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ABSTRACT 

Atmospheric pressure plasma treatment is an alternative surface preparation method for plastics 
and organic matrix composites prior to structural adhesive bonding.  The atmospheric pressure 
plasmas are a promising technique for replacing traditional methods of surface preparation by 
manual sanding, grit blasting, peel ply, or wet chemistry.  All surfaces studied were converted 
from a hydrophobic state into a hydrophilic state with a water contact angles of <40°.  Atomic 
force microscopy confirmed that plasma activation resulted in only minor changes to the 
composite surface structure.  Characterization of the composite surfaces by X-ray photoelectron 
spectroscopy revealed an increase in oxygen content following plasma treatment.  After plasma 
activation, the composite surfaces displayed specific chemical changes, i.e., the formation of 
alcohols, ketones or aldehydes and carboxylic acid groups.  Lap shear testing showed that after 
plasma activation, the strength can be increased from ~50% up to several fold over that achieved 
by either solvent wiping or abrasion depending on the material used.  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 
functional groups.  The data to be presented will include and detailed bond failure mode 
evaluations in hot-wet environmental conditions. 

1. INTRODUCTION

The adhesion of bonded joints is of great concern to the aerospace and automotive industries [1].  
Metal-polymer composites can produce structures that are significantly lighter, but with the same 
strength and durability as traditional metal structures.  Adhesively bonded metal-plastic 
composites offer advantages over overmolding, riveted structures 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 [2-7].  Additional technical 
challenges still exist for bonded structures and repairs before widespread implementation can be 
achieved.  This includes qualification of the adhesive bonding process in terms of bond strength 
and durability [8].  An understanding of the mechanism responsible for attaining proper surface 
preparation and adhesion is also needed.   

Atmospheric pressure plasma activation is rapidly gaining acceptance as a desirable method of 
surface preparation prior to bonding [1].  The use of this method in the joining of composite 
surfaces has been the subject of several publications [1,9,10].  This technique provides an 
alternative to traditional methods of surface preparation by wet chemical cleaning and 
mechanical abrasion [1,11].  While these traditional procedures are well tested and reliable, they 
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are also time consuming manual processes.  Additionally, when not properly administered, these 
techniques can yield poor bond strengths, and can even result in damage to composites that are 
fabricated with high modulus fibers [1,11].  Furthermore, 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.   

In this paper, we review recently published work using atmospheric pressure, radio frequency, 
capacitive discharge plasmas to activate metal, polymer and composite surfaces.  These 
particular plasmas have been fully characterized, so that we know the concentrations of the 
reactive species that come in contact with the surface [12-15].  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 (WCA), greater surface roughness, and a 
desirable change in the chemical composition of the surface.  These concepts are examined in 
this paper. 

2. EXPERIMENTAL

The composites used by Zaldivar et al. [10] 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 resulting coupons were bonded together and cured using Hysol EA 9394 
adhesive paste.  The lap shear specimens had a nominal width of 25.4 mm with a 15.2 mm 
overlap.  Previous work has also been performed on carbon-fiber-reinforced epoxy (CFRE) 
composites and stainless steel treated using atmospheric pressure plasma [16].  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.  This composite had a tensile 
strength of 120,000 psi.  Additional studies have been performed on many other substrates, but 
will not be discussed in detail here.  Hicks et al. [17] have studied the surface preparation of 
carbon fiber reinforced polyetheretherketone (PEEK) composites.  Water contact angle analysis 
was conducted using polyethylene terephthalate (PET), polyethylene naphthalate (PEN) and high 
density polyethylene (HDPE) [18,19]. 

A number of adhesives are reported as being used for bonding including urethane (Hardman, Inc. 
04022), epoxy (Hardman, Inc. 04005), acrylic (3M Scotch-Weld DP805), and silicone (NuSil 
Technology MED1-4013) [12,18].  The study performed by Hicks et al. [17] used 3M AF563 
film adhesive to bond PEEK samples. 

The atmospheric pressure plasma used for surface preparation was a Surfx Technologies 
AtomfloTM system.  This machine was fed with helium and up to 3.0 volume% oxygen.  The 
discharge was struck with radio frequency power at 13.56 MHz.  Zaldivar et al. [1,10] treated 
their composite samples with a 25-mm linear beam plasma at 96 W of RF power, 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.  
Work perfomed on CFRE and stainless steel as well as the work performed by Gonzalez et al. 
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[12, 16, 18-20] treated their polymer samples with a 50-mm linear beam plasma operated at 200 
W RF power, 0.8-0.9 L/min O2, 30.0 L/min He, 3.0-5.0 mm source-to-sample distance, and 10 
mm/s scan speed.   

