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ABSTRACT: A study was undertaken to evaluate the effect of atmospheric plasma
treatments on the surface chemistry, morphology, and mechanical properties of
graphite/epoxy composites. Characterization included contact angle measurements,
XPS, FTIR, SEM and AFM. Treatment was shown to increase strength by as much
as 50% relative to untreated specimens. The improvement was related to the number
of passes and can be attributed to chemical surface modifications. While the total
amount of oxygen on the surface stabilized quickly after a few plasma passes, the
concentration of the carboxyl groups was shown to continuously increase, and cor-
related well with observed increases in strength.
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INTRODUCTION

C
OMPOSITE MANUFACTURERS RELY on well-controlled processes to create consis-
tent, high performance bonded joints. Current standards for preparing the surface

of composites for bonding utilize either mechanical roughening or peel ply techniques.
As suggested by the name, mechanical roughening utilizes abrasion to remove surface
contaminants and increase roughness. Matienzo et al. [1] have suggested that the
relatively high level of surface roughness induced by some abrasion treatments leads
to mechanical interlocking and thus increases intrinsic adhesion. Other work [2] has
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discounted this mechanism, and concludes that ensuring a contamination free surface is

the critical factor for successful bonding. Abrasion techniques may also cause damage

to the reinforcement plies during the surface preparation procedure. Two additional

areas of concern with abrasion are the generation of dust and the inconsistency in the

surface prep related to operator variability. The peel ply technique is used extensively

for bonding the primary structures of the Boeing 787 and other commercial aircraft.

A peel ply is typically a woven material that is co-cured onto the surface of the

laminate. The function of the peel ply is to protect the surface until just prior to

bonding, at which time the peel ply is stripped away leaving a fresh surface for bond-

ing. Typically, a solvent wipe is used to remove any residual contamination from the

composite surface. However, there are processing issues related to inadvertent peel ply

contamination resulting in bond performance that is not as robust as those prepared by

abrasion. The peel ply fiber coatings, as well as the peel ply fibers themselves, can

detach and have been shown to contaminate the bond area [3,4]. Peel plies are also

typically moisture-absorbing materials that if not carefully controlled and dried can

negatively affect moisture sensitive matrix materials during cure and further erode

composite bond properties.
Plasma treatment of composite materials has the potential to avoid many of the issues

with current surface preparation methods, thus enhancing bond performance and consis-

tency. The atmospheric plasma treatment process is non-contacting, requires minimal

operator intervention, and can be applied to complex shapes. Additionally, secondary

contamination is expected to be greatly reduced compared to abrasion techniques. On

polymeric surfaces, plasma treatment involves the interaction of free radicals and ions with

the treated specimen [5,6]. This allows the surface chemistry and morphology of polymeric

materials to be modified depending on the specific gas and conditions used for treatment

[7]. An important aspect of the treatment is that the material changes are confined to a

depth of a few nanometers, reducing the potential of damage to the reinforcement plies. A

number of physical processes can occur during plasma treatment: ablation (cleaning by

removing low molecular weight organic contaminants); etching (affecting the surface mor-

phology of the substrate); crosslinking (interconnection of long chain molecules); and

surface activation (chemical bonding of reactive molecules with the substrate). Treating

materials with atmospheric plasma does not require a chamber and can be applied to the

specific areas of the substrate to be bonded rather than performing the treatment on the

entire structure. A number of polymeric systems [8,9] have been plasma treated and have

shown improvement in their bonding behavior in comparison to untreated specimens. A

limited number of fiber-reinforced composite systems have also been investigated with

promising results.
In this study, the impact of atmospheric plasma treatment on the bonding behavior of

a composite system that utilizes an interpenetrating network was investigated.

Interpenetrating polymer networks are a unique approach to increasing the fracture

toughness of a resin system, combining a thermoplastic with a thermoset and maximizing

the best of both systems by microstructural manipulation. Understanding how plasma

treatment affects the chemical and microstructural features of this composite material as

well as mechanical behavior of the resultant bond will allow an assessment of the suitabil-

ity of this technique as an alternative to current industrial practices.
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EXPERIMENTAL

Materials

The composite materials investigated in this study were Nelcote E765 epoxy with AS4
PAN-based carbon fibers. The E765 resin system is based on a semi-interpenetrating net-
work that includes a multifunctional epoxy backbone and a reactive thermoplastic modifier
for increased toughness. The laminates consisted of 8 prepreg plies laid up in a unidirec-
tional configuration. The laminates were cured in an autoclave at 121�C under a pressure of
0.69MPa (100 psi) and subsequently post-cured in an oven at 177�C for 2 h.

