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Abstract:  A review is presented on the surface preparation of polymers 
and composites using atmospheric pressure plasmas. This is a promising 
technique for replacing traditional methods of surface preparation by 
abrasion. With suffi cient exposure to the plasma afterglow, polymer and 
composite surfaces are fully activated such that when bonded and cured 
with epoxy adhesives, they undergo 100% cohesive failure in the adhesive. 
Depending on the material, the lap shear strength and crack delamination 
resistance (GIC) can be increased several fold over that achieved by either 
solvent wiping or abrasion. In some cases, a plasma-responsive layer 
must be incorporated into the top resin layer of the composite to achieve 
maximum bond strength to the adhesive. Adhesion does not correlate well 
with water contact angle or surface roughness. Instead it correlates with the 
fraction of the polymer surface sites that are oxidized and converted into 
active functional groups, as determined by x-ray photoelectron spectroscopy 
and infrared spectroscopy.

Keywords:  Polymer, composite, epoxy, adhesion, bonding, atmospheric plasma, 
plasma activation

1 Introduction

The strength of bonded joints is of great concern to the aerospace, automotive, 
medical device, and electronics industries [1]. Atmospheric pressure plasma acti-
vation is rapidly gaining acceptance as a desirable method of surface preparation 
prior to bonding [1]. This technique provides an alternative to traditional methods 
of surface preparation by wet chemical cleaning and mechanical abrasion [1, 2]. 
Although these latter procedures are “tried and true,” they are time consuming 
manual processes. Moreover, in certain instances, they yield lower bond strengths, 
and can even result in damage to composites that are fabricated with high modulus 

*Corresponding author: rhicks@ucla.edu

DOI: 10.7569/RAA.2013.097302



Thomas S. Williams et al.: Atmospheric Pressure Plasma Activation

Rev. Adhesion Adhesives, Vol. 1, No. 1, February 2013  © 2013 Scrivener Publishing LLC  47

DOI: 10.7569/RAA.2013.097302

fi bers [1, 2]. Abrasion methods generate dust which is an environment, health, 
and safety concern. Consequently, there is a need to explore alternative, environ-
mentally friendly approaches that activate the surface without damaging the bulk 
material. Atmospheric pressure plasmas show promise for fulfi lling this need.

This review article focuses primarily on atmospheric pressure plasmas that are 
self contained, and are suitable for the treatment of three-dimensional extruded 
parts, such as are common in many manufactured products. Plasmas used for this 
purpose are decoupled electrically from the workpiece. They produce an after-
glow that contains neutral reactive species, which fl ow out and down onto the 
surface being activated. This may be contrasted to coronas and dielectric barrier 
discharges that are used to treat plastic fi lm. In this latter case, the polymer fi lm 
is passed between the powered and grounded electrodes in roll-to-roll fashion, 
and the fi lm is activated by contact with both ionized and neutral species. For 
more detailed information on the performance of these latter devices, the reader is 
referred to several excellent review articles [3–6].

In this paper, we examine published work using downstream, atmospheric 
pressure plasma to activate polymer and composite surfaces. First an overview of 
the physics and chemistry of atmospheric pressure plasmas will be given, along 
with a comparison of the different types of devices. Then, the effi cacy of this tech-
nique for surface activation will be discussed in terms of the mechanical proper-
ties, the water contact angle (i.e., surface energy), the surface roughness, and the 
surface composition. Lastly, we will consider the mechanism of polymer su rface 
activation.

2 Plasma Chemistry and Physics

A plasma is an ionized gas consisting of positively and negatively charged species 
in which the discharge volume maintains overall charge neutrality. Atmospheric 
pressure plasmas are generated by fl owing gas between grounded and pow-
ered electrodes, and providing a suffi ciently high voltage to break down the 
gas. Initially, when power is applied to the electrodes, the system operates in the 
Townsend dark region where the voltage rises quickly with the current until ioni-
zation occurs. The breakdown voltage, VB, depends on the gas composition, the 
pressure, P, and the gap spacing, d [7, 8]. The well-known Paschen curve provides 
the characteristic dependence of VB on P⋅d for a given gas [7, 9]. In order to have 
a suffi cient fl ux of reactive species to activate a surface, the electrode gap needs 
to be greater than about 1 mm, and so at atmospheric pressure, the value of P⋅d is 
fi xed at 76 Torr⋅cm. Shown in Table 1 are the breakdown voltages in kV for helium, 
argon, nitrogen and oxygen at P⋅d = 76 Torr⋅cm. Helium and argon undergo ioni-
zation at much lower voltages than nitrogen and oxygen. To break down air one 
must have a 10 kV DC or AC power supply.