Some stainless steel 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. 

A Krüss EasyDrop goniometer was used to measure the water contact angles on the surface of 
the plasma activated surfaces.  For each test, the mean and standard deviation of ten droplets, 2 
μL in volume, were obtained.  Surface roughness values were measured using a VEECO DI3100 
atomic force microscope (AFM).  The root-mean-square (RMS) surface roughness and total 
surface area of the samples were obtained by using the software program, Nanoscope V6.12r2.  
Surface composition was analyzed by X-ray photoelectron spectroscopy (XPS).  Core level 
photoemission spectra of the C 1s and O 1s lines were collected with a PHI 3057 spectrometer 
using Mg Kα X-rays at 1286.6 eV, and a 23.5 eV pass energy.  The detection angle with respect 
to the surface normal was 25°.  All spectra were referenced to the C 1s peak of the graphitic 
carbon atom at 285.0 eV.  The integrated areas of the C 1s and O 1s photoemission peaks, 
divided by their sensitivity factors, 0.30 and 0.71, respectively, were used to determine surface 
atomic percentages. 

Double-notch lap shear strengths were measured following the ASTM D-3165 procedure [21].  
Wedge crack extension test (WCET) coupons were fabricated as specified in ASTM D3762 [22].  
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. 
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. 

3. RESULTS

3.1 Water Contact Angle 

Water contact angle is a well-known method for determining if a surface has been activated and 
exhibits a high surface energy.  Water contact angle data have been measured for many polymers 
and composites [12,18-20].  The dependence of water contact angle with plasma exposure time 
can be seen in Figure 1 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 1 
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follow an exponential decay function that is typical of Langmuir adsorption kinetics.  The data 
were fitted to a function of exposure time, τ, with the following equation: 

WCA(t)=WCA(∞)+[WCA(0)-WCA(∞)] exp(-kexpτ)      (1) 

where WCA(∞) is the minimum contact angle achieved, WCA(0) is the initial water contact 
angle, and kexp is the experimental rate constant.  Table 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. 

 

Figure 1. Change in water contact angle with plasma exposure time for carbon-fiber-reinforced-
epoxy composite and 410 stainless steel [16]. 

3.2 Atomic Force Microscopy 

It is known that changes in surface morphology can result in improved adhesion through a 
process known as mechanical interlocking [23-25].  An example of AFM images of the CFRE 
surface before and after exposure to 10 scans of the AtomfloTM helium-oxygen plasma is 
presented in Figure 2 [16].  All of the AFM images have a projected surface area of 100.0 µm2.  
The root-mean-square (rms) roughness, arithmetic roughness (Ra), and surface area 
measurements for the samples are presented in Table 1.  Following activation with 10 scans of 
the plasma, the composite surface evolved in appearance from a smooth profile with small 
undulating features to one with many large peaks and valleys.  This change was attributed to the 
initial stages of the resin being etched.  Intermediate levels of plasma activation showed that the 
surface of the epoxy composite remained relatively smooth up to about 5 scans, which 
corresponds to 10 seconds of plasma exposure.  Doubling plasma exposure to 10 scans caused 
the average roughness to increase from 38 nm to 63 nm.  This increase in surface roughness 
resulted in an increase in the substrate surface area from 100 µm2 for the control to 104 µm2 after 
10 plasma scans.   

Atomic force microscopy images have also been used to study the effects of plasma on metal 
surfaces such as stainless steel.  These measurements showed that surface activation by 
atmospheric pressure plasma resulted in no significant roughening of the surface.  The stainless 
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steel exhibited a roughness value of 63±2 nm for the sample activated with the He/O2 plasma 
may be compared to 75±5 nm for the control. These findings indicate it is unlikely that 
morphological changes play an important role in the plasma activation of stainless steel for 
adhesive bonding.   

 

Figure 2. Atomic force micrographs of (a) untreated epoxy composite and (b) composite 
exposed to 10 scans of He/O2 plasma [16]. 

Table 1. Surface roughness of carbon-fiber/epoxy laminate before and after He/O2 plasma 
activation [16]. 