Plasma Treatment

A Surfx Technologies AtomFlo-250 atmospheric plasma unit was used to treat all
samples investigated in this study. The control unit uses helium gas as the carrier and
oxygen as the active gas. All gases are of 99.9% purity. The plasma wand (Surfx PS02129)
utilized a 25mm linear beam. Plasma conditions were fixed at 96W of radio frequency
(13.56MHz) power, 0.450L/min of oxygen as the active gas, and 30L/min of helium as the
carrier gas. During treatment, the samples were placed on a stationary stage and a robotic
arm holding the plasma head was scanned at a constant rate across the specimen face.
LABVIEW was used to control the robotic arm and a scan rate of 24.5mm/s was used for
all specimen treatments. The working distance was held fixed at 1.0mm from the source.
Prior to surface treatment, all specimens were cleaned with deionized water and then wiped
with isopropanol. Samples were typically evaluated within 2 h of treatment unless other-
wise stated. The plasma exposure is defined in terms of the number of passes by the plasma
head over the test surface. The plasma exposures used in this study were 0, 1, 3, 6, 12, 24,
and 48 passes.

Dynamic Mechanical Analysis

Dynamic mechanical analysis was performed on specimens directly after plasma treat-
ment in order to identify any variation in the glass transition temperature due to degra-
dation or cure advancement of the resin system. The specimen thickness was cut to
0.25mm in order to maximize the effects observed on the outer surface of the specimen.
A TA Instruments DMA Analyzer was used for all testing. The samples were scanned
from room temperature to 300�C at a heating rate of 10�C/min. The samples were tested in
a single cantilever mode at a frequency of 1Hz and a maximum strain of 20 mm. The glass
transition temperature (Tg) was identified as the maximum in loss modulus.

Fourier Transform Infrared Spectroscopy

FTIR was performed using a Nicolet Magna-IR 550 Spectrometer with a SensIR
Technologies Durascope diamond ATR stage. The Durascope allows direct observations
of the sample surface by holding the sample in contact with the diamond internal reflection
element surface. A total of 50 scans were averaged from each sample with a resolution of
4 cm�1, and a background was run before each analysis. Specimens were tested after
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surface treatment and compared to an untreated composite sample. Interactions from the
fibers were minimized by the resin rich surface.

Contact Angle Wetting Experiments

A Rame-Hart Advanced Automated Digital Goniometer was used for all contact angle
measurements. The test unit utilizes DROPimage Advanced software for resolving all
contact angle measurements and surface energy analysis. 25� 25mm composite specimens
were cut, cleaned using isopropanol, and plasma treated at the aforementioned plasma
conditions to evaluate the effect of plasma treatment on the wetting angle. Specimens were
compared to solvent wiped specimens as well as conventionally hand-abraded specimens.

Scanning Electron Microscopy

A JEOL Scanning electron microscope was used to analyze the surface microstructure of
the composite samples after plasma treatments. The specimens were gold coated and
viewed shortly after treatment using a voltage of 15 kV.

X-ray Photoelectron Spectroscoopy

X-ray photoelectron spectroscopy (XPS) system (SSI) using Al Ka source was used for
surface chemical analysis as a function of plasma treatment of the composite samples.
Analyzer pass energies of 150 and 50 eV were used for wide scans and high-resolution
spectra respectively. The XPS analysis chamber was pumped by an ion pump and had a
base pressure of 1� 10�10 Torr.

Atomic Force Microscopy

An AGILENT 5500LS Atomic Force Microscope (AFM) was used for analysis of the
surface morphology of the composite specimens. A number of 10� 10 mm scans were obtai-
ned and compared as a function of plasma treatment condition. The RMS and surface area
difference were also measured as a function of treatment condition. A separate set of com-
posite specimens were mounted edgewise in epoxy and polished to a 1-mm finish. The cross-
sections of the samples were then treated as a function of plasma treatment passes.
The cross-sections were analyzed to discern if variations in morphology could be observed
at low plasma exposure (low passes). Cross sections were used for this study due to inherent
roughness of the laminate surfaces. In addition, features related to the two phase interpene-
trating network of the composite matrix were also investigated using force modulation.

Peel Strength Testing

A Thwing-Albert Instruments Friction/Peel Tester (Model 2251) was used for all 180�

tape pull tests. An acrylic 3M 10312 tape was used for all tape-to-composite surface peel
tests. The composite substrate specimens were 152mm long by 50mm wide and were
treated at the aforementioned plasma treatment conditions. The 25.4mm wide tape was
applied onto the substrate and tested at 305mm/m for 10 s intervals. The tests were
performed to evaluate how the plasma treatment affected the bond behavior of the tape
onto the substrate.
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Mechanical Testing

Composite-to-composite single lap shear testing was performed per ASTM D 3165 to
assess the effectiveness of plasma treatments for enhancing bond strength. All composite
adherends tested in this investigation were post-cured at 177�C. E-glass/epoxy doublers
having the same thickness as the AS4/E765 laminates (1.5mm) were bonded to one side of
the 150� 150-mm laminates. The 65-mm-long doublers were bonded to the grip end on the
same side of the laminates as the bond area. Thus, the doublers ensured that the laminates
did not fail in the grip area, and also minimized bending stresses on the bond area by
aligning the bond area along the centerline between the grip faces. The doublers
were bonded using an ambient-temperature-cure adhesive, Hysol EA 9359.3. The doublers
were bonded to the laminates prior to plasma treatment to minimize post-treatment
handling.

