
ABSTRACT 

OSBORNE, JOHN CHRISTOPHER.  Improving the Bond Strength of a Composite Repair 

with an Atmospheric Plasma Treatment. (Under the direction of Dr. Jerome J. Cuomo.) 

 

The use of carbon fiber composite materials in aircraft structures is continually 

growing.  As a result, greater importance is placed on maintenance and repair of these 

structures. This research focused on improving the adhesive bond in a carbon fiber composite 

repair.  Two common repair joints: the scarf joint and the lap joint were chosen as typical 

repair models and the effects of various atmospheric plasma treatment parameters on the 

functional groups and eventual strength of repair were investigated.  Mechanical tension 

testing, surface wettability, surface roughness, and X-ray Photoelectron Spectroscopy (XPS) 

were utilized to analyze the plasma treated composites surface.   The initial studies evaluated 

differences in shear strength of the non-sanded lap, sanded lap and scarf joints that resulted 

from varying the number of plasma scans, the plasma scan rate, and the plasma working 

distance.  A single plasma scan increased shear strength significantly for the non-sanded and 

scarf joints.  

Wettability was determined by contact angle measurements.  Statistical significance 

was found between the contact angle measurements and the plasma processing parameters. 

The scarf joint and sanded lap joint samples gave similar results for identical plasma 

treatment conditions.  The non-sanded lap joint gave significantly higher angle of contact 

measurements for identical plasma treatment conditions.  The surface analysis results showed 

the sanded lap and scarfed samples to have increased polar functional groups on their surface 

as compared to the non-lap sanded specimen.  The increased polar surface of the sanded lap 



and scarf joint specimens lead to a decreased contact angle measurement and therefore 

enhanced wettability.    

A profilometer was employed to measure the surface roughness.  The model showed 

no statistical significance between the average surface roughness measurements and the 

plasma processing parameters.  Topographical changes caused by plasma treatments were 

only evident in the 3D interferometry images of the non-sanded lap joint specimens.  

Increasing the plasma treatment by increasing the number of plasma scans, decreasing the 

plasma scan rate, or decreasing the plasma working distance resulted in increased etching of 

the epoxy matrix.   

 Changes in the chemical composition of the plasma treated and control surfaces were 

examined using XPS.   Evaluation of the C 1s spectra reveled two functional groups, 

carbonyl and carboxylic to exhibit substantial changes due to increasing plasma treatments.  

The carbonyl and carboxyl ratios increased with increasing plasma scans and trended 

similarly to the wettability data. Therefore, wettability was attributed to an increase in these 

functional groups.  In the final analysis, an examination was made of the change in the C 1s 

ratios coupled with changes in shear strength as a function of number of plasma scans.   An 

increase in the carbonyl and carboxyl functional group ratios on the scarf joint surface only, 

correlated to an improvement in shear strength.   
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1. Introduction / Background 

1.1 Composite Materials 

A composite material is a combination of two distinctly different materials, a 

reinforcing material and a bulk or matrix material.  When the reinforcing and matrix 

materials are combined, the two materials remain distinct creating a new material. The two 

materials function interactively and the properties of the new material are not the combined 

properties of its parts.  The reinforcing materials can be in the form of a particulate, such as 

gravel in concrete or in the form of fibers from glass, carbon, aramid, ultra high molecular 

weight polyethylene (UHMWPE) or boron materials.  The mechanical properties and cost of 

different fibers are highlighted in Figure 1.  High strength or intermediate carbon fibers 

exhibit superior material properties compared to fiberglass and polyethylene fibers, while 

still being cost effective.   Fibers are categorized as short/discontinuous, or long/continuous.   

The matrix materials can be metal, ceramic or polymeric.  Different reinforcement 

matrix combinations have been used to fulfill a wind range of applications from surfboards to 

jet engine components.   Aerospace composite structures are generally designed and 

manufactured from continuous carbon fiber reinforced polymers due to their high specific 

strength and specific modulus.  Continuous carbon fiber reinforced polymer will be the 

material of focus in this work. 
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Figure 1: Fiber Properties [1] 

 

Independently, carbon fibers exhibit high tensile strength but are susceptible to 

breakage and polymer resins are comparatively weak in tensile strength but extremely tough 

and malleable [2].  In a carbon fiber reinforced polymer (CFRP) composite the carbon fibers 

bear the tension and compression loads, while the polymer matrix holds the fibers in their 

intended position, and distributes the loads between the fibers.  When the fibers in a CFRP 

composite are in compression, the matrix prevents buckling.  When combined, the fiber and 
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polymer resin counteract the others weaknesses, producing a material that is far stronger, 

stiffer, and more damage resistant than either of its individual components.  

 

1.1.1 Carbon Fiber Reinforcement Material 

A carbon fiber is produced by carbonization of an organic fiber precursor.  Typical 

precursors for carbon fiber are polyacrylonitrile (PAN), pitch, and rayon.  PAN based carbon 

fibers are used in the majority of advanced composites because the PAN precursor yields the 

best combination of tensile strength and elastic modulus.  Petroleum-based, pitch precursors 

produce fibers with higher modulus, but lower strength.  Carbon fibers from cellulose or 

rayon-based fibers are primarily used in carbon/carbon composites, ablative shields, and high 

temperature packing materials. Properties of PAN, pitch, and rayon based fibers are shown in 

Table 1.  Composites with Hexcel’s HexTow® intermediate modulus (IM), IM7 carbon 

fibers manufactured from a PAN precursor were utilized in this work.   

 

Table 1: Carbon Fiber Properties [3] 

Carbon Fiber 

Precursor 
Density (g cm

-3
) 

Filament Tensile 

Strength (GPa) 

Filament Tensile 

Modulus (GPa) 

Rayon 1.60 - 1.70 0.66 - 0.82 34 - 41 

PAN 1.73 - 1.94 2.00 - 6.37 180 - 588 

Pitch 1.90 - 2.20 1.38 - 4.05 159 - 966 
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1.1.2 Polymer Matrix Material 

Polymers are characterized as being either thermoplastic or thermosetting.  

Thermoplastic polymers have long molecules containing secondary bonding.  They are high-

viscosity materials that do not cross-link on heating.  The secondary bonding in 

thermoplastics allows the polymer to either soften or melt upon heating to a high enough 

temperature, they either soften or melt, so they can be reprocessed a number of times.  

Typical types of thermoplastic polymers are polyethylene, polypropylene, polyether ether 

ketone and polyether imide.  Thermosetting polymers are largely used in aerospace 

composites.  When mixed with a catalyst and or exposed to heat, thermoset resins 

permanently cure into a cross-linked network.  The three most common thermosetting 

aerospace polymers are epoxy, phenolic and bismaleimide. Epoxies dominate the aerospace 

market and have excellent mechanical performance.  Phenolics have exceptional fire 

resistance and bismalimides have outstanding resistance to high temperatures.  Table 2 shows 

a comparison of the service temperature of these thermosetting polymers their and 

characteristics.  The composite matrix utilized in this report is Cytec’s CYCOM® 977-3 is a 

thermoplastic toughened epoxy resin developed for enhanced impact resistance.   
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Table 2: Comparison between Matrices [1] 

 

 

1.2 Composite Repairs 

The use of carbon fiber composite materials in aircrafts is continually growing.  As a 

result, greater importance is placed on maintenance and repair of these structures.  Repair of 

composite structures can arise from material defects, design or fabrication flaws, impact or 

ballistic damage, or cracks resulting from fatigue.  The purpose of repair is to transfer 

stresses from the original material into the repair material and thus restore the damaged 

composite structure to its original or near original strength characteristics.  The repair of 

composite structures may use mechanical fastening or adhesive bonding to attach a patch.  

The traditional techniques for mechanically fastening materials are riveting and bolting.  

These traditional fasteners result in the cutting of fibers that may introduce stress 

concentrations and reduce structural integrity.  Adhesive bonding offers improved stress 

distribution, superior corrosion resistance, lower assembly weight, and the ability to repair to 

complex structures (design flexibility).  

Two main types of composite adhesive repairs are the bonded patch and the scarf 

repair.  In a bonded patch repair, a composite patch is adhesively bonded above the damaged 
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area.  By tapering the patch edges and increasing the adhesive thickness near the patch edges,  

80% of the undamaged laminate strength can be recovered [4].  When a patch repair is not 

able to meet the stiffness, strength and flushness requirements of a structure, a scarf repair 

can be utilized. 