Following ionization the plasma sustains itself by generating free electrons in 
the gas through electron-impact ionization. The surface also may contribute free 
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electrons through thermionic emission and Auger processes [7]. Electron-impact 
ionization may be represented by the following reaction:

 M + e– → M+ + 2e– (1)

Where M represents the feed gas. The rate of this reaction depends on the electron 
temperature, Te, the electron density, ne, and the gas density, ng. At atmospheric 
pressure, the gas density is relatively high so this “autocatalytic” reaction may 
easily runaway resulting in an arc.

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

 r iz = sizvngne (2)

Where siz is the ionization cross section (cm2), and v is the velocity of the impacting 
electron (cm/s). Listed in Table 1 are the ionization thresholds and cross sections 
for helium, argon, nitrogen and oxygen [7, 11–18]. The cross sections were evalu-
ated at an electron energy of 30 eV. Argon, nitrogen and oxygen have similar cross 
sections. Their rates of ionization at atmospheric pressure are expected to be fast. 
When this is combined with the extremely high breakdown voltages of nitrogen 
and oxygen, it is easy to understand why air (containing 78% N2 and 21% O2) 
spontaneously transitions to an arc following ionization. Helium, on the other 
hand, has a much lower cross section. This fact combined with the low breakdown 
voltage makes it possible to stabilize a weakly ionized helium plasma at atmos-
pheric pressure over a wide range of currents and voltages without undergoing 
the transition to an arc.

There are three types of atmospheric pressure air plasmas: the torch, corona, 
and dielectric barrier discharge (DBD) [9, 10]. In a torch, gas fl ows through 
an arc that is generated between two metal electrodes. The torch is a thermal 
plasma in which the neutral temperature approaches that of the electron tem-
perature, Tn ~ Te [9, 19]. Electrode sputtering occurs during operation due to the 

Table 1 Breakdown voltages (VB), electron impact ionization thresholds (Eiz) and 
cross sections (siz) for helium, argon, nitrogen and oxygen [7, 11–18].

Gas VB DC* (kV) VB RF* (kV) Eiz (eV) siz** (10–16 cm2)

He 0.44 0.11 24.59 0.07

Ar 0.61 0.45 15.80 1.58

N2 6.00 – 15.63 1.24

O2 6.50 – 12.07 1.13

*The DC and RF breakdown voltages were taken at 76 Torr⋅cm.
**Electron impact ionization cross sections were evaluated at Te = 30 eV, where Te is electron 
temperature.
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high impact rate of positively charged species, e.g, Ar+, with the metal surface. 
The corona and dielectric barrier discharge are constructed with a dielectric 
spacer inserted between the electrodes in order to prevent thermal arcing. In 
this case, the plasmas are struck and maintained in a weakly ionized state that is 
not at thermal equilibrium, i.e., Tn <<< Te. The corona has a point-to-plane con-
fi guration with breakdown occurring in the vicinity of the sharp tip [9, 20]. The 
plasma density falls off rapidly as the distance from the point source increases. 
Dielectric barrier discharges are driven with AC power at frequencies ranging 
from 500 Hz to 500 kHz [21, 22]. In a DBD, charges build up on the surface of the 
dielectric and then discharge off as streamers in short bursts with each cycle of 
the alternating current. The streamers or micro-discharges are distributed ran-
domly in space and time for periods of about 10 to 100 ns [9, 20, 23]. In the torch, 
corona and DBD, the plasma is not distributed uniformly over the gas volume 
between the electrodes, and so it can be challenging to estimate the average 
electron temperature and density.