After the doublers were cured, the bond area for each adherend was wiped with iso-
propanol and plasma treated. The two adherends were bonded together within 48 h of
treatment with no post-treatment cleaning. Bondline control wires (0.13mm dia.) were
placed parallel to the 15.2mm-long lap area at five equally-spaced locations across the
width of one laminate. The wires extended beyond the lap area and were secured with tape.
Polyethylene film was placed across the width of both laminates along the edge of the bond
area. Hysol EA 9394 epoxy paste adhesive was used for all bonding, and was applied to the
bond area on both adherends. The two laminates were placed together, positioned with a
15.2mm lap, and taped in place to prevent relative motion. Clamps were applied at the
center bondline control wire and midway between the outer wires. Excess adhesive
squeezed-out at the ends of the lap, but was prevented from bonding to the laminates
by the polyethylene film. Thus, a controlled lap length of 15.2mm was maintained.
The Hysol EA 9394 adhesive was cured at ambient temperature over 24 h, followed by
an oven cure at 80�C for 2 h. The oven cure was used to ensure that the adhesive was fully
cured for all lap shear coupons. Following the oven cure, five lap shear specimens were cut
from each bonded assembly using a water-cooled diamond saw. The lap shear specimens
had a nominal width of 25.4mm. For lap shear strength (LSS) testing, the specimens were
secured in wedge grips along the full length of the doublers. They were tested to failure at a
crosshead displacement rate of 2.5mm/min in an Instron Universal Testing machine
equipped with a 4500 kg load cell.

In addition to the plasma treated specimens, two sets of control LSS coupons were
prepared. For one set of control coupons, the bond area of the as-fabricated laminate
surface was wiped with isopropanol immediately before bonding. For the second set, the
bond area was sanded across the width of the bond area with 280 grit silicon carbide
abrasive paper, water cleaned, wiped with isopropanol, and bonded.

RESULTS AND DISCUSSSION

Lap Shear Strength

Figure 1 shows the effect of plasma treatment on the bond strength of the composite
system using an industry standard, room temperature curable, space-qualified, epoxy
(Hysol EA 9394). All of the plasma conditions were maintained constant except for the
number of treatment passes. The control or untreated specimens yielded average shear
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strengths of approximately 16.5MPa (2400 psi). Abrasion treatment gave no improvement
over the solvent-wiped condition. Though this is not an expected result, Pothakamuri and
Smith [10] have shown similar results when evaluating the effect of surface abrasion on the
bond strength of toughened composite systems. Figure 1 highlights the improvement in the
lap shear strength as a function of plasma exposure. The data shows a sharp initial
increase in bond strength, with gradual improvement as the number of treatment passes
increased. An improvement of approximately 50% in strength was observed after 48
passes, with a 30% increase in strength occurring with just 6 passes.

An analysis of the fracture surfaces showed that the dominant failure mechanism for the
solvent-wiped control condition (0 treatment in Figure 2) was a mixed mode cohesive
failure within the composite on one side of the bondline. The mixed mode failure was
within the surface resin or between the surface resin and outer fibers in the first ply.
Typically, the failure area on the control specimens also showed a shallow failure within
the first ply on 10�15% of the area, and adhesive failure between the EA 9394 and surface
resin on 5% of the area. The fracture surfaces for one plasma treatment did not vary
significantly from those for the solvent-wiped condition. As the number of plasma passes
was increased, failure tended to occur deeper within the composite. The area fraction of
failure within the first ply increased while the area fraction of mixed mode failure involving
the surface resin decreased. For the higher LSS conditions (12�48 plasma passes), failure
occurred deeper within the first ply, and possibly between the first and second plies.
These high-strength specimens also showed some cohesive failure within the EA 9394
adhesive. It is interesting to note that the abrasion treatment, despite a low LSS, produced
failures almost exclusively within the first composite ply.
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Figure 1. Bonded single lap shear strength as a function of plasma treatment passes (standard conditions:
plasma power: 96 w, working distance: 1 mm, oxygen flow:.45 lpm, helium gas flow rate: 15 lpm, scan
rate: 25.4 mm/s).
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Contact Angle Wetting

