SiOxCy coatings deposited 

a varying plasma power.  One can see that the etch rate increases with increasing plasma 

power.  Etch rate triples from 100±20 nm/min to 320±20 nm/min when the plasma power 

was increased from 70 to 120 W.  The HF etch rate then remained stable at roughly 300 

nm/min for applied plasma powers up to 250 W.  It should be noted that the growth rate 

of the coatings follow the same trend.  This indicates that the actual relationship being 

observed in not between the plasma power and the HF etch rate, but rather between etch 

rate and the growth rate of the film.  A slow growth rate produces a more dense coating 

which is less susceptible to attack from the acid.  It should be noted that these coatings 

displayed no etching after one hour in concentrated sulfuric acid or nitric acid at 25 °C.  

These acids lack the same mechanism for glass etching that HF uses.  As a result, it is 

unlikely that these chemicals could be used to remove a silicon oxycarbide coating.  

However, these acids can compromise anti-tamper coatings if there are any cracks or 

pinholes present in the film.  These would allow the acid to penetrate to the substrate-

coating interface and lift the film off. 

Anti-tamper coatings were deposited at similar growth rates to a final thickness of 

0.5 µm, 1.0 µm, and 3.0 µm and subjected to barrier testing.  The tests included a one 

minute abrasive lapping with a 1 μm diamond abrasive, and a 15 minute immersion in hot 

(260°C) sulfuric acid.  Images of the coatings before and after abrasion and acid 

immersion are presented in Figure A.6, respectively.  The results of these barrier tests 

showed the best anti-tamper properties for the samples that were only 0.5 µm thick.  It is 

suspected that the thicker samples performed more poorly due to the increased strain  



 255 

 

 

 

 

 

 

Figure A.5. Hydrofluoric acid etch rate for SiOxCy coatings as a function of 

applied plasma power. 
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Figure A.6. Abrasion results for anti-tamper films grown with TMCTS. 
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Figure A.7. Acid etching results for anti-tamper films grown with TMCTS. 
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present in these films.  This strain resulted in some visible cracking in the initial samples 

before barrier testing.  These cracks provide a place for film degradation and crack 

propagation to occur during the abrasion tests.  They also provide channels for the hot 

sulfuric acid to lift the film from the substrate.  The results from these tests seem to 

support the idea that the films are highly inert to the acid tests and resistant to abrasion.  

The only problems in passing the barrier tests result when the films begin cracking and 

the tests are able to access the substrate through holes or cracks in the film.  The samples 

were grown with 30 L/min main He, 0.7 L/min O2, 18.9 cc/min TMCTS flow rate, 1.5 

L/min dilution He, 120°C deposition temperature, 20 mm/sec scan speed, a 5 mm 

separation distance, and 1 mm robot pitch.  As stated before, the films were deposited to 

a thickness of 0.5 µm, 1.0 µm, and 3.0 µm.   

An additional barrier test that was considered was etching with a focused ion 

beam (FIB).  It is not likely that any coatings would be able to resist this treatment 

entirely, but in increase in the time necessary to remove the coating was desired.  Boron 

carbide (B4C) nanoparticles were chosen as an additional component of the coating which 

could be sprayed on between layers.  High hardness and a low Z number make boron 

carbide an ideal candidate to resist the FIB.  A schematic of the coating design is shown 

in Figure A.8.  The coatings consisted of a number of "soft" SiO2 layers which were 

deposited using a low oxygen flow rate.  These amorphous silica layers were deposited at 

30 L/min main He, 0.4 L/min O2, 40 cc/min TMCTS flow rate, 1.5 L/min dilution He, 

120°C deposition temperature, 20 mm/sec scan speed, a 5 mm separation distance, and 1 

mm robot pitch.  This low flow rate resulted in coatings with a higher carbon content  
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Figure A.8. Schematic of boron carbide inclusion within an anti-tamper coating. 
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which were able to take up the stress caused by the presence of the nanoparticles.  The 

film is the deposited using alternating applications of the B4C nanoparticles and at the 

“soft” film.  Each of the “soft” SiO2 layers was deposited to a desired thickness of ~100 

nm.  Subsequently, a "hard" cap layer was deposited on the top which used a high O2 

flow rate as had been done in the coatings discussed previously.  The cap layer was 

deposited using 30 L/min main He, 0.7 L/min O2, 20 cc/min TMCTS flow rate, 1.5 L/min 

dilution He, 120°C deposition temperature, 20 mm/sec scan speed, a 5 mm separation 

distance, and 1 mm robot pitch.  The “hard” cap layer was deposited to a desired 

thickness of ~ 100 nm.  This coating had a lower carbon content and a composition which 

closely resembled that of pure SiO2, and allowed the film to retain the desirable acid 

etching and abrasion resistance exhibited before.   