Treatment Rms (nm) Ra (nm) Surface Area (μm2) 
Control 12±2 10±2 100±1 
10 scans 63±7 39±6 104±2 

 

3.3 X-ray Photoelectron Spectroscopy of carbon-fiber-reinforced epoxy 

The surface activation of CFRE using atmospheric pressure RF capacitive discharge plasmas has 
been studied by XPS.  The CFRE samples were treated under standard He/O2 plasma conditions 
at 5 mm/s scan speed using 10 scans over the surface. Figure 3 shows the XPS spectra for the 
carbon peak of CFRE before and after plasma treatment [16].  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.  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-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%. 
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Figure 3. Carbon 1s XPS spectra of CFRE before and after plasma activation [16]. 

3.4 Lap Shear Strength Tests 

Figure 4 illustrates the dependence of the lap shear strength of bonded carbon-fiber epoxy 
composites on the exposure time with an AtomfloTM helium and oxygen plasma [16].  The shear 
strength of the epoxy adhesive used was in excess of 34.5 MPa as reported by the manufacturer 
[26].  The bond strength increased rapidly over the first 5 plasma scans from 14 MPa to 32 MPa.  
Further plasma exposure from 10 up to 20 scans resulted in a gradual increase in the bond 
strength to a maximum value of 35 MPa.  The total improvement in lap shear strength was 
150%.   

A variety of polymers have been studied with different adhesives resulting in similar findings for 
bond behavior.  Gonzalez et al. [18] performed pull strength measurements of bonded PET and 
PEN samples.   After activation with He/O2 plasma, the pull strength was increased 16 times for 
the urethane, 8 times for the epoxy, and 6 times for the acrylic adhesive.  Polyethylene 
terephthalate was bonded using silicone, epoxy and urethane adhesives resulting in bond strength 
increases of over 3-fold for each glue following activation with He/O2 plasma [18].  Many other 
polymer and adhesive combinations have been studied with results ranging from two-fold to ten-
fold increases in bond strength following plasma activation compared to solvent-wiped controls 
[12,27-29].  
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Figure 4. Shear strength of bonded epoxy composites versus He/O2 plasma exposure [16]. 

Figure 5 gives the dependence of lap shear strength for stainless steel on plasma exposure time.  
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 nearly 
24±4 MPa.  The lap shear strength sharply increased to 32±3 MPa following 3 scans.  This 
continues to gradually increase towards a saturation value of 34±3 MPa as the number of plasma 
scans increases.    

 

Figure 5. Lap shear strength of 410 stainless steel versus plasma exposure time [16]. 
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3.5 Discussion of the Mechanism for Surface Activation 

Water contact angle is often cited as a method for determining the readiness of a surface for 
bonding.  However, the effectiveness of this technique in predicting the behavior of adhesive 
joints is dependent on what material is being studied.  This is illuminated by the discrepancy 
between the time scales necessary for WCA reduction compared to that required for maximum 
bond strength when examining polymers and composites.  The data presented above indicate that 
less than a second of atmospheric pressure plasma activation causes the water contact angle to 
rapidly fall to a final steady-state value.  This is in contrast with the time scale for achieving 
maximum bond strength, which is attained following plasma exposure times of greater than one 
second.  Therefore, a high surface energy is necessary, but not sufficient as an indication of a 
polymer’s readiness for bonding.   

Similarly, morphological changes in the surface show no correlation with increases in bond 
strength.  No correlation was observed between the surface morphology recorded by AFM and 
the strength of the joint as shown in Figure 1.  The largest increase in the lap shear strength 
occurred at short exposure times:  after 6 plasma scans, the bond strength jumped from 16.5 to 
21.0 MPa.  By contrast, no significant change in surface roughness was recorded.  Roughening 
of the substrate surface only occurred after 12 plasma scans, where the rate of increase in bond 
strength was relatively low.  Therefore, a change in mechanical interlocking cannot be 
responsible for the increase in bond strength.   

The mechanism for bond enhancement by plasma activation must result from changes in the 
chemical composition of the surface.  With regards to plasma activation of carbon-fiber-
reinforced epoxy composites, the lap shear strength is plotted directly against the surface 
concentration of carboxylic acid groups in Figure 6 [10].  A one-to-one correlation between 
surface concentration of carboxylic acid groups and lap shear strength is observed.   

 

Figure 6.  One-to-one correlation between surface concentration of carboxylic acid groups and 
lap shear strength [10]. 

3.6 Wedge Crack Extension Tests 

The durability and failure mechanism of a bonded part are another important consideration when 
evaluating the effectiveness of a surface preparation.  When failure occurs at the interface 

SME Technical Paper TP14PUB43

8



between the adhesive and substrate (adhesive failure), bond strength can be greatly improved by 
using appropriate surface preparation techniques.  Conversely, when failure occurs within the 
adhesive (cohesive failure), the bond strength is limited by the adhesive itself.  In this case, bond 
strength cannot be improved further through the use of better surface preparation techniques.   