In order to better understand the mechanism behind the improvement in LSS, an
in-depth characterization of the treated surfaces was performed as a function of plasma
treatment. Plasma treatment has been shown to have a significant effect on the surface
energy of polymer surfaces as reflected by contact angle measurements. Cherry and
Holmes [11] have shown that there is a direct correlation between joint bond strength
and a wetting constant k1. The wetting constant, k1, is directly related to the surface
energy between the adhesive and the substrate as well as inversely proportional to the
viscosity of the adhesive. In other words, better wetting leads to better penetration of
the adhesive into the substrate, and thus an improvement in bond strength. Figure 3
shows the effect of plasma passes on contact angle for the AS4/E765 laminates.
The untreated, solvent-wiped, control sample exhibited a contact angle of 80�. A compa-
rable abraded composite specimen exhibited a contact angle of 69�, which is still consid-
ered poor wetting for a substrate. This slight decrease in contact angle can be attributed to
an increase in the surface roughness of the composite. Bascom et al. [12] have shown
that scratches and other inhomogeneities may promote wetting by capillary action.

280 Grit abrasive 0 Scans

6 Scans

280 Grit abrasive: >95% 1st Ply+<5% Adhesive

0 Scans: ≅80% Mixed mode+≅15% 1st Ply+≅5% Adhesive

6 Scans: ≅75% Mixed mode+≅25% 1st Ply

48 Scans: ≅50% Mixed mode+≅50% 1st Ply+<5% Adhesive

48 Scans

Figure 2. Typical fracture surfaces for lap shear strength specimens with different surface treatments.
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In comparison, the plasma treated composite specimens investigated in this study exhibit a
large drop in contact wetting angle with a single pass. After six passes, the contact angle
stabilizes at a lower level and remains essentially constant with further plasma treatment.
Improved wetting has been shown to enhance bonding and could be the primary contri-
bution to the sharp strength increases during initial plasma treatments. However, other
effects of the plasma treatment must come into play with additional plasma treatment
since the contact angle shows minimal change while the strength continues to increase.

Fourier Transform Infrared Spectroscopy and X-ray Photoelectron Spectroscopy

Fourier Transform Infrared Spectroscopy (FTIR) and X-ray Photoelectron
Spectroscopy (XPS) were performed to evaluate the chemical changes caused by plasma
treatment that could account for the improvements in wetting for this specific system.
FTIR was used to characterize the surface of the AS4/E765 composite specimens as a
function of plasma treatment passes. It should be noted that the FTIR technique inter-
rogates the composite material significantly below the plasma treated portion, providing
general chemical information regarding the treatment. The overall spectra appeared quite
consistent for all plasma conditions except for changes observed within the range of 2800
to 3800 cm�1. Figure 4 shows a compilation of the spectra as a function of plasma con-
ditions for this region. The broad absorption between 2800 and 3000 cm�1 is associated
with sp2 CH2 and sp3 CH rotational modes at 2960 and 2920 cm�1, respectively.
These methyl groups are typically quite stable in the backbone of the polymer and typi-
cally show no variations with cure and/or heat-treatment. However, after plasma treat-
ments these groups appear to become oxidized and decrease in intensity. Even though
there is an increase in the degree of oxidation of the surface, or development of �OH type
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Figure 3. The effect of air plasma treatment passes on contact angle of AS4/E765 composite laminates
(standard conditions).
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groups at 3500 cm�1 as a function of plasma passes, the bulk of the changes occur after the
first three passes, which is consistent with the contact angle measurements. This suggests
that there is a critical concentration of polar functionality needed to obtain maximum
hydrophilicity. The contact angle results agree with other investigators who attributed the
decreases in contact angle to the formation of polar groups, such as �OH, and COOH,
and �OOH at the surface of the polymer [13].

XPS was performed to analyze surface modifications to the substrate after treatment as
well as to identify what groups contribute to the observed physical properties. Table 1
shows the element distribution on the composite surface as a function of plasma activation
passes. The total oxygen content with respect to carbon on the substrate shows a large
increase after just 1 pass. This result correlates with the improved wetting behavior
observed for this composite. Additional passes generate only limited increases in over-
all oxygen content which again corresponds with limited improvement in wetting char-
acteristics. These results are in agreement with trends observed by Gupta et al. [14] for
poly(ethyleneterephthalate) PET films after plasma treatment. The nitrogen content was
also shown to increase steadily with an increased number of passes. Jiashen et Al. [15] have
shown through XPS that nitrogen-containing groups can incorporate themselves into the
surface of polymers while using an air plasma. Silicon was also identified throughout the
matrix material; this is one of the components incorporated into the toughening phase of
the matrix material.