The scarf repair is an efficient repair technique to restore the damaged composite to 

its as-designed strength.  The ply layers in a scarf repair are removed in an even taper ratio of 

ply height to a given length.  The standard taper ratio or scarf angle is 1:20 (depth to length).  

A low scarf angle is required to allow an efficient transfer of stress from one composite 

adherent to another.  The patch and scarf repairs will be investigated in this report. 

 

1.3 Composite Surface Conditioning for Bonding 

Prior to an adhesively bonded repair the composite surface is cleaned, treated or 

enhanced to facilitate a strong bond.  The objectives of surface treatments are to increase 

wettability, increase surface energy and ultimately increase the adhesive bond strength.  A 

clean surface is required for proper adhesion, but for improved bond durability the composite 

surface should have a suitable surface chemistry to create chemical bonding between the 

composite adherent and the adhesive.  Chemical bonds, mainly covalent, transfer the load 

between the surface atoms of the composite adherent and the adhesive [5].  Surface 

treatments include grit blasting, sanding, solvent cleaning, peel-ply, acid etching, laser 

treatment, and atmospheric plasma treatment.  The use of atmospheric plasma as a surface 

treatment for polymers has been studied for many years.  The surface of polymers can be 

cleaned, chemically modified, or etched by radicals formed within the plasma [6-12].   The 
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effect of atmospheric plasma treatments on composite repair joints will be investigated in this 

report. 
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2. Purpose of Composite Repair Research 

The advanced composite industry is growing rapidly.  Carbon fiber reinforced plastic 

(CFRP) composite structures are becoming utilized on many aircraft platforms.  50 percent of 

the primary structures in Boeing Company’s 787 Dreamliner and Airbus Industry’s A350 

XWB are constructed of composite materials [2].  Composite materials have higher specific 

strength and greater corrosion resistance than that of traditional aerospace metals.  Composite 

structures increase aircraft performance and reduce operating costs enabling larger payloads, 

longer duration flights and longer operating lifecycles.  When aircrafts reach the end of their 

service life, fatigue cracks are found around highly stressed regions of the aircraft.  In order 

to extend the life of the aircraft, repairs are required to stop these cracks from continuing to 

grow and also return the structure to its original or near original strength characteristics.  

Repairing a damaged composite structure and restoring the original structure conditions is 

preferred to replacing the structure, which can be costly.  Bonded composite repairs are 

efficient and cost effective means of repairing cracks, design flaws, defects, impact damage 

and ballistic damage.  Adhesively bonded composite repairs are superior to mechanically 

fastened repairs.  No new stress concentrations are created by the addition of new rivet holes.  

Mechanically fastened repairs also add additional weight.  Composite repairs can form into 

complex shapes in order to more effectively repair a damaged structure. 

This research has focused on improving the adhesive bond in a carbon fiber 

composite repair.  Two common repair joints, the scarf joint and the lap joint have been 

chosen as typical repair models and the effects of atmospheric plasma treatment on the 

functional groups and eventual shear strength were investigated.  A scarf repair is required 
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when multiple composite plies are damaged or when an aerodynamic profile is required to be 

maintained.  The composite material surrounding the damage is removed, creating a crater in 

the composite structure with a shallow angle.  The average shear stress and stress allowable 

for a scarf repair is inversely proportional to the angle of the scarf joint.  A small scarf angle 

is desired and a standard 20:1, length to thickness ratio will be utilized to determine the scarf 

angle.  To investigate the scarf repair a scarf joint was utilized.  When the damage is 

confined to the top few composite plies or maintaining an aerodynamic profile is not required 

a doubler or patch repair is applied to the damaged area.  A lap joint will be utilized to 

investigate the patch repair. 

The scarf and lap joints have been treated with atmospheric plasma to add functional 

groups onto their surface that could improve the adhesive repair bond.  This research will 

investigate the functional groups on the surface of the repair joints and their attachment to the 

surface.  X-ray Photoelectron Spectroscopy, surface wettability, surface roughness, and 

mechanical tension loading testing have been utilized to analyze the plasma treated 

composites surface.  
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3. Experimental 

3.1 Materials / Specimen Preparation   

The composite material utilized in this study was IM7/977-3, an aerospace grade, 

unidirectional carbon fiber toughened epoxy composite.  The composite was manufactured 

by Cytec Engineered Materials as a prepreg.  The matrix, Cytec’s CYCOM® 977-3 is a 

thermoplastic toughened epoxy resin developed for enhanced impact resistance.  The fiber, 

Hexcel’s HexToe® is a continuous, intermediate modulus PAN based carbon fiber.  

Composite laminates with 101.60 cm x 101.60 cm (40 in x 40 in) dimensions were laid-up 

using 12 prepreg lamina in a unidirectional orientation.  The laminates were processed with 

an autoclave and cured at 177 
o
C (350 

o
F) under a pressure of 586.05 kPa (85 psi).  Panels 

measuring 15.24 cm  x 15.24 cm (6.0 in x 6.0 in) were water jet cut from the larger 101.60 

cm x 101.60 cm (40 in x 40 in) cured laminates.  The panels were cut again, into 7.62 cm x 

7.62 cm (3.0 in x 3.0 in) squares with a diamond tipped circular saw.  The 12 ply composite 

laminate thickness was on average 1.69 mm (0.0665 in).   The composite squares were used 

as the base material, intended for particular sanding and plasma treatments. 

Two composite repair joints, the scarf and the lap joint were evaluated.  Each joint 

had different preparation procedures.  The 7.62 cm x 7.62 cm (3.0 in x 3.0 in) composite 

squares allocated for the scarf joint were cleaned with acetone and then placed on a specially 

constructed sanding jig to give a 20:1, length to thickness scarf ratio on the composite.  The 

scarfed surface was 2.54 cm (1 in) in length.  A schematic of the scarf coupon is shown in 

Figure 2.  The resultant angle of the 20:1 scarf ratio is the primary scarf angle utilized in 

composite repairs.  The composite squares were held in place on the scarf jib by a vacuum.  
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An 80 grit aluminum oxide abrasive disc is initially used to remove the composite and create 

the 20:1 scarf angle.  A 120 grit silicon carbide abrasive disc is used to finish the 20:1 scarf 

angle.  A 76.2 mm (3 in) diameter pneumatic random orbital sander was utilized to assist in 

sanding.  After scarf sanding, the composite squares were wiped with a rymple cloth using 

the one wipe method to remove the surface particulates.  The one wipe method consists of, 

wiping the surface with a dry rymple cloth to remove surface particulates, and repeating the 

process with a new, clean, dry rymple cloth or rymple cloth section until there is no evidence 

of particulates on the cloth.  After these steps, the scarfed composite squares were prepared 

as described in the experimental conditions, which are available in Appendix A. 

 

 

 

Figure 2: Scarf Joint Schematic 
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There are two lap joint conditions being investigated, a non-sanded and a sanded lap 

joint.  The preparation of the 7.62 cm x 7.62 cm (3.0 in x 3.0 in) composite squares, allocated 

for lap joints, was first cleaned with acetone.  The non-sanded composite squares were then 

prepared as per the experimental conditions shown in Appendix A.  After cleaning with 

acetone, the additional composite squares allocated for the lap joints were sanded.  The 

abraded lap joint squares were lightly sanded, with a 120 grit aluminum oxide abrasive disc, 

removing approximately the top 0.05 mm (0.002 in).  After lightly sanding, the composite 

squares were wiped with a rymple cloth using the one wipe method to remove the surface 

particulates.  After these steps, the sanded lap joint composite squares were prepared as per 

the experimental conditions also shown in Appendix A. 

 

3.2 Plasma System and Treatment 

Carbon fiber composite samples were treated with a thermal/non-thermal hybrid 

atmospheric plasma torch with an AIR- DBD-5000 power supply from Atmospheric Plasma 

Solutions Inc.  The voltage and frequency were held constant at 178 V and 30 kHz 

respectively.  A brass electrode and a 5.95 mm (15/64 in) diameter nozzle were utilized to 

create a wide afterglow region.  Schematic of the atmospheric plasma torch is represented in 

Figure 3.  Compressed air, at 110 standard liters per minute (slm) controlled by an Aera® 

FC-7720C mass flow controller with an Advance Energy ROD-4 was used as the active gas.    

The compressed air is angled within the plasma torch imparting a vortex on the activated gas.   