The crack lengths and fraction of cohesive failure observed for each stainless steel surface 
preparation are presented in Table 2 [16].  Previous publications list a standard 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 [30].  Analysis of the wedge crack 
extension tests on stainless steel demonstrated a high degree of interfacial failure for the control 
sample, while the He/O2 plasma and sanded with He/O2 plasma samples showed >90% cohesive 
failure.  After seven days of aging at 60°C and 98% relative humidity, the crack extension length 
for the control sample was 7.0 mm.  The control sample does not meet the standards for passing 
the military specifications.  Over a seven day period in the humidity chamber, the coupons 
activated with helium-oxygen plasma had a crack extension length of 2.5 mm.  The substrates 
that were sanded then activated with He/O2 plasma had a crack extension length of 3.5 mm.   

Table 2. Wedge crack extension test results for stainless steel substrates [16]. 

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% 

 

This work seems to indicate 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 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 solvent cleaned stainless steel surfaces. 

4. CONCLUSIONS 

The use of atmospheric pressure helium and oxygen plasma has shown to be an effective 
replacement for preparing surfaces for bonding instead of traditional wet chemical or abrasion 
techniques.  A variety of polymer, composite and metal substrates have shown a substantial 
increase in bond strength after a short exposure to the RF capacitive discharge plasma.  
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 
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failure and <6.4 mm crack extension after 7 days aging at 60 °C and 98% relative humidity.  
Surface analysis by WCA, XPS and AFM indicates that the improved adhesion is due to 
chemical changes induced by the plasma system.  A direct correlation is observed between joint 
strength and the concentration of exposed carboxylic acid groups.  These data make the case that 
atmospheric pressure plasma activation not only improves static bond strengths, but also 
significantly enhances the durability of the joint.   
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Motivation
• Bonded joints are widely used in the aerospace and automotive industries
• Weak interfacial adhesion can lead to bond line failure prior to the load

limitations of the adhesive
– Proper surface activation is essential for achieving strong, durable bonds

• Weak interfacial adhesion can lead to bond line failure prior to the load
limitations of the adhesivee

Surface Preparation
• Bonded joints offer:

– Weight reduction
– Conformance to aerodynamic contours
– Longer fatigue lives than mechanical joints

• Pretreatment is most important step governing joint
quality

– Peel ply
– Abrasion – grit blasting and sanding
– Wet chemistry
– Atmospheric pressure plasma activation

• Traditional methods are time consuming, manual
processes with environment, health, and safety concerns

• The efficacy of surface activation techniques is
analyzed by the mechanical properties, water contact
angle (i.e., surface energy), surface roughness, and
surface composition

Flinn, B.; Clark, B.; Satterwhite, J.; Van Voast, P., In Proceedings of the
SAMPE Technical Conference Baltimore, MD, 2007.



Plasma Activation
• More recently, surface preparation by

atmospheric pressure capacitive
discharge plasma has gained significant
interest

• Atmospheric plasmas have no EH&S
concerns and no hazardous waste to
dispose of

• Translatable between manufacturing
and repair environments

• Many different materials can be cleaned
and activated for bonding

50 mm wide

Surfx® AtomfloTM 400 source
Helium/oxygen plasma

Plasma Basics
• Plasma is an ionized gas

containing positive and negative
ions, and free electrons

• Free electrons are accelerated and
collide with neutral gas to
continue ionization

• Electrons drive chemistry at low
temperature
– Plasma reaction:

O2 + e- O + O + e-

– Reactive species (O atoms)
responsible for surface activation

+ + + + + + + + + +

- - - - - - - - - -
He+

e-

- +



• Non-equillibrium plasma:
– Noble gas (He or Ar) stabilized
– <5.0 volume% reactive gas
– Te ≈ 104 K (1 to 2 eV)
– Tg < 150°C

• Flexible chemistry
• No pump cycles needed
• Automation removes

guesswork
• Highly reproducible

Atmospheric Plasma Equipment

Bond Strength of
Epoxy Composites

• ASTM D3165-07 – Single Lap Shear
Strength

• Carbon-fiber-reinforced epoxy
composite joined with epoxy adhesive

• Bond strength increases rapidly at short
exposure times and begins to saturate at
long times

• Bond improvement depends on the
resin, adhesive and plasma chemistry

• What is the mechanism that leads to this
increase in strength?