Figure 5 shows the photoelectron spectra for the specimens as a function of increasing
plasma treatment passes. As discussed earlier, the largest change occurs after just one
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Figure 4. FTIR of composite surface as a function of plasma treatment.
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initial treatment due to large increase in overall oxygen content. However, when one
tracks the growth of each of the functional groups, a more nuanced picture emerges. A
detailed analysis of the XPS spectra of the C 1S region shown in Figure 6 allows a closer
examination of what functional groups are contributing to these observed mechanical
property changes. Figure 6 shows an example of typical deconvoluted XPS C 1s binding
energy spectra. The singular peak at 284.6 eV has been identified [16] as characteristic of
the hydrocarbon peak (�CxHy�). Subsequent plasma treatments of the surface create new
peaks at the shoulder of the original hydrocarbon peak related to binding energies for the
new functional groups created. There are additional peaks at 286.2, 288.2, and 289.2 eV.
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Figure 5. C1s X-ray photoelectron spectroscopy spectra of composite surface as a function of plasma
passes.

Table 1. Element analysis of composite surface
as a function of plasma treatment passes.

C 1s O 1s N 1s Si 2p F 1s

Control 60.3 19.9 6.3 6.9 5.4
Plasma 1 pass 47.4 31.8 7.7 6.0 5.4
Plasma 3 passes 47.4 32.4 8.3 4.7 5.4
Plasma 6 passes 46.9 31.7 10.5 4.4 4.2
Plasma 12 passes 48.7 30.8 11.6 3.4 3.2
Plasma 24 passes 45.3 31.8 11.6 5.5 3.7
Plasma 48 passes 47.8 31.1 14.2 3.2 2.0
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The peak at 286.2 has been attributed to alkoxy groups (C�O); the peak at 288.2 eV to
carbonyl groups(C¼O), and the peak at 289.2 eV is representative of carboxyl groups
(O�C¼O). Table 2 shows the evolution of functional groups formed as a function of
plasma treatment. The formation and growth of the carboxyl species increases as a func-
tion of plasma treatment and follows a very similar trend to that observed by the bond
strength shown in Figure 1. Even though the oxygen content remains fairly stable after one
treatment, the carboxyl species concentration shows a sharp and rapid initial increase and
then increases more gradually.

Figure 7(a) illustrates the similar trends in both adhesive strength and carboxyl
group concentrations as functions of plasma passes. Figure 7(b) shows the correlation
between adhesive strength and concentration of active carboxyl sites on the surface
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Figure 6. Peak-fitting method applied to the C1s spectrum obtained on the sample with 48 plasma passes,
effectively deconvoluting and identifying functional groups formed as a function of plasma treatment.

Table 2. XPS peak fitting method describing functional group distribution
on composite laminate surface as a function of plasma treatment passes.

C�C C�O/C�N C^O O^C�O CF2/CF3

B.E. 284.6 286.2 288.2 289.2 292/293
Control 67.9 21.3 7.7 0.0 3.1
Pass 01 36.8 37.9 14.1 7.3 3.9
Pass 03 36.5 35.1 13.3 10.5 4.6
Pass 06 36.5 34.1 10.9 15.1 3.5
Pass 12 32.1 36.4 9.2 19.8 2.6
Pass 24 33.1 31.0 10.0 22.0 4.0
Pass 48 33.1 30.1 11.5 23.7 1.5
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of the treated composites. Having a more polar surface corresponds with improved wet-

ting, and wetting is integral in developing intimate interfaces. However, as described ear-

lier, the wetting characteristics of the substrate are optimized after relatively few plasma

passes. Therefore, the increases in strength can be attributed to other factors such as

improvements in bonding between the adhesive and the substrate. These increases

25 25

20

15

10

5

0

24

23

22

21

20

19

18

17

0 10 20

Plasma treatment passes

Strength

O=C–O

30 40 50

La
p 

sh
ea

r 
st

re
ng

th
 (

M
P

a)

C
oncentration of carboxyl species (%

)

(a)

25

24

23

22

21

20

19

18

17

0 5 10 15 20 25

La
p 

sh
ea

r 
st

re
ng

th
 (

M
P

a)

Concentration of “O=C–O” species (%)

(b)

Figure 7. (a) LSS and carboxyl concentration as a function of treatment passes, (b) correlation between
‘‘O¼C�O’’ chemical groups formed on surface after plasma treatment and LSS.
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appear to be related to the increased concentration of carboxyl groups at the surface of the
substrate. Covalent bonding between carboxyl groups and epoxides has been observed in
the literature [17]. For many industrial coating applications where chemical resistance
properties are required, the reaction of epoxy resins with carboxyl groups is used as a
crosslinking mechanism. Blank et al. [18] have confirmed that amines can catalyze the
reaction of epoxy groups with carboxyl groups as shown in Figure 8. This could lead to the
chemical bonding proposed in Figure 9 where a portion of the unreacted epoxide groups in
the adhesive can chemically react with the carboxyl groups on the composite surface, and
therefore enhance bond strength. Reactions between the amine and carboxyl groups are
also possible. Even though this proposed mechanism and data explain observed increases
in bond strength, one cannot draw conclusions without evaluating what contributions
morphological changes from plasma treatment may have on adhesive strength as a func-
tion of plasma treatment.