Figure 4 shows the flow of the compressed air through the plasma torch.  The vortex of the 
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activated gas, coupled with the brass electrode and wide nozzle creates a wide encompassing 

afterglow region, shown in Figure 5 and over a composite sample in Figure 6. 

To achieve consistent coverage from one sample to the next, the plasma torch was 

controlled by a ShopBot®, a computer numerically controlled (CNC) machine.  To evenly 

treat the composite sample surface and expose the entire surface to the plasma, the ShopBot 

moved the plasma torch in a raster pattern with a step size of 1.91 mm (0.075in).  The length 

was changed (left and right movement) to accommodate samples of different lengths if 

necessary.  

Two scan rates, the rate at which the plasma torch moved over the composite surface, 

were examined: 10 mm/s (0.394 in/s) and 30 mm/s (1.18 in/s).  Two working distances, the 

distance between the plasma tip and the composite surface, were explored: 10 mm (0.394 in) 

and 15 mm (0.590 in).  Figure 6 shows the differences in the two plasma torch distances 

above a composite sample.  The number of times the composite surface was scanned was 

also examined.  Three scan conditions were investigated: 1, 5, and 10.  A single scan was 

composited of a complete raster scan over the composite surface, exposing the entire surface 

to the plasma. 
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Figure 3: Atmospheric Plasma Torch [13] 

 

 

 

Figure 4: Compressed Air Flow within the Plasma Torch [14] 
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Figure 5: Plasma Torch and Afterglow Plasma Region 
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Figure 6: Encompassment of the Plasma around a Composite Sample; A) 10mm Plasma Working Distance, B) 15mm 

Plasma Working Distance 

 

3.3 Bonding / Curing 

Composite scarf and lap joints were prepared by subjecting two composite squares, 

7.62 cm x 7.62 cm (3.0 in x 3.0 in), to identical sanding and plasma treatments.  The two 

identically treated composite squares were then bonded with Henkel Corporation’s Hysol® 

EA 9394 two part structural epoxy paste adhesive.  The EA 9394 paste adhesive was mixed 

as to the manufacturer’s recommendation, 100:17, part A to part B by weight.  About 15 

grams of the thixotropic paste adhesive was used per condition.  Half of the paste adhesive 

was spread, with a squeegee, shown in Figure 7, covering the surface of one of the two 

identically treated composite squares.  The remaining paste adhesive was spread on the other 

square in the same manner.  For the scarf joints, paste adhesive was only applied to the 
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scarfed area.  An 18-tooth hacksaw blade was then used to comb the EA 9394 paste adhesive 

layer, removing excess and leaving a thin notched layer, shown in Figure 8.  Fiberweb®’s 

Reemay® style 2006 polyester scrimcloth 0.188 mm (7.4 mils) thick was placed in the 

bondline to give a consistent bond thickness. 

 

 

Figure 7: Adhesive Spreading 
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Figure 8: Hacksaw Blade Notched Impression 
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A solidification study was conducted on the EA 9394 paste adhesive to determine the 

minimum time required for the adhesive to solidify at an elevated temperature.  Hysol’s ® 

EA 9394 paste adhesive can be fully cured in 3-5 days at 25
o
C (77

o
F), in 1 hour at 66

o
C 

(150
o
F), or an accelerated cure can be accomplished up to 93

o
C (200

o
F).  At a temperature of 

66
o
C (150

o
F), EA 9394 paste adhesive solidified in approximately 17 minutes.   

After the paste adhesive was placed on the treated composite squares, the composite 

joint was compressed and cured in a Carver Model C, two post hot press with 15.24 cm x 

15.24 cm (6.0 in x 6.0 in) hot plates.  Figure 9 shows the hot press and a composite joint.  

The scarf and lap joints, which are smaller in size than the hot press plates, were placed in a 

template of identical composite material and thickness to fill out the remaining area and 

evenly disperse the load applied to the joint.   Schematic of the scarf and lap joints are shown 

in Figure 10 and Figure 11 respectively.  The composite joint was subject to 500lb-force load 

at 71
o
C (160

o
F) for 20 minutes, allowing the adhesive to solidify.   The adhesive finished 

curing at room temperature for 3 days.  Hysol’s ® recommended contact pressure for EA 

9394 paste adhesive is 25 psi, and a range of 10-25 psi is acceptable.  Approximately 14 psi 

was exerted on the composite joint which is within the contact pressure range recommended 

by Hysol®.  The force load exerted by the press on the joints remained constant from one 

joint to the next.  This consistency resulted in repair joints of consistent thickness and more 

importantly bondline thickness.  After the composite scarf or lap joints were fully cured they 

were each cut with a water cooled diamond tipped circular saw into two 2.54 cm x 12.7 cm 

(1.0 in x 5.0 in) strips for mechanical testing.  



 

28 

 

Figure 9: Cure and Consolidation of Composite Coupons 

 

 

 

Figure 10: Scarf Joint Schematic 
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Figure 11: Lap Joint Schematic 

 

3.4 Mechanical Testing  

Mechanical testing of the composite joints to evaluate the effectiveness of different 

plasma surface treatments was accomplished by subjecting the joints to tension loading.  

Testing specimens were 2.54 cm x 12.7 cm (1.0 in x 5.0 in) strips.  Tension testing of the 

scarf joints were preformed per ASTM D3039 Standard Test Method for Tensile Properties 

of Polymer Matrix Composite Materials [15].  A bonded scarf area of 8.19 cm
2
 (1.27 in

2
) was 

subject to the tension loading.  Lap joint testing was preformed after consulting the ASTM 

D3136 Standard Test Method for Strength Properties of Adhesives in Shear by Tension 

Loading of Single-Lap-Joint Laminated Assemblies [16].  Two doubler composite squares 

were bonded to the lap joint, denoted with a D in Figure 11.  The doubler squares align the 

bondline along the centerline between the grips, which minimizes the bending stress and 

provides an accurate shearing load.  A notch of width 1.98 mm (0.078 in) was cut along the 

red dotted line shown in Figure 11, creating a 25.4 mm (1.0 in) overlap and 6.54 cm
2
 (1.0 in

2
) 

shear area.  These standards lead to the calculation of the tensile strength for the scarf joints 
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and the shear strength for the lap joints.  The calculation of the scarf joint shear strength was 

performed using:  

 

      
    

 
          

 

Where, τ
max

 is the shear strength, [MPa] which is the maximum shear stress in the adhesive 

layer, parallel to the scarf plane.  P
max

 is the maximum axial force before failure, [N], A is 

average cross-sectional area, [mm
2
] and α is the scarf angle.  The calculation of the lap joint 

shear strength was performed using: 

 

      
    

 
  

 

Where, τ
max

 is the shear strength, [MPa], P
max

 is the axial maximum force before failure, [N] 

and A is the cross-sectional area, the shear area of the adhesive layer, parallel to the applied 

force vector.  The shear area was determined as A = w × l, where l is the overlap length.  An 

Instron Model 1331, last calibrated March 7, 2011 with Blue Hill software, a 200kN load 

cell, and hydraulic wedge grips was used for tension testing.  A crosshead speed of 2 

mm/min [0.05 in/min.] was used on all scarf and lap joint specimens.   
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3.5 Contact Angle / Wettability 

A Rame-Hart model # 200-F1-model, Standard Goniometer, with DROPimage 

Standard software was used for the contact angle measurements.  The contact angle and 

wetting experiments followed ASTM D7334 Standard Practice for Surface Wettability of 

Coatings, Substrates and Pigments by Advancing Contact Angle Measurement [17].  After 

sanding or plasma surface treatment, the composite samples were placed in a desiccator and 

transported to the goniometer for contact angle measurement.  The samples were analyzed on 

average 170 minutes after treatment.  Three specimens per condition were analyzed with an 

advancing contact angle measurement.  An advancing contact angle is one in which a liquid 

drop is placed on the specimen surface and immediately measured [17].  Figure 12 details the 

measured angle.  The surface treatment condition analyzed are available in Appendix A, 

were analyzed.  The scarf joint samples were approximately 25.4 mm x 12.7 mm (1.0 in x 0.5 

in) and the lap joint samples were approximately 12.7 mm x 12.7 mm (0.5 in x 0.5 in).  The 

contact angle measurements were taken within 30 seconds of contact with 2 microliters of 

deionized water on the composite surface.   
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Figure 12: Measuring Angle of Contact [17] 

  

3.6 Profilometry 

To analyze the average surface roughness of the composite surface after a plasma 

treatment, a Veeco Dektak® 150 surface profilometer was utilized.  A stylus radius and force 

of 12.5 µm and 5.00 mg respectively with a 0.214 µm resolution were employed.  An 

assessment length of 5.00 mm (0.20 in) was utilized for all samples to obtain the average 

roughness value.  The average roughness is the arithmetic average deviation for the mean 

line with in the assessment length.  The scarf joint samples were approximately 25.4 mm x 

12.7 mm (1.0 in x 0.5 in) and the lap joint samples were approximately 12.7 mm x 12.7 mm 

(0.5 in x 0.5 in).  Three specimens per surface treatment condition, available in Appendix A, 

were analyzed. 
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A ZYGO NewView 5000 was used to obtain additional average surface roughness 

values as well as 3D topographical images of the plasma treated surface.  White light 

interferometry is exploited to produce a 3D topographical map of the treated composite 

surface.  A10X Mirav objective at a 0.40x zoom, with a 2.83 µm resolution, gave a 1.8 mm x 

1.3 mm field of view which was employed to obtain all images.  A 150 µm bipolar scan 

length was utilized to obtain the average surface roughness values.    