3  Plasma Properties Infl uencing the Effectiveness of Activation 
for Adhesive Bonding

A number of physical properties determine the performance of the plasma source 
as well as how well the plasmas are able to activate polymer and  composite 
substrates. Shown in Table 2 are the physical properties of different types of 
atmospheric pressure plasmas [20, 21, 24–28]. In a torch, plasma densities can be 
extremely high, from 1016 to 1019 cm–3, with average electron temperatures of 1 to 
2 eV (1.0 eV = 11,605 K) [7, 9, 19, 20]. Note that the neutral species density is 
~1019 cm–3. Due to the heat sensitive nature of polymer and composite materials, a 
high gas temperature will damage or melt the substrate. As a result, the neutral gas 
temperature of the plasma is an important parameter affecting the performance of 

Table 2 Physical properties of atmospheric pressure plasmas [20, 21, 24–28].

Plasma 
type

Feed 
gas VB (kV) ne (cm–3) Te (eV) Tn (K)

[O] 
(cm–3)

[O3] 
(cm–3)

Torch Air 2–20 1016–1019* 1–2* 5000–14000 ~1018** <1010

Corona Air 2–20 109–1013* 3–5* <600 1011–1013 1017–1019

DBD Air 2–20 1012–1015* 1–10* <700 1012–1014 1016–1018

RF 
discharge

Noble 
gas

0.1–0.6 1011–1012 1–2 <600 1016–1017 1014–1015

Note: VB is breakdown voltage, ne is electron density, Te is electron temperature, Tn is the neutral gas 
 temperature, [O] is the concentration of atomic oxygen, and [O3] is ozone concentration.
*Values estimated for electron density and temperature inside the arc or streamer.
**Value estimated for inside the arc.
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plasmas for processing polymers and composites. In a plasma torch, the high col-
lision rate of electrons with neutrals causes rapid heating of the gas to tempera-
tures between 5,000 and 14,000 K. These temperatures are not suitable for treat-
ment of polymers and composites. Nevertheless, it is possible to blow a suffi cient 
amount of gas through the arc so that the overall gas temperature is low enough 
to treat thermally sensitive materials. The Plasmafl umeTM system by PlasmaTreat 
is an example of this type of device. It utilizes a rotating electrode that rapidly 
spins the arc through the gas volume, maintaining an overall neutral temperature 
near 600 K. Plasma streamers shoot out the end of the housing and treat polymer 
substrates placed downstream. Although this device has been proven industrially 
for surface activation, there appears to be a lack of published information on the 
properties of the plasma.

Corona and dielectric barrier discharges operating with air as the supply gas 
exhibit electron densities in the range of 109–1013 and 1012–1015 cm–3, respectively, 
and average electron temperatures between 1 and 10 eV [20, 21, 25]. These values 
are quoted for inside the streamers and micro-discharges, which are highly non-
uniform and occupy a small fraction of the total gas volume between the elec-
trodes. In these non-equilibrium plasmas, the neutral temperature is below 700 K. 
When helium is used in place of air in a DBD a diffuse glow discharge is obtained 
[20, 23, 24]. In this case, the ionized gas spreads over most of the gas volume at 
some interval during the AC cycle.

Atmospheric pressure noble gas plasmas, driven with radio-frequency power at 
13.56 or 27.12 MHz, operate in a fundamentally different way than the air plasmas. 
Due to the low breakdown voltages of helium and argon, and the relatively slow 
rate of electron impact ionization, a weakly ionized, capacitive discharge plasma 
is generated between the two electrodes [9, 13, 29.] The plasma uniformly fi lls the 
gas volume with a collisional sheath forming at the boundaries to repel the elec-
trons and maintain the discharge. The average electron density and temperature 
have been determined in multiple experimental and theoretical studies [13, 30–34]. 
The consensus from this body of work is that the electron density ranges from 1011 
to 1012 cm–3 and the average electron temperature is 1 to 2 eV. Depending on the 
RF power level and whether the source is water cooled or not, the neutral tem-
perature can vary between 323 and 573 K. Another important distinction between 
RF noble gas discharges and air plasmas is that in the former case, the plasma 
chemistry can be varied over a broad range by mixing different molecular gases 
with the argon or helium, e.g., oxygen, nitrogen, hydrogen, carbon tetrafl uoride, 
etc. [35–42]. This allows one to tailor the chemistry to the specifi c requirements of 
the material being treated.