Scanning Electron and Atomic Force Microscopy

Scanning electron and atomic force microscopy were used to evaluate the plasma treated
surface of the AS4/E765 composites. Figures 10(a) through 10(e) show the effect of plasma
treatment from 1 pass to 48 passes using SEM. The control (0 pass), 1-pass, 3-pass, and 6-
pass specimens appear identical with respect to morphology without any pronounced
changes in microstructural features. The surface average RMS amplitude is also on the
same relative scale, which is approximately 0.22mm as measured by atomic force
microscopy.

The initial surface roughness of the specimen is a function of the bagging/film material
in proximity to the composite sample during gelation; it is not an inherent property of the
material. It can be controlled and is a function of the composite manufacturer’s processes.
Therefore, small variations in surface roughness due to plasma treatment are more difficult
to assess on a surface with some initial texture in comparison to a surface that is featureless
(e.g. processed on mandrel). Figures 11(a) and 11(b) show the surface topography of both
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the 3-pass and 6-pass treated composite specimens using AFM. The surface morphology
is identical for all specimens up through six plasma treatments. These specimens have
an undulating surface profile. There does not appear to be any microstructural changes
on the surface from these lower treatment conditions (0�6). Therefore, the measured
increases in LSS must be related to increases in the concentration of chemically activated
sites on the surface rather than due to some type of mechanical interlocking mechanism
from surface roughening.

(a) (b)

(e)

(c) (d)

5μm 5μm1P 3P

5μm 5μm

5μm 24P

6P 12P

Figure 10. SEM micrographs of the composite surface after plasma treatment passes: (a) 1 pass, (b) 3
passes, (c) 6 passes, (d) 12 passes, (e) 24 passes.
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Upon increased exposure to 12 passes, the surface morphology exhibits a sharper dif-
ference as verified by AFM in Figure 12(a). Figure 12(a) shows that the composite topog-
raphy changes from an undulating profile to one with a higher frequency and higher
periodicity. These specimens show what we believe to be the onset of etching or ablation
of the surface. The SEM micrograph shown in Figure 10(d) corroborates these results and
exhibits the onset of a fine texture on the surface of the sample. Initially there were
concerns that this texture might be some type of surface debris related to the treatment.
However, the AFM cantilever tip probe was unable to disrupt the observed surface pro-
files, indicating that the small, 0.5mm particulates are well-adhered and suggesting that
they are a result of etching of surrounding material.
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Figure 12. Atomic force microscopy showing surface topography of composite surface treated to 12, 24 and
48 plasma passes: (a) 12 passes, (b) 24 passes, (c) 48 passes.
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Figure 11. Atomic force microscopy scan showing topography of a 3 pass and 6 pass composite surface
showing relatively same surface roughness with increased frequency of surface modulations. (a) 3 plasma
treatments, (b) 6 plasma treatments.
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Further treatment to 24 and 48 passes intensifies the etching and/or an ablation of the
surface in a manner that results in a smoother overall surface. AFM scans in Figure 12(a)
through c shows this progression as a function of plasma treatments In addition, there are
areas within the resin that show indications of a selective recession as shown in from the
SEM micrograph in Figure 9e. These variations in the microstructure of the matrix mate-
rial are caused by the differences in the etching rate between the phases of the interpene-
trating network of the matrix material. The more compliant rubbery phase is selectively
etched at a faster recession rate than the surrounding, more highly crosslinked epoxy
network. High-magnification micrographs of the etching behavior of the matrix material
(48 passes) in Figures 13 show distinct differences between the primary components in the
interpenetrating network.

It should be stressed that both the microstructural and chemical changes caused
by plasma treatment occur simultaneously and cannot be studied completely indepen-
dent of each other. However, understanding how each mechanism contributes to the
realized mechanical properties is essential in understanding and optimizing the surface
preparation process.

Peel Strength Testing

Tape peel tests were performed in order to evaluate how changes in surface morphology
affect the bond strength of the composite. The tape peel test measures how changes in
surface roughness may affect bond strength while removing the added contribution of
chemical bonding that occurs when using an epoxy adhesive in a bonded lap shear test.
Table 3 shows the 180� average peel strength of a 3M acrylic tape tested on all of the
treated composite specimens. In addition, a separate specimen was tested on a portion of a
control composite that was contaminated with the same tape residue (i.e., repeat testing on
same area of sample). This test was performed to confirm that tape adhesive residue left on
the control specimen would decrease the bond strength. Figure 14 shows that the peel
strength of the contaminated surface decreases as expected, from 125 to 60 g. As the
number of plasma treatment passes increase up to 6, there is a continuous increase in