Carbon fiber based epichlorohydrin/ 
bisphenol A epoxy

Nelcote E765 epoxy with AS4 PAN-based carbon fiber

Zaldivar, R. J.et. al, J. of Composite Materials, 44, 1435 (2010).



• Initial WCA: 70-80°

• Final WCA: 15-25°

• Water contact angle
is reduced within ~5
seconds of exposure.

Nelcote E765 epoxy 
with AS4 PAN carbon 
fibers

WCA: Epoxy Composite

Carbon fiber based 
epichlorohydrin/ bisphenol A 
epoxy

Zaldivar, R. J.et. al, J. of Composite Materials, 44, 1435 (2010).

• Etching of the resin observed
• Less than 5 scans, profiles

exhibit smooth surface
• More than 5 scans, profiles

develop large peaks and
valleys

• No correlation between
surface topography and bond
strengthAFM of an epoxy composite surface exposed to: 

0, 1, 5, 10 and 20 scans of the atmospheric 
pressure, helium/oxygen plasma.

Surface Roughness
a) b) 

d) c) 

e) 

Control 1 scan

5 scans 10 scans

20 scans



• Plasma exposure increases
surface oxygen concentration
from 19% to 35%

• Carbonyl and carboxyl increase
2.5 times

Treatment C-C C-O C=O (C=O)-O
IPA wiped 80.7% 8.3% 4.7% 6.3%

Plasma 64.7% 8.5% 9.9% 16.9%

XPS of Epoxy Composite

• A one-to-one correspondence
between carboxylic acid
concentration and lap shear
strength is observed

• The reaction between
carboxylic acids and 3-
membered epoxide rings is a
known method of cross-
linking epoxy adhesives

Lap Shear Correlation to 
Carboxylic Acid Presence

Zaldivar, R. J.et. al, J. of Composite Materials, 44, 1435 (2010).



• Initial WCA: 60-70°.
• Final WCA: 20-25°.
• Exponential decay

constant kexp: 0.42 sec-1.

Surface Preparation of
410 Stainless Steel 

WCA(t)=WCA(∞)+[WCA(0)-WCA(∞)] exp(-kexpτ)

• Cytec bond primer used after
plasma activation

• Lap Shear Strength increases
to 34±2 MPa by ~5 scans.

• Rate Constant: ks=0.44 s-1.
• Bond strength increase

parallels decrease in WCA:
kwca=0.42 s-1.

410 Stainless Steel

Lap Shear Strength with 
Plasma Exposure Time



Failure Modes
• Failure mode and relation to bond

strength:
– Adhesive failure

• Weak bond; unacceptable for
most applications

– Cohesive
• Bond as strong as adhesive itself

– Interlaminar
• Bond as strong as laminate itself
• May result from damage during

surface preparation
• Plasma activated surfaces exhibit

nearly >90% cohesive failure

Wedge Crack Extension for 
Steel (Bond Durability)

Control Sanded He/O2 plasma
Sanded and 

He/O2 plasma

Crack extension length 7.0 mm 5.5 mm 2.5 mm 3.5 mm

Cohesive failure % 30% 81% 97% 94%

• Control • Sanded and
He/O2 plasma

• He/O2 plasma• Sanded

Primer used in all cases



Impact Damage for
Steel/Epoxy Composite

• The 1/8” - 1/16” laminates exceeded the damage resistance
of sheet stainless steel with over 40%  weight reduction.

Front 
Side

Back 
Side

High Energy Low Energy

• 18 ga. Steel • 1/8” CFRE • 18 ga. Steel • 1/8” CFRE

• Plasma activation has been demonstrated on a
wide variety of substrates
– Polymers

• HDPE, PP, Nylon; PI; ABS; PET; Acrylic and many more

– Composites
• Epoxy; BMI; PEEK; Cyanate ester

– Fibers
• Glass fiber; Carbon fiber; Carbon nanotubes

– Metals
• Titanium; Stainless steel; Aluminum

– Ceramics

Versatile Surface Preparation



Conclusions
• Plasma activation for adhesive bond preparation:

– Cleans carbon contamination
– Oxidizes substrates and generates carboxylic acids and other

oxidized functional groups
– Bond performance is limited only by the strength of the adhesive

• Increase in lap shear strength does not correlate with
changes in water contact angle and surface roughness
– Strong adhesion is the result of specific chemical interactions

• Process can be automated and used to join dissimilar
materials using the same surface prep

• Plasma can replace traditional surface preparations while
eliminating waste generation and EH&S concerns

Acknowledgments: Eleazar Gonzalez and Raphael Zaldivar