The neutral reactive species generated inside atmospheric pressure plasmas are 
responsible for the surface activation of polymers and composites. These species 
are generated by electron impact with the molecules fed to the discharge, e.g., O2 
or N2. In an RF helium/oxygen discharge, the reactive neutral species that fl ow out 
of the plasma and into the afterglow are ground-state oxygen atoms, metastable 
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oxygen molecules (O2(
1Δg) and O2(

1Σg
+)), and ozone [40]. Atomic oxygen is  produced 

by electron impact dissociation of molecular oxygen [40]:

 O2 + e– → O + O + e– (3)

The rate of dissociation is given by the following equation:

 Rate = A ⋅ exp (Ea / RTe)[O2][e
–] (4)

Where A is the pre-exponential factor, Ea is the activation energy, R is the ideal gas 
constant, Te is the electron temperature, [O2] is molecular oxygen concentration, 
and [e–] is the plasma electron density. The speed of polymer activation depends 
on the fl ux of atomic oxygen to the substrate surface [43]. As equation (4) shows 
this fl ux is, in turn, dependent on the electron temperature, electron density, and 
concentration of molecular oxygen.

The activation rate for polymers and composites depends on the concen-
trations of reactive species being generated by the plasma device. For atmo-
spheric plasmas fed with oxygen or air, the reactive species are primarily 
atomic  oxygen (O),  metastable oxygen molecules(O2(

1Δg)), and ozone(O3). This 
is accomplished in plasmas fed with air or by using noble gas plasmas which 
are fed with a secondary stream of oxygen. The estimated concentrations of 
atomic oxygen, [O], and ozone, [O3], produced by the different types of atmo-
spheric pressure plasma discharges are presented in Table 2. Inside an arc, the 
oxygen atom concentration can be extremely high, more than 10% by volume 
of the gas [9]. However, the temperature is also extremely high as noted above. 
To the authors’ knowledge, no published estimates are available for the O atom 
concentration in the case where air is blown through an arc suffi cient to cool the 
gas below 600 K. Estimates of the oxygen atom concentration in coronas and 
dielectric barrier discharges range from 1011 to 1014 cm–3 [9, 21, 44]. Note that the 
ozone concentration produced in a DBD is much higher, up to 1018 cm–3. This is 
because conditions within this device (i.e., high density plasma streamers dis-
persed throughout the air) are favorable towards ozone generation from atomic 
and molecular oxygen [9, 21, 44].

A picture of a radio-frequency, capacitive discharge plasma treating a micro-
machined metal part is shown in Figure 1. This source produces a 50 mm wide 
plasma beam and is fed with helium and up to 3.0 volume % oxygen. Neutral 
oxygen atoms, metastable oxygen molecules and ozone fl ow out of the device and 
activate the polymer surface. In order to treat the part within a few seconds, it 
must be kept within 10 mm of the exit of the device, and preferably within 5 mm. 
Shown in Figure 2 are the concentrations of the reactive species as a function of 
distance downstream as predicted by a numerical model of the RF helium/oxygen 
plasma [43]. At up to 10 mm, the estimated concentrations are as follows: 8 × 1016 
cm–3 O atoms, 8 × 1016 cm–3 O2(

1Δg), <1 × 1014 cm–3 O2(
1Σg

+), and ~5 × 1015 cm–3 O3. 
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Figure 1 Picture of an RF helium/oxygen plasma activating the surface of a micro-
machined metal part.

Figure 2 Dependence of the concentration of neutral species on distance from the plasma 
exit at 200 W RF power, 30 L/min He, and 0.8 L/min O2 [43].
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Titration of the atomic oxygen with nitric oxide has confi rmed that the O atom 
concentration at the exit of the source is in the range of 1016 to 1017 cm–3 [36]. On 
the other hand, direct measurement of the ozone concentration at the source exit 
yields a value of 4 × 1014 cm–3 (20 parts per million).
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4  Survey of Atmospheric Pressure Plasma Treatment and its Effect 
on Polymer Surface Properties

A brief survey is presented in this section on polymers and composites treated 
with atmospheric pressure plasmas. Previous work on atmospheric pressure 
plasma jets for surface activation did not always focus on adhesion. Instead, it 
often concentrated on the surface energy and wetting of the materials. Although 
this is not a direct indicator of a surfaces readiness for adhesion, it is still useful in 
indicating how these methods might impact bond strength. The results obtained 
in previous studies are summarized in Figure 3 and Tables 3 and 4.