 

3.7 X-ray Photoelectron Spectroscopy (XPS) 

A Kratos Axis Ultra DLD, X-ray Photoelectron Spectrometer, with a monochromatic 

Al K alpha filament source, was utilized to analyze the elemental surface composition of the 

top 10 nm of the surface treated carbon fiber composite samples.  Using hybrid lens mode, a 

spotsize of 300 µm x 700 µm was utilized to analyze the composite surface.  Scarf joint 

samples were cut to approximately 25.4 mm x 6.35 mm (1.0 in x 0.25 in) and the lap joint 

samples were cut to approximately 12.7 mm x 6.35 mm (0.5 in x 0.25 in) for plasma 

treatment and subsequent XPS analysis.  Samples were stored in a glass desiccator between 

plasma treatment and analysis. 
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4. Analysis and Discussion 

4.1 Shear Strength 

4.1.1 Lap Joint 

To evaluate the effect of different plasma surface treatments the composite joints 

were subjected to tension loading.  The analysis of variance, standard least squares linear 

additive model was fitted to the lap shear strength with the plasma and sanding parameters as 

the model effects.  The model did not include the non-plasma treated control lap joints.  The 

analysis of variance of the model was found to be highly significant with a < 0.0001 

probability that the difference in means was due to chance.  Further analysis of the individual 

parameters showed the plasma scan rate, the number of plasma scans, and whether the lap 

surface was, or was not, sanded, all showed statistical significance with probabilities of 

0.0092, 0.0222 and <0.0001 respectively.  Figure 13 shows the statistically significant 

difference between the non-sanded lap joint mean, 20.6 MPa and the sanded lap joint mean, 

13.9 MPa compared to that of the group mean, 17.2MPa according to the Student’s t-test 

shown on the right.  The separation between the circles denotes a statistical significance 

between the means.  The sanded lap joint, plasma treated and non-plasma treated samples 

included together, showed poor adhesion compared to that of the group mean.  The non-

sanded lap joint specimens however showed greater adhesion than the group mean.  
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Figure 13: One-Way Analysis of Lap Shear Strength by Sanding 

 

The non-sanded lap joint control also yielded higher shear strength than the sanded 

lap joint control.  This result of higher shear strength recorded for the non-sanded lap joint is 

not an unexpected result although somewhat counterintuitive.  Similar results have been 

observed by Pothakamuri [18] when evaluating the effect of surface abrasion on the bond 

strength of a composite joint subjected to Mode I fracture.  A minimal increase in the fracture 

toughness of the abraded joint was observed compared to that of the solvent wiped non-

abraded joint.  Zaldivar et al. [19] also evaluated the effect of surface abrasion on the bond 

strength, but subjected the composite joint to a shearing force.  Their abrasion treatment 

showed no improvement over the solvent-wiped condition.   
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The average shear strength as a function of the number of times the composite surface 

was scanned by the plasma is shown in Table 3.  A single plasma scan on the non-sanded lap 

joint showed 38% shear strength improvement over the control.  A continual increase in the 

shear strength, 61% increase over the control of the non-sanded lap joint was shown up to 5 

plasma scans.  Increase of the number of plasma scans to a total of 10 showed a decrease in 

shear strength, but still a 17% increase over the control.    The plasma treated sanded lap 

joints, however did not show much improvement in shear strength to that of the control.  An 

8% improvement was shown in the shear strength of the sanded lap joint after a single 

plasma scan.  Improvement when the surface was scanned 5 and 10 times was not observed.  

 

Table 3: Average Lap Strength vs. Number of Plasma Scans 

Scan # 

Average Lap Shear Strength (MPa) 

Non-Sanded Sanded 

Control, 0 14.63 14.36 

1 20.25 15.54 

5 22.61 13.52 

10 17.14 11.84 

 

 

Each lap joint condition tested was analyzed as a function of the number of plasma 

scans which was shown to be a significant plasma parameter.  Figure 14: Non-Sanded Lap 

Joint Shear Strength Figure 14 and Figure 15 show each lap joint condition tested as a 

function of the number of plasma scans.  An initial increase in the shear strength was 
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observed after the non-sanded and sanded lap surfaces were scanned a single time.  Each data 

set and correlating trendline are of coupled plasma parameters, the plasma working distance 

and the plasma scan rate.  The 10 mm and 10 mm/s and the10 mm and 30 mm/s conditions 

shown negative trends as the number of plasma scans were increased.  This was observed for 

both the non-sanded and sanded lap joints.  Shown in Figure 16 the non-sanded lap joint, 

with the 10 mm plasma working distance held constant, the increased scan rate, 30 mm/s 

showed greater shear strength than that for 10 mm/s.  For the sanded lap joint, with the 10 

mm plasma working distance held constant, the faster 30 mm/s scan rate showed better shear 

strength after 5 and 10 plasma scans.  The greater working distance, 15mm, coupled with the 

fastest scan rate, 30 mm/s showed no increase or decrease in strength from 1 to 10 scans.  

This correlation held for both lap joints. 
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Figure 14: Non-Sanded Lap Joint Shear Strength vs. Scan N 
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Figure 15: Sanded Lap Joint Shear Strength vs. Scan Number 
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Figure 16: Non-Sanded Lap Joint Shear Strength vs. Scan Rate 
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4.1.1.1 Lap Surface Fracture Analysis 

To better understand the adhesive behavior of the failed joint the bonded surface was 

analyzed after tensile loading.  The joint surfaces were analyzed by observation to distinguish 

between three possible failure modes.  The three possible failure modes are cohesive, 

interfacial, and bulk.  The three failure modes are illustrated in Figure 17.  Cohesive failure is 

an acceptable failure signifying the paste adhesive, not the interface is more weakly bound.  

An interfacial failure occurs between the composite and paste adhesive material. This is an 

unacceptable failure signifying the interface and thus, adhesion between the composite and 

paste adhesive material was weak or poor.  A bulk failure occurs within the composite 

material.  This is a satisfactory failure, because it can represent a positive failure, indicating 

the enhanced interface was bonded stronger together than that of the bulk composite material. 

Or a bulk failure can represent a negative failure, signifying the surface preparation damaged 

the composite material.  An analysis of the fractured lap shear joint surfaces showed the 

dominant failure mechanisms were bulk and a mixed bulk and cohesive failure. Both the 

non-sanded and sanded lap joints, plasma treated at the 10 mm plasma working distance, at 

10 mm/s scan rate and subjected to 10 plasma scans yielded interfacial failures.  
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Figure 17: Failure Modes 

 

From the statistical model and observed trends, there is a considerable difference in 

the shear strength means of the non-sanded and sanded lap joints with the non-sanded lap 

joints having greater strength.  Analyzing the averaged data over the number of plasma scans 

showed a 38% and 8% increase in the shear strength after one plasma scan for the non-

sanded and sanded lap joint respectively.  After a single scan there was negative trend of 

decreasing shear strength with increasing plasma scans.  The faster scan rate of 30 mm/s 

showed greater shear strength to that of the slower 10 mm/s scan rate. The 10 mm plasma 

working distance coupled with the slowest scan rate, 10 mm/s resulted in an interfacial 
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indicating poor adhesion between the composite and adhesive, regardless of recorded shear 

strength. 