Figure 13. SEM Micrographs showing morphology of plasma treated surface after 48 passes.
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tape peel strength. The increase in peel strength from pass 1 to pass 6 appears to be more a

factor of chemical effects than mechanical interlocking effects created by a roughened

surface since microstructural changes were not observed by AFM and SEM, as discussed

previously. This could be due to enhanced wetting caused by the more polar surface and/or

the removal of lower molecular weight contaminants.
Figure 15 shows the average tape peel strength as a function plasma exposure (0�48

passes). As described earlier, the surface morphology of the composite does not show any

changes until 12 passes. From this point on, additional plasma treatments cause a sharp

decrease in tape peel strength. The average strength drops from 325 to 200 g. Additional

treatment to 48 passes shows amarginal increase in peel strength, yet it remains significantly

below the peak strength after 6 passes. We can assume from this data that contributions in

strength in the ‘‘bonded’’ composites are even less of a factor due tomicrostructural changes

since tape peel strength shows little to no added value in this range. This is in line with our

previous observations that showed that the surface of the treated specimens became
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Figure 14. Tape peel strength as a function of plasma treatment for composite laminates.

Table 3. The 1808 average tape peel strength on a composite substrate as
a function of surface treatment (3M 10312 Tape, 25.4 mm width).

Composite Surface Treatment Tape Peel Strength (g)

Pressure sensitive adhesive (PSA)
residue contaminated specimen

70

Control (solvent-wiped) 125
1 Plasma pass 175
3 Plasma passes 225
6 Plasma passes 330
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smoother with additional treatment. Thus, XPS, SEM, AFM, and peel testing all support
the conclusion that contributions from mechanical interlocking are significantly lower than

those due to chemical effects.

Dynamic Mechanical Analysis

Dynamic mechanical analysis of the treated composite samples was performed to
develop an understanding of the degree of degradation, if any, that the plasma treatment

could have on the polymer matrix material. By measuring the glass transition temperature

of the treated specimens and comparing it to a control specimen, changes that have
occurred to the network can be assessed. In addition, Yasuda et al. [19] have stated that

due to the increased temperature of the plasma localized heating can even increase the
degree of crosslinking at the surface of the sample. An increase in crosslinking would

correlate to an increase in Tg. The composite specimens were machined and sectioned to
approximately 0.25mm prior to plasma treatment to maximize any measurable effects that

are observed at the surface of the sample. Figure 15 shows the effect of additional plasma
treatment passes on the measured Tg. As shown, there is a minimal change in Tg up to 48

passes even though microstructural changes on the surface of the matrix are observed

using both SEM and AFM. This measurement shows that even after extensive plasma
exposure the overall composite remains structurally sound and the plasma treatment only

affects a highly localized area on the laminate surface, even after 48 passes.
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Figure 15. The effect of plasma passes on the glass transition temperature of the composite substrate.
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CONCLUSIONS

(1) Plasma treatment of composite specimens is a suitable treatment for surface

preparation of composite hardware. The procedure is simple, non-operator dependent,

and exhibits no damage to reinforcement for the treatment conditions chosen in

this study.
(2) The adhesive bond strength of Hysol EA 9394 with AS4/E765 was shown to increase as

a function of plasma treatment passes. Increases in adhesive bond strength of approx-

imately 50% over control specimens were realized after 48 passes, and increases by

30% were obtained after as little as 6 passes.
(3) The wetting characteristics of the composite surface were greatly improved with only a

few plasma treatment passes. These reductions in contact angle correlated well

with increases in total oxygen content on the surface of the specimens as verified by

FTIR and XPS. Additional plasma treatment exhibited only a minimal improvement

in wetting after 6 passes indicating a critical concentration of polar functionality

necessary in order to obtain maximum hydrophilicity.
(4) X-ray Photoelectron Spectroscopy identified the relative ratios of functional groups

(i.e. C�O, C¼O, O�C¼O) formed as a function of plasma treatments. Even though the

oxygen content is maximized after one treatment, the carboxyl content continued to

increase with plasma treatment. The carboxyl species content was shown to correlate

well to the increases in lap shear strength measured for AS4/E765 composites. It is

believed these improvements are due to improved bonding at the interface between the

carboxyl groups and the epoxide functionality in the adhesive.
(5) AFM and SEM indicated that there were minimal variations in surface topography as

a function of plasma treatment up to 6 passes, which indicates strength improvements

in this range were more a factor of chemical effects rather than mechanical coupling.

After 12 passes, microstructural changes were more evident and exhibited an etching of

the surface that appeared to create a smoother surface and thus reduced contributions

from mechanical interlocking.
(6) Contributions to the strength of ‘‘bonded’’ composites from microstructural changes

are not considered to be significant since tape peel strength showed no added value for

the high number of plasma passes required to cause microstructural changes.
(7) Microstructural and chemical changes caused by plasma treatment occur simulta-

neously and cannot be studied completely independent of each other. However, under-

standing how each mechanism contributes to the realized mechanical properties is

essential in utilizing and optimizing this surface preparation technique.