Many tamper resistant coatings are compromised by the FIB within just a few 

seconds.  The results of the FIB testing for two different coating architectures can be seen 

in Figure A.9.  The first sample consisted two layers of boron carbide that were 

constructed from a solution with 0.1 weight % boron carbide concentration.  The second 

sample was made using 5 layers of boron carbide at concentration of 0.01%.  As can be 

seen from the FIB data, these samples performed significantly better than the silica only 

samples which were compromised in a few seconds.  The improved performance of these 

coatings is likely due to the increased nanoparticle inclusion.  Even though the TMCTS 

0.01% 5X sample uses a low concentration nanoparticle suspension, there are 5 layers of 

the nanocomposite coating rather than 3.  The increased number of layers provides a 

greater projected coverage of the substrate surface. 
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Figure A.9. Focused ion beam testing for anti-tamper coatings with boron carbide 

nanoparticles. 
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It was important to ensure that the mechanical properties which were previously 

demonstrated by the silica coatings could be maintained after incorporating the boron 

carbide nanoparticles.  All of the samples tested were able to preserve the ability to pass 

the hot acid etch test.  The coatings were left fully intact with no observed degradation of 

the sample after 15 minutes of acid exposure.  In addition, the samples were also able to 

maintain the ability to pass the diamond abrasion test.  Each of these samples examined 

showed 1-micron abrasions on the surface of the coatings, but both of the coatings 

remained fully intact after 1 minute of diamond lap testing.   

 

Conclusions 

Good anti-tamper properties may be achieved by atmospheric pressure plasma 

deposition.  Highly uniform, dense glass films have been deposited that resist acid 

etching and abrasion with a diamond abrasive.  The films showed no etching after 1 hour 

in hot, concentrated sulfuric acid.  The best film properties are achieved at the slowest 

deposition rate.  Films that were exceedingly thick exhibited poor barrier properties most 

likely due to the large strain present in the thicker coatings.  The inclusion of boron 

carbide within the bulk of the samples was able to significantly increase the resistance to 

FIB etching for over 1 minute.  The dense cap layer was successful in retaining the 

desired barrier properties while allowing the flexibility to include FIB resistant boron 

carbide nanoparticles within the bulk of the film.   
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Appendix B 

 

Long Term Storage of Hydrophilic Silicon 

 

A method of maintaining the surface of silicon in a hydrophilic state is to clean 

the surface and activate it according to the methods described above in Chapter 2 of this 

thesis.  The silicon can then be stored under conditions which allow for the retention of 

its hydrophilic surface properties.   The samples may be placed in a small sealed 

container, including but not limited to a glass jar or metal can that has been cleaned and 

purged with a purified gas, such as nitrogen.  Then the jar or can is placed in a 

refrigerator and held at a temperature below freezing.  In this way, the vapor pressure of 

contaminant organic molecules in contact with the sample surface is dramatically 

decreased.  By knocking down the vapor pressure of the contaminant, its rate of 

adsorption on the sample surface can be reduced or even eliminated.  Additionally, a 

solid adsorbent, such as activated carbon, can be placed in the bottom of the jar to 

preferentially adsorb the contaminant organic molecules and further decrease their 

concentration in the vapor.   

The hydrophilic silicon samples used to measure water contact angle during long 

term storage were stored under a nitrogen atmosphere and in the presence of activated 

carbon, stored in a freezer, or both.  Prior to storage the silicon was cleaned with one of 

the three methods utilizing the RCA standard clean 1 (RCA SC-1), atmospheric pressure 

plasma cleaning, or both.  A silicon wafer, 4 inches in diameter, was rinsed for a few 

minutes with the RCA SC-1 solution, comprising ammonium hydroxide (30%), hydrogen 
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peroxide (30%), and deionized water in a ratio of 1:1:5.  Then the wafer was rinsed in 

deionized water for 1 minute, and dried with nitrogen gas.  Next, the silicon surface was 

cleaned and activated with the atmospheric pressure plasma.  A reactive gas beam from a 

2-inch-wide Atomflo™ plasma source was scanned over the surface at a distance of 3 

mm and a speed of 100 mm/s.  The plasma was fed with 30 L/min of helium and 0.8 

L/min of oxygen, and operated with 200 W of radio frequency power.   

During storage, all of the silicon substrates were placed on a wire mesh platform 

placed within a press fit steel can.  A schematic of the hydrophilic silicon storage 

container is shown in Fig. B.1.  Prior to storage, the tin cans and wire mesh were cleaned 

with isopropyl alcohol and baked at 120°C for 20 minutes.  For some samples, activated 

carbon was placed in the bottom of the can while other samples were placed in an empty 

can.  Following cleaning, the hydrophilic silicon substrates were placed in the cans, 

purged with nitrogen and sealed with vacuum gasket tape.  One set of the cleaned silicon 

substrates were placed in the freezer for storage.  Another set of silicon substrates were 

stored in a freezer with activated carbon within the can.  A third set of silicon were left at 

room temperature with activated carbon in the can.  The freezer temperature was 

maintained at approximately -22°C for the duration of storage.   

Following storage in the refrigerator for up to 10 weeks, the container was 

removed and allowed to warm back up to room temperature.  Water contact angle 

measurements were performed using 5 droplets on each sample with a Krüss EasyDrop 

goniometer using distilled water.   
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Figure B.1. Schematic of a storage container for cleaned and activated 

hydrophilic silicon surfaces. 
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The water contact angle as a function of storage time for silicon cleaned with 

RCA SC-1 is shown in Figure B.2.  The water contact angle of the silicon samples 

cleaned with plasma or cleaned with RCA SC-1 followed by plasma were measured and 

found to be completely wetting and maintained a water contact angle of less than 5° after 

10 weeks of aging.  The silicon samples cleaned with RCA SC-1 did not show any signs 

of aging, however, the samples have an initial WCA of ~20° prior to aging which was 

maintained throughout storage.  This illustrates that the cleaned and activated silicon 

wafer surface can be held for long periods of time in a hydrophilic state, provided the 

sample is stored in a controlled environment at a temperature below -20 °C. 
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Figure B.2. Water contact angle as a function of storage time for silicon 

cleaned with RCA SC-1. 
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