 

4.1.2 Scarf Joint 

The plasma treated composite scarf joint samples on average showed an improvement 

in the adhesive bonding, which is determined by the increased joint strength.  However, 

through the analysis of variance (ANOVA), a model probability of 0.7727 indicating no 

statistical significance between the scarf joint shear strength and the plasma processing 

parameters.  The average scarf strength exhibited as a function of the number plasma scans is 

shown in Table 4.  A 47% increase in the scarf strength was observed after the scarfed 

surface was plasma scanned a single time.  A 61% and 52% increase were observed after the 

surfaces were scanned 5 and 10 times. This trend of scarf strength increase as the number of 

scans increase, up to 5 scans.  Additional scans beyond 5 resulted in decreased strength, a 

phenomenon which was also noticed in the averaged non-sanded lap shear strength data. 

 

Table 4: Average Scarf Strength vs. Number of Plasma Scans 

Scan # Average Scarf Shear Strength (MPa) 

Control, 0 6.52 

1 9.57 

5 10.48 

10 9.90 
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Figure 18 shows the scarf joint strength as a function of the number of plasma scans.  

Each data set is composed of coupled plasma parameters, the plasma working distance and 

the plasma scan rate.  An immediate increase in the scarf shear strength for all coupled 

parameters after a single plasma scan was observed.  This was followed by a further increase 

in the shear strength up to 5 plasma scans.  The shear strength, when increasing to 10 plasma 

scans showed a large variability in the shear strength.   The coupled 10 mm and 10mm/s, and 

the coupled 15 mm and 10 mm/s plasma parameters showed a continued shear strength 

increase from 5 to 10 scans.  However, the other two coupled conditions, the 10 mm and 30 

mm/s, and the 15 mm and 30 mm/s conditions showed a decrease in shear strength from 5 to 

10 scans. The working distance did not appear to be an important factor in further increased 

scarf strength past 5 plasma scans.  All the fractured surfaces of the scarf joints were 

interfacial.   
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Figure 18: Scarf Joint Shear Strength 

 

4.2 Contact Angle / Wettability 

The contact angle measurements were obtained on all specimen conditions listed in 

the design of experiment tables, which are shown in Appendix A.  Three specimens per 

condition were analyzed with an advancing contact angle measurement.  An advancing 

contact angle is one in which a liquid drop is placed on the specimen surface and 

immediately measured.  A 2 µm deionized water drop was used as the indicating liquid. The 

data provides the measure of how deionized water wets the treated composite surface.  
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Increased wettability of a substrate as measured by reduction in the contact angle, has been 

shown to lead to better wettability of an adhesive on a substrate [20].  

The analysis of variance, standard least squares linear additive model was fitted to the 

log-transformed contact angle results with the plasma and repair joints as the model effects.  

The model did not include the non-plasma treated controls.  The analysis of variance of the 

model was found to be highly statistically significance with a <0.0001 probability the 

parameter means occurred by happenstance.  The plasma working distance, the plasma scan 

rate, the number of plasma scans and the type of repair joint are all highly statistically 

significant parameters with probabilities of 0.0007, <0.0001, <0.0001, and <0.0001 

respectively.  Comparing the means of the contact angle measurements with regard to the 

type of repair joint by utilizing the Student’s t is represented in Figure 19.  The mean of the 

non-sanded lap joint (lap, none), 21.2
o
 is statistically different from the means of the sanded 

lap joint, 6.8
o
 and scarf joint, 7.4

o
.  This was represented by nonintersecting circles.  The 

sanded lap and scarf joints were not found to have statistically different means, which was 

represented by intersecting circles in Figure 19.   
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Figure 19: Differences in the Contact Angle of the Joints 

 

The contact angle measurement of the control samples are shown in Table 5.  The 

scarf joint and sanded lap joint control samples produced an average contact angle above 45
o
, 

but below 90
o
, indicating the surfaces were in-between hydrophilicity and hydrophobicity.  

The surface of the non-sanded lap joint was greater than 90
o
, representing a hydrophobic 

surface.  The difference in contact angles between the three control joints could be related to 

the differences in surface roughness observed in Figure 22.  Increased surface roughness has 

been shown to cause a decrease in the contact angle by capillary action [21].   However, the 

non-sanded lap specimens yield greater surface roughness averages and the highest contact 

angles.  The surface analysis results Table 9 and  
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Table 10 show the sanded lap and scarfed samples to have increased percentage of 

polar functional groups, carbonyl and carboxyl groups on their surface compared to the non-

sanded lap specimens.  The increase in polar surface groups on the sanded lap and scarfed 

specimens is attributed to the decreased contact angle.  This analysis is in agreement with 

other research that has attributed the addition of similar polar functional groups on a polymer 

surface to the decrease in contact angle [22]. 

 

Table 5: Wettability of the Control Joints 

Average Contact Angle (Deg.) 

Scarf Lap Non-Sanded Lap Sanded 

78.0 91.7 69.4 

 

 

Figure 20 fitted with logarithmic trends shows a drastic increase in surface wettability 

following a single plasma scan.  As the number of scans on the composite repair surfaced 

increased, the wettability of the surface continued to increase.  In contrast, a decreased 

wettability was observed for repair samples treated with the faster 30 mm/s scan rate and for 

repair samples treated with the 15 mm working distance shown in Figure 21 and Figure 22 

respectively.  Longer treatment with plasma, either by increasing the number of plasma scans 

or by decreasing the scan rate led to greater plasma surface interactions that ultimately lead 

to increased surface wettability.  Similarly, Kim and Lee [23] showed increasing an 

atmospheric plasma treatment time on a composite surface to increase the wettability of the 

surface with deionized water, diiodomethane, and ethylene glycol.  At the 15 mm working 
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distance of the plasma torch, the plasma was only 5mm further away from the composite 

surface yet, a decrease in wettability was observed.  As the distance to the treated surface is 

increased, the probability for collisions within the plasma is increased, leading to a 

breakdown in the reactive species within the plasma afterglow region [24].  The effectiveness 

of the plasma treatment by increasing the distance to the treated surface is shown by a 

decreased wetting.  

 

 

Figure 20: Wettability vs. Number of Plasma Scans  
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Figure 21: Wettability vs. Plasma Scan Rate 
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Figure 22: Wettability vs. Plasma Working Distance 

 

The scarf joint and sanded lap joint samples gave similar results for identical plasma 

treatment conditions which was verified by the Student’s t test.  The non-sanded lap joint 

gave significantly higher angle of contact measurements for identical plasma treatment 

conditions.  This phenomenon was also observed in the non-plasma treated control samples 

indicating, exposure of the bulk matrix of the scarf and sanded lap increase wettability.  The 

increased angle of contact for the non-sanded lap control joint and the decreased angle of 

contact for the scarf and sanded lap control joints are indicative of increased percent of 

carbonyl and carboxyl polar functional groups on the joint surface leading to the increased 
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surface wettability.  This polarity difference between the scarf and sanded lap joint, and the 

non-sanded lap joint was observed in the wettability data in the control, non plasma treated 

data, in Table 5.   

A study measuring the angle of contact after the deionized water was placed on the 

composite surface after 60 seconds was conducted.   This delayed wettability measurement is 

different from the previous results where an advancing contact angle is measured 

immediately following placement of the drop.  The average contact angle as a function of the 

number of plasma scans is shown in Table 6.  Similar trends, shown in Figure 23, were 

noticed in both experiments; increased plasma scans, decreased plasma scan rate, and 

decreased plasma working distance showed improved wettability compared to their other 

condition levels.  Scanning the scarf and lap sanded surface 10 times resulted in a composite 

surface that was completely wettable.  

 

Table 6: Wettability (After 60 sec.) vs. Number of Plasma Scans 

Scan # / Joint 

Average Contact Angle (Deg.) 

Scarf Lap Non-Sanded Lap Sanded 

1 6.8 24.2 6.9 

5 0.8 16.1 1.0 

10 0.3 9.9 0.0 
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Figure 23: Wettability (After 60 sec.) vs. Number of Plasma Scans 

 

A third study of the angle of contact on the plasma treated composite repair joints 

measured 8 days after plasma treatment was conducted.  In industry or in military depots, 

composite repairs are not always accomplished immediately after the surface has been 

prepared for bonding.  After plasma treatment, the composite samples were placed in a 

dessicator for 8 days.  Similar trends in the initial wettability study were also noticed in the 8 

day wettability study.  Decreased plasma working distance, decreased plasma scan rate, and 

increased number of plasma scans, all showed improved wettability compared to the other 
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plasma parameter levels.  The longevity of plasma treatment and the subsequent polarized 

composite surface was demonstrated.  