A survey of the plasma oxidation of plastic fi lm using a dielectric barrier dis-
charge (DBD) in air was performed by Borcia et al. [3, 4]. The polymers stud-
ied include polyethylene (PE), polystyrene (PS), poly(methyl pentene) (PMP), 
poly(tetrafl uoroethylene) (PTFE), polyamide-6 (PA-6), polyamide-6,6 (PA-6,6), 
polyamide-12 (PA-12), poly(ethylene terephthalate) (PET), poly(methyl meth-
acrylate) (PMMA), poly(etheretherketone) (PEEK), and poly(oxymethylene) 
(POM). Pappas et al. [45] used a DBD fed with helium/oxygen to activate PE, PA-6, 
polyimide (PI), and PTFE. Noeske et al. [46] have examined surface activation 
for adhesion of PET, PA-6, PE, poly(vinylidene fl uoride) (PVDF), and polypro-
pylene (PP) using a plasma torch fed with air (PlasmaTreat’s OpenAir® device). 

Figure 3 Water contact angle (WCA) of four different polymers before and after activation 
with DBD or RFCD He/O2 plasma [3, 4, 43, 45, 48, 49, 50, 54, 55].

120

W
C

A
 (

°)

100

80

60

40

20

Plasma type

0

DBD [3
]

DBD [4
5]

DBD [5
4]

DBD [3
]

DBD [3
]

DBD [4
]

DBD [4
]

DBD [4
]

DBD [5
9]

RFCD [4
8]

RFCD [4
8]

RFCD [5
5]

RFCD [4
9]

RFCD [4
3]

RFCD [5
0]

PE

PET PEEK

Before
After

PMMA



Thomas S. Williams et al.: Atmospheric Pressure Plasma Activation

54  Rev. Adhesion Adhesives, Vol. 1, No. 1, February 2013  © 2013 Scrivener Publishing LLC

DOI: 10.7569/RAA.2013.097302

Table 3 The effects of atmospheric plasma activation on the surface composition of 
polymers, as determined by X-ray photoelectron spectroscopy [45, 46, 49–53, 57–60].

Material Plasma type Feed gas

XPS Composition

Ref.