ACKNOWLEDGEMENT

We would like to thank The Aerospace Corporation’s Independent Research and

Program Development Office for their support.
All trademarks, service marks, and trade names are the property of their respective

owners.

The Effect of Atmospheric Plasma Treatment 155



REFERENCES

1. Matienzo, L.J., Venables, J.D., Fudge, J.D. and Velton, J.J. (1985). Surface Preparation for
Bonding in Advanced Composites, Part I; Effect of Peel Ply Materials and Mold Release Agents
on Bond Strength, In: 30th National Symposium, March, p. 302.

2. Pocius, A.V. and Wenz, R.P. (1985). Mechanical Surface Preparation of Graphite-Epoxy
Composites, SAMPE J., Sept/Oct: 50.

3. Parker, B.M. and Waghorne, R.M. (1982). Surface Pretreatment of Carbon-Fiber Reinforced
Composites for Adhesive Bonding, Composites, 13: 280.

4. Stone, M.H. (1981). Effect of the Degree of Abrasion of Composite Surfaces on the Strengths of
Adhesively Bonded Joints, Int. J. Adhes. Adhes., 1: 271.

5. Yasuda, H.K., Sharma, A.K., Hale, E.B. and James, W.J. (1982). Atomic Interfacial Mixing to
Create Water Insensitive Adhesion, J. Adhesion, 13: 269.

6. Rose, P.W. and Liston, E.M. (1985). Treating Plastic Surfaces with Cold Gas Plasmas, Plast.
Eng., 43(10): 41.

7. Anand, M., Cohen, R.E. and Baddour, R.F. (1981). Surface Modification of Low Density
Polyethylene in a Fluorine Gas Plasma, Polymer, 22: 361.

8. Greenwood, O., Boyd, R., Hopkins, J. and Badyal, J. (1995). Silent Discharge versus Low
Pressure Plasma Treatment of Polyethylene, Polypropylene, and Polystyrene, J. Adhes. Sci.
Technol., 9(3): 311�326.

9. Noeske, M., Degenhardt, J., Strudthoff, S. and Lommatzsch, U. (2004). Plasma Jet Treatment
of Five Polymers at Atmospheric Pressure: Surface Modifications and Relevance for Adhesion,
Int. J. Adhes. Adhes., 24: 171�177.

10. Pothakamuri, P. and Smith, L. (2007). Effect of Surface Treatment on the Degradation of
Composite Adhesives, Washington State University, Washington.

11. Cherry, B. and Holmes, C. (1969). Kinetics of Wetting of Surfaces by Polymers, J. Colloid
Interface Sci., 38: 174.

12. Bascom, W., Cottington, R. and Singleterry, C. (1972). Contact Angle, Wettability, and
Adhesion, In: Gould, R.F. (ed.). Advances in Chemistry Series 43, p. 355, Am. Chemical
Society, Washington.

13. Vesel, A. and Mozetic, M. (2008). Tetragonal Silver Films on V(100): Experimental and
Ab-initio Studies, J. Phys. Conf. Ser., 100: 012027.

14. Gupta, B., Hilborn, J., Hollenstein, C., Plummer, C., Houriet, R. and Xanthopoulos, N. (2000).
Surface Modification of Polyester Films by RF Plasma, J. Appl. Polym. Sci., 78: 1083�1091.

15. Jiashen, L., He, S. and Huili, D. (2001). XPS Investigation of Plasma Modified Polyethylene
Surfaces, Sponsored by National Natural Science Foundation of China (No. 59733070), 3(10):
50, Copyright (Available at: www.Chemistrymag.org/cji/2001/03a050ne.htm)

16. Blythe, A.R., Briggs, D., Kendall, C.R., Rance, D.G. and Zichy, V.J. (1978). Surface
Modification of Polyethylene by Electrical Discharge Treatment and the Mechanism of
Autoadhesion, Polymer, 19: 1273.

17. Fedoseev, M., Gurina, M., Sdobnov, V. and Kondyurin, A. (1995). Study of the Reaction
of Epoxides with Carboxylic Acids by IR and Raman Spectrometry, J. Raman Spectrosc.,
27(5): 413.

18. Blank, W. and Picci, M. (2002). Catalysis of the Epoxy-Carboxyl Reaction, J. Coat. Technol.,
74: 33.

19. Yasuda, H., Lamaze, C.E. and Sakaoku, K. (1973). Effect of Electrodeless Glow Discharge on
Polymers, J. Appl. Polym. Sci., 17: 137.

156 R. J. ZALDIVAR ET AL.