The average contact angle measured 8 days after plasma treatment as a function of the 

number of plasma scans is shown in Table 7.  A minimal but statistically significant % drop 

in average angle of contact was observed after the 8 day hold, indicating a small decrease in 

the polar functional groups.  With contact angles below 10
o
 for the scarf and sanded lap joint 

surfaces and below 30
o
 for the non-sanded lap joint indicate the composite surfaces remained 

moderately polarized.  This can indicate that the repair surface does not need to be 

immediately bonded after plasma treatment.   

 

Table 7: 8 Day Wettability vs. Number of Plasma Scans 

Scan # / Joint 

Average Contact Angle (Deg.) 

Scarf Lap Non-Sanded Lap Sanded 

1 10.0 28.3 9.8 

5 7.5 21.5 7.1 

10 7.4 18.1 7.1 

 

4.3 Profilometry 

The Dektak profilometer device was employed to measure and calculate the average 

surface roughness.  A non-sanded lap surface resulted from a transfer of the peel ply surface 

morphology during the fabrication process of the composite. The sanded lap surface and the 

scarfed surfaces however, are a product of the engineer or technician preparing the surface.  

The analysis of variance model showed no statistical significance between the average 
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surface roughness measurements and the plasma processing parameters.  The lack of a 

significant difference between plasma parameters indicates a possible small variation in the 

surface roughness not able to be assessed by the Dektak profilometer.   However, statistical 

significance between the surface roughness and the composite repair joints was found.  The 

mean surface roughness of the scarf joint, 8447.1 Å, the sanded lap joint, 12272.5 Å, and the 

non-sanded lap joint (lap, none), 24660.0 Å were shown to be statistically different by the 

Student’s t test.  This was represented by nonintersecting circles in Figure 24.  The 3D 

optical images of the topography of the non-plasma treated joint surface are shown in Figure 

25 

 

 
Figure 24: Differences in the Surface Roughness of the Joints 
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Figure 25: 3D Topographical Control Joint Images; A) Non-Sanded Lap Joint, B) Sanded Lap Joint, C) Scarf Joint 

 

Topographical changes caused by plasma treatments were only evident in the 3D 

images of the non-sanded lap joint specimens.  Figure 26 shows the topographical changes to 

the non-sanded lap surface with increasing plasma scans.  The undulating topography of the 

peel ply impression on the non-sanded lap surfaces allowed for matrix removal observations.  

Observations in Figure 27 reveal that increasing the plasma working distance and decreasing 

the plasma scan rate decreases etching and removal of the epoxy surface.   

In contrast to the non-sanded lap surface, topographical changes to the sanded lap and 

scarf joint surfaces were not observed after plasma treatments.  This lack of a topographical 

surface change after plasma treatment could be due to the removal of the epoxy surface, 0.05 
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mm (0.002 in) depth, by the previous sanding step.  Subsequent plasma treatments may only 

remove a minimal amount of epoxy before the underlying fibers are exposed, are closer to 

the composite joint surface after sanding.  Changes in the morphology are a result of etching 

of polymeric surfaces during prolonged plasma treatments.  This phenomena has frequently 

been observed [19, 25, 26].  Low toughness properties of the epoxy result in the removal of 

the epoxy by ion impacts from plasma treatments.   

 

 

Figure 26: 3D Topography of Non-Sanded Lap Joint Surface at 10mm, 10mm/s, and A) Control No Plasma, B) 1 

Scan, C) 5 Scans, and D) 10 Scans Plasma Processing Parameters 
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Figure 27: 3D Topography of Non-Sanded Lap Joint Surface after 5 Plasma Scans at A) 15mm and 30mm/s, B) 

15mm and 10mm/s, C) 10mm and 30mm/s, and D) 10mm and 10mm/s Plasma Working Condition and Scan Rate 

 

The fracture analysis of the non-sanded lap and sanded lap joints, plasma treated at 

the 10 mm working distance, at the 10 mm/s scan rate and subjected to 10 plasma scans both 

resulted in interfacial failure, i.e. weak adhesion.  The two joints have significantly different 

average surface roughness values, the non-sanded lap joints have larger average roughness 

values compared to the sanded lap joints, which is shown in Figure 24.  A topographical 

change due to etching of a non-sanded lap surface resulting from these plasma parameters is 

shown in Figure 26.  No topographical change was observed for the sanded lap surface.  This 
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result indicates that another factor or factors other than topography are affecting composite 

adhesion.   

The profilometry data showed the different joint surfaces had statistically different 

and observably different topographical surfaces.  Evidence of topographical changes caused 

by the plasma treatments was only observed on the non-sanded lap surfaces.  The 

topographical changed was caused by etching with a plasma torch.  Increasing the plasma 

treatment by increasing the number of plasma scans, decreasing the plasma scan rate, or 

decreasing the plasma working distance resulted in increased etching of the epoxy matrix.  

The fracture surface results indicate the surface roughness is not the only factor affecting 

adhesion. 

 

4.4 X-ray Photoelectron Spectroscopy (XPS) 

Plasma treatments alter the chemical and topological state of a substrate.  This was 

show by increased surface wettability and topographical changes in the images of plasma 

treated joint surfaces.  XPS studies offered further insight into the composite joint by 

analyzing the chemical composition of representative plasma treated surfaces.  The overall 

XPS spectra of the composite joint surfaces, control and plasma treated specimens were 

composed of the same core elements.  The C 1s, O 1s, N 1s, and S 2p were evident on all 

specimens.  The S 2p peak was a result of the sulfonated thermoplastic toughener in the 

epoxy matrix.  However, the relative atomic concentration of the peaks varied based upon the 

different plasma parameters. 

 



 

60 

A Fluorine 1s peak was observed only on the non-sanded lap specimens.  The 

fluorine on the surface of the non-sanded lap surface was derived from the fluorinated peel-

ply film co-cured to the composite surface during fabrication.  The plasma treatments 

removed the fluorine from the surface, as shown in Table 8, with increasing plasma scans.  

The 10 mm, 10 mm/s, and 10 scan condition lead to complete removal of the fluorine.  As 

previously observed, plasma treatment etches the surface of the non-sanded lap specimens 

and with multiple plasma scans and a slower scan rate, more matrix and fluorine groups are 

removed.  Fluorine is commonly known to decrease adhesion [27].  Therefore, by decreasing 

the amount of fluorine through repeated plasma treatment, an improvement in adhesion 

would be expected.  However, as shown in Figure 14, decreasing trends in shear strength 

were observed as the number of plasma scans was increased.  Fluorine removal from the non-

sanded lap joint surfaces did not result in improved adhesion in this particular study. 

 

Table 8: Fluorine Concentration after Plasma Treatments 

Scan # 
Fluorine Surface 

Concentration 

Control, 0 4.3% 

1 3.5% 

5 1.5% 

10 1.1% 

 

 

The major elements on the composite surface are carbon and oxygen.  The nitrogen 

peak is not as intense. However, an increase in the intensity of the N 1s peak was observed 

with plasma treatment.  This is to be expected since air is the activated gas.  Lommatzsch et 
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al. has reported on the emission spectra of an atmospheric air plasma torch (jet).  The 

activated air plasma was shown to have bands of NO, N2 molecules, excited O atoms, as well 

as a yellow continuum emission of excited NO2 molecules [28].  With this understanding, 

investigation of the changes in the oxygen and nitrogen content as a result of varying 

processing parameters was evaluated with the atomic oxygen to carbon, O/C and nitrogen to 

carbon, N/C, ratios.  

The analysis of variance, standard least squares linear additive model was fitted to the 

O/C and N/C ratios separately, with the plasma parameters and type of repair joint as the 

model effects.  The analysis of variance of the O/C and N/C models were both found to be 

highly significant with < 0.0001 probability the parameter means occurred by happenstance.  

The model of the O/C ratio showed the plasma working distance, scan rate, scan number and 

repair joint type were shown to be statistically significant with resulting probabilities of 

0.0409, 0.0052, <0.0001, and <0.0001 respectively.  The model of the N/C ratio only 

revealed the number plasma scans and repair joint type to be statistically significant with 

resulting probabilities of <0.0001, and <0.0001 respectively.  Figure 28, Figure 29, and 

Figure 30 show changes in the O/C ratio with changing plasma processing parameters on the 

scarf, non-sanded lap, and sanded lap specimens respectively.  Similarly, Figure 31, Figure 

32, and Figure 33 show changes in the N/C ratio with changing plasma processing 

parameters on the scarf, non-sanded lap, and sanded lap specimens respectively.  In row one 

of the figures, the x-axis shows number of plasma scans.  The second row is plasma scan rate 

and the third row is plasma working distance.  Trends in both the O/C and N/C ratio indicate 

increasing plasma scans, decreasing the plasma scan rate and decreasing the plasma working 



 

62 

distance result in increases in the oxygen and nitrogen content on the composite repair 

surfaces.  Fewer samples for the non-sanded and sanded lap joint were analyzed resulting in 

less distinct trends in the O/C and N/C ratios with respect to the plasma working distance.  

 

 

 

Figure 28: Plasma Processing Effects on the O/C Ratio on a Scarfed Specimen 
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Figure 29: Plasma Processing Effects on the O/C Ratio on a Non-Sanded Lap Specimen 
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Figure 30: Plasma Processing Effects on the O/C Ratio on a Sanded Lap Specimen 
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Figure 31: Plasma Processing Effects on the N/C Ratio on a Scarfed Specimen 
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Figure 32: Plasma Processing Effects on the N/C Ratio on a Non-Sanded Lap Specimen 
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Figure 33: Plasma Processing Effects on the N/C Ratio on a Sanded Lap Specimen 
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The overall trends in the atomic concentration ratios of plasma treated composite 

surfaces resemble the previously observed trends for contact angle with changing plasma 

parameters.  Figure 34 illustrates similar trends in both the atomic ratios and surface 

wettability (as measured by contact angle), with the comparison to the O/C ratio in row one 

and N/C ratio in row two.  For comparison with the contact angle data, the inverse of the 

atomic ratios were calculated and graphed as shown in the figures below.   A logarithmic 

trendline was plotted from the data, and each trend was shown to have a high correlation 

coefficient, indicating goodness of fit of the trendline to the data.  The atomic ratios and the 

wettability curves as a function of increasing number of scans show similar changes.  A large 

change to the composite joint surface is evident after a single plasma scan denoted by a 

substantial decrease in wettability and an increase in the oxygen and nitrogen atomic 

concentrations.  Subsequent plasma scans show further increases, though small in 

comparison, in wettability and the oxygen and nitrogen atomic concentrations. 

 

 



 

69 

 

Figure 34: Wettability and Atomic Ratios as a Function of Plasma Scans 

 

The atomic concentration of oxygen on the plasma treated composite surfaces was 

greater than that of the atomic concentration of nitrogen.  This is evident in the O/C and N/C 

ratios vs. plasma parameters in Figure 28 - Figure 33.  The O/C ratio and the contact angle 

measurements were found through statistical analysis to be affected by all of the varying 

processing parameters.  This was not the case with the N/C ratio, varying the number of 

plasma scans was the only plasma parameter to significantly change the N/C ratio.  These 

results indicate stronger relationship between O/C ratio and wettability than between the N/C 

ratio and wettability.  This analysis is agreement with the published research indicating that 

oxygen-containing functional groups are the main factor yielding increased wettability [26].    
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4.4.1 C 1s Spectra Analysis 

Analysis of the C 1s region was accomplished in order to understand what functional groups 

on the composite joint surface were a direct effect of the changing plasma parameters and 

also yield similar results to those of the strength and contact angle measurements.  The C 1s 

peak was set to 285.0 eV and subsequent peaks at 286.0, 286.5, 287.6, 289.1 and 290.8 eV 

were observed on the control and plasma treated joint surfaces.  These peaks represent types 

of functional groups existing on the surface of the control, non-plasma treated joints and on 

the plasma treated joints.  These peaks also represent the binding energy of the carbon atoms 

in the hydrocarbon, C-H or graphite C-C peak at 285.0 eV, the alkoxy or alcohol, C-O  peak 

at 286.0 eV, the C-N peak at 286.5 eV, the carbonyl, C=O peak at 287.6 eV, the carboxyl, O-

C=O peak at 298.1 eV and the carbonate, CO3
2-

 peak at 290.8 eV  [29-35].    Deconvolution 

of the high-resolution C 1s spectra, into elementary peaks, was accomplished utilizing these 

binding energies.   

Evaluation of the C 1s spectra on scarf, non-sanded lap and sanded lap joints revealed 

two functional groups, carbonyl and carboxylic groups to exhibit substantial changes after 

plasma treatments.  A significant increase in the carbonyl to hydrocarbon, (C=O)/(C-H) and 

carboxyl to hydrocarbon, (O-C=O)/(C-H) ratios were observed after a single plasma scan in 

all joints.  Subsequent smaller increases in these ratios with more plasma scans were 

observed, except for on the non-sanded lap surface which did not demonstrate the additional 

changes.  These results are shown in Table 9 and Table 10.  An analysis of variance, standard 

least squares linear additive model was fitted to the carbonyl and carboxyl ratios separately, 

with the plasma parameters and repair joints as the model effects.  The analysis of variance 
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of the carbonyl and carboxyl models were both found to be highly significant with < 0.0001 

probability the parameter means occurred by happenstance.  The model of the carbonyl ratio 

showed the plasma scan rate, plasma scan number and repair joint type were shown to be 

statistically significant with resulting probabilities of 0.0479, <0.0001, and <0.0001 

respectively.  The model of the carboxyl ratio also revealed the plasma scan rate, the number 

plasma scans and repair joint type to be statistically significant with resulting probabilities of 

0.0280, 0.0029, and <0.0001 respectively. 

 

Table 9: Carbonyl Ratios as a Function of Increasing Plasma Scans 

Scan # / Joint 
(C=O) / (C-H) 

Scarf Lap Non-Sanded Lap Sanded 

Control, 0 109.90% 6.00% 97.10% 

1 287.97% 22.10% 186.21% 

5 425.96% 20.08% 249.71% 

10 502.71% 25.02% 449.21% 

 

 

Table 10: Carboxyl Ratios as a Function of Increasing Plasma Scans 

Scan # / Joint 
(O-C=O) / (C-H) 

Scarf Lap Non-Sanded Lap Sanded 

Control, 0 27.55% 4.83% 15.28% 

1 74.70% 17.76% 62.55% 

5 99.23% 11.46% 65.41% 

10 117.36% 14.67% 147.22% 
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The carbonyl and carboxyl ratios show an increase with increasing plasma scans and 

trend similarly to the contact angle measurements as shown in Figure 35.  The data in Table 9 

and Table 10 revealed the non-sanded lap joint surface to have lower carbonyl and carboxyl 

ratios than the scarf and sanded lap joints.  This mimics the variations in wettability results 

seen with different composite joint surfaces, in that the wettability of the non-sanded lap joint 

was lower than that of the scarf or sanded lap joints.  In order to compare the ratios with 

contact angle data as a function of number of plasma scans, the inverse of the carbonyl and 

carboxyl ratios were calculated and graphed as shown in Figure 35.  The logarithmic trends 

associated with the carbonyl measurements as shown in row one, and the carboxyl 

measurements as shown in row two have a high correlation coefficient similar to the wetting 

data with which the ratios are plotted.  Research has also shown that a decrease in the contact 

angle is correlated with the formation of polar groups such as –OH, -OOH, and –COOH on a 

polymer substrate [22, 26].  Thus it may be concluded that the increase in the composite 

surface wettability can be attributed to an increase in carbonyl and carboxyl functional 

groups.  
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Figure 35: C 1s Ratios and Wettability Comparison as a Function of Plasma Scans 

 

In the final analysis, an examination was made of the change in the C 1s ratios 

coupled with observed changes in shear strength as a function of number of plasma scans.  

Table 9 and Table 10 demonstrate that an increase in the carbon bond ratios is observed after 

a single plasma scan on the sanded lap joint surface.  All joints on average exhibited an 

increase in shear strength after a single plasma scan that was greater than the non-plasma 

treated control. . Subsequent scans generally showed an increase in the carbon bond, but 

subsequent scans did not always show an increase in the shear strength of the composite 

repair joint.  Figure 36 illustrates the changes in functional group ratios with the shear 

strength of the composite joints.  A logarithmic trendline was plotted from the data, and each 

trend for the scarf joint data was shown to have a high correlation coefficient.   Therefore, 

there is a correlation between the shear strength and the carbonyl and carboxyl ratios of the 

scarf joint.  An increase in these functional group ratios on the scarf joint surface correlate to 

an improvement in shear strength.  The non-sanded lap joint surface data, however, had a 
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moderate correlation coefficient, indicating a satisfactory fit of the trendline to the data.  For 

the sanded lap joint no clear correlation between the increase in the carbon bond ratios and 

the shear strength of joint can be concluded.   

 

 

Figure 36: C 1s Ratios and Shear Strength Comparison as a Function of Plasma Scans 

  

4.5 Conclusions 

The composite industry and the commercial importance of repair has gained 

increasing prominence as greater percentages of the structures of commercial and military 

aircraft are composed of composite materials.  Bonded composite repairs may be completed 

using several types repair architecture, two of which are a scarf and a patch repair.   

Therefore, the two common repair joints: the scarf joint and the lap joint were chosen as 

typical repair models and the effects of various plasma treatment parameters on the surface 

functional groups and eventual strength of repair of each joint were investigated.  An 
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activated air plasma torch was utilized varying the treatments:  plasma working distance, 

plasma scanning rate, and number of plasma scans.   

Sanded and non-sanded lap joints as well as a scarf joint were the initially evaluated 

for shear strength using tension loading following different plasma treatments.  The plasma 

scan rate, the number of plasma scans, and whether the lap joint surface was, or was not, 

sanded, all showed statistically significant differences. 

The non-sanded lap joint control demonstrated a higher shear strength than the sanded 

lap joint control.  Shear strength of both lap joints was improved after a single plasma scan.  

The shear strength did not improve with multiple plasma scans.  After a single plasma scan, 

multiple scans, 5 and 10, on the non-sanded lap joint resulted in a decrease in shear strength, 

but was greater than the non-plasma treated control strength.  For the sanded lap joint, 

multiple scans resulted in shear strengths below that of the non-plasma treated sanded 

control. 

The plasma treated composite scarf joint samples on average showed an improvement 

in the adhesive bonding in the range of 1 to 5 plasma scans. The same results were obtained 

when the data set was composed of coupled plasma parameters, the plasma working distance 

and the plasma scan rate.  Increasing the number of scans to 10 generated more variability in 

the data and on average, decreased shear strength, a phenomenon which was also noticed in 

the non-sanded lap shear strength data. 

Contact angle measurements carried out on the three plasma treated joints, revealed 

that the mean of the non-sanded lap joint, 21.2
o
 was statistically different from the means of 

the sanded lap joint, 6.8
o
 and scarf joint, 7.4

o
.  The scarf joint and sanded lap joint samples 
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gave similar results for identical plasma treatment conditions.  The non-sanded lap joint, 

however, gave significantly higher angle of contact measurements for identical plasma 

treatment conditions.  The scarf and sanded lap joint samples both exposed the bulk matrix 

with higher polarity shown by increased O/C ratio and increased carbonyl carboxyl surface 

groups.   

Plasma treatment produced differing effects on the three joints.  As the number of 

plasma scans increased, or the scan rate was decreased, or the working distance was 

decreased, greater plasma surface interactions occurred and therefore, the wettability of the 

composite repair surface increased as well.  The increased wettability is attributed to 

increased polarity of the composite surface. 

No significant correlations could be made between the average surface roughness 

measurements using the Dektak profilometer and the plasma processing parameters.  The 

lack of significant differences between plasma parameters indicated that small variations in 

the surface roughness were not able to be assessed by this device.  In contrast, statistical 

significance between the surface roughness and the type of composite repair joints was 

found.  Topographical changes caused by plasma treatments were only evident in the 3D 

images of the non-sanded lap joint specimens.   Increasing the plasma treatment by 

increasing the number of plasma scans, decreasing the plasma scan rate, or decreasing the 

plasma working distance resulted in increased etching of the epoxy matrix.  In contrast to the 

non-sanded lap surface, topographical changes to the sanded lap and scarf joint surfaces were 

not observed after varying plasma treatments.  This lack of a topographical surface change 
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was judged as, due to removal of the epoxy surface by the previous sanding treatment 

facilitating the exposure of underlying fibers by subsequent plasma treatments.  

 Lastly, changes in the chemical composition of the plasma treated and control 

surfaces were examined using XPS.   Evaluation of the C 1s spectra revealed two functional 

groups, carbonyl and carboxylic groups which exhibited substantial changes following 

plasma treatments.  The carbonyl and carboxyl ratios increased with increasing plasma scans 

and trended similarly to wettability as measured by contact angle on a polymer substrate. 

Therefore, it is concluded that wettability may be attributed to an increase in these functional 

groups.  In the final analysis, an examination was made of the change in the C 1s ratios 

coupled with changes in shear strength as a function of number of plasma scans.   An 

increase in the carbonyl and carboxyl functional group ratios only on the scarf joint surface 

correlated to an improvement in shear strength.   
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6. Appendices 
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6.1 Appendix A 

6.1.1 Design of Experiment Conditions 

Table 11: Scarf Joint Experimental Conditions 

Pattern/ 
Specimen # 

Joint Sanding 
Plasma Working 
Distance (mm) 

Scan Rate 
(mm/s) 

Scan # 

Control Scarf 80grit/120grit Silicon Carbide N/A N/A N/A 

1.1. Scarf 80grit/120grit Silicon Carbide 10 10 1 

1.5. Scarf 80grit/120grit Silicon Carbide 10 10 5 

1.10. Scarf 80grit/120grit Silicon Carbide 10 10 10 

2.1. Scarf 80grit/120grit Silicon Carbide 10 30 1 

2.5. Scarf 80grit/120grit Silicon Carbide 10 30 5 

2.10. Scarf 80grit/120grit Silicon Carbide 10 30 10 

3.1. Scarf 80grit/120grit Silicon Carbide 15 10 1 

3.5. Scarf 80grit/120grit Silicon Carbide 15 10 5 

3.10. Scarf 80grit/120grit Silicon Carbide 15 10 10 

4.1. Scarf 80grit/120grit Silicon Carbide 15 30 1 

4.5. Scarf 80grit/120grit Silicon Carbide 15 30 5 

4.10. Scarf 80grit/120grit Silicon Carbide 15 30 10 

 

Table 12: Non-Sanded Lap Joint Experimental Conditions 

Pattern/ 
Specimen # 

Joint Sanding 
Plasma Working 
Distance (mm) 

Scan Rate 
(mm/s) 

Scan # 

Control Lap None N/A N/A N/A 

5.1. Lap None 10 10 1 

5.5. Lap None 10 10 5 

5.10. Lap None 10 10 10 

6.1. Lap None 10 30 1 

6.5. Lap None 10 30 5 

6.10. Lap None 10 30 10 

7.1. Lap None 15 10 1 

7.5. Lap None 15 10 5 

7.10. Lap None 15 10 10 

8.1. Lap None 15 30 1 

8.5. Lap None 15 30 5 

8.10. Lap None 15 30 10 
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Table 13: Sanded Lap Joint Experimental Conditions 

Pattern/ 
Specimen # 

Joint Sanding 

Plasma 
Working 
Distance 

(mm) 

Scan 
Rate 

(mm/s) 

Scan 
# 

Control Lap Light Strength 120grit Aluminum Oxide N/A N/A N/A 

9.1. Lap Light Strength 120grit Aluminum Oxide 10 30 1 

9.5. Lap Light Strength 120grit Aluminum Oxide 10 30 5 

9.10. Lap Light Strength 120grit Aluminum Oxide 10 30 10 

10.1. Lap Light Strength 120grit Aluminum Oxide 10 10 1 

10.5. Lap Light Strength 120grit Aluminum Oxide 10 10 5 

10.10. Lap Light Strength 120grit Aluminum Oxide 10 10 10 

11.1. Lap Light Strength 120grit Aluminum Oxide 15 10 1 

11.5. Lap Light Strength 120grit Aluminum Oxide 15 10 5 

11.10. Lap Light Strength 120grit Aluminum Oxide 15 10 10 

12.1. Lap Light Strength 120grit Aluminum Oxide 15 30 1 

12.5. Lap Light Strength 120grit Aluminum Oxide 15 30 5 

12.10. Lap Light Strength 120grit Aluminum Oxide 15 30 10 

 

 

 

 

 

  

 