O atomic % O/C ratio

Before After Before After

PE Torch Air  2.0 24.4 0.02 0.34 46

PP Torch Air  3.1  8.7 0.03 0.10 46

PVDF Torch Air  3.1  6.8 0.06 0.14 46

PET Torch Air 15.2 32.4 0.18 0.50 46

PA-6 Torch Air 11.9 23.8 0.16 0.37 46

PE DBD He/O2 – – 0.07 0.27 45

Nylon DBD He/O2 – – 0.14 0.31 45

Kapton DBD He/O2 – – 0.27 0.34 45

PTFE DBD He/O2 – – 0.06 0.07 45

PET DBD Air 28.6 40.0 0.40 0.70 60

PET DBD Air 29.1 35.5 0.41 0.56 59

PU DBD Air 28.4 37.2 0.52 0.78 59

PP RFCD Ar  3.0  9.0 0.03 0.10 58

PP RFCD Ar  6.8 42.9 0.07 0.79 57

PP RFCD Ar/O2  6.8 33.6 0.07 0.52 57

PMMA RFCD He/O2 – – 0.38 0.67 43

PEEK RFCD He/O2 – – 0.18 0.50 50

PPS RFCD He/O2 – – 0.20 0.56 50

PES RFCD He/O2 – – 0.19 0.48 50

PSU RFCD He/O2 – – 0.17 0.43 50

PET RFCD He/O2 – – 0.33 0.59 49

PEN RFCD He/O2 – – 0.29 0.56 49

HDPE RFCD He/O2 – – 0.02 0.28 51

Epoxy-CF RFCD He/O2 19.9 31.1 0.33 0.65 52

Note: PE is polyethylene, PP is polypropylene, PVDF is poly(vinylidene fl uoride), 
PET is poly(ethylene terephthalate), PA-6 is polyamide-6, PTFE is poly(tetrafl uoroethylene), 
PU is  polyurethane, PMMA is poly(methyl methacrylate), PEEK is poly(etheretherketone), 
PPS is poly(phenylene sulfi de), PES is polyethersulfone, PSU is polysulfone, PEN is 
poly(ethylene naphthalate) and HDPE is high density polyethylene.
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A DBD plasma source fed with air (TIGRES Plasma-BLASTER MEF) has been 
used to improve the surface energy and bond strength of PEEK, poly(phenylene 
sulfi de) (PPS) reinforced with carbon fi ber (PPS-CF), and PPS reinforced with 
glass fi ber (PPS-GF) [47]. Ionita et al. [48] have treated PE, PET and PTFE with an 
RF atmospheric pressure plasma jet fed with argon/oxygen. Works by Gonzalez 
and coworkers [43, 49–51] and by Zaldivar and coworkers [1, 52] have reported 
on the surface activation for adhesion of PMMA, PET, poly(ethylene naphthal-
ate) (PEN), PE, PEEK, polysulfone (PSU), polyethersulfone (PES), PPS and epoxy 
composites using an RF capacitive discharge (RFCD) fed with helium/oxygen 
(Surfx Technologies Atomfl o™). Additional work by several research groups has 
examined the effect of other atmospheric plasma devices on PP, PET, PA-6, PA-12 
and polyurethane (PU) [53–60].

Table 4 Water contact angles (WCA), surface energy and lap shear strength of 
adhesive joints made of polymers and composites before and after plasma treat-
ment [43, 46, 47, 49, 50, 52].

Material
Plasma 

type
Feed 

gas

WCA (°)

Surface 
energy 
(mJ/m2)

Lap shear 
strength 
(MPa)

Ref.Before After Before After Before After

PE Torch Air – – 28 60  0.3  4.6 46

PP Torch Air – – 27 52  0.3  3.7 46

PVDF Torch Air – – 35 42  0.6  8.9 46

PET Torch Air – – 35 63  1.6  4.8 46

PA-6 Torch Air – – 35 62  1.9  7.8 46

PEEK DBD Air – – 51 73  0.5  5.6 47

PPS-CF DBD Air – – 48 73  5.3 21.5 47

PPS-GF DBD Air – – 44 70  6.1 17.2 47

PMMA RFCD He/O2 – – 41 55  1.0 10.2 43

PET RFCD He/O2 – – 44 55  3.8 11.2 49

PEEK RFCD He/O2 81 16 – –  1.0  3.7 50

PSU RFCD He/O2 83 26 – –  3.0  3.7 50

PPS RFCD He/O2 80 20 – –  0.6  1.4 50

Epoxy-CF RFCD He/O2 80 18 – – 16.5 24.8 52

Note: PE is polyethylene, PP is polypropylene, PVDF is poly(vinylidene fl uoride), PET is 
poly(ethylene terephthalate), PA-6 is polyamide-6, PEEK is poly(etheretherketone), PPS is 
poly(phenylene sulfi de), PPS-CF is PPS with carbon fi ber reinforcement, PPS-GF is PPS with 
glass fi ber reinforcement, PMMA is poly(methyl methacrylate) and PSU is polysulfone.
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Figure 3 shows the results reported for the water contact angle (WCA) of four 
different polymers before and after plasma activation. The change in WCA is com-
pared between dielectric barrier discharge (DBD) and RF capacitive discharge 
(RFCD) plasmas fed with inert gases. The initial values for the polymers vary by 
about 10% for PE, PMMA and PEEK, while they vary by about 25% for PET. These 
disparities in the initial WCA are likely the result of differences in the density and 
molecular weight of the polymers, particularly for the PE samples. For PE activa-
tion, there is a dramatic difference in the fi nal water contact angle, depending on 
whether the polymer is treated with a dielectric barrier or the RF capacitive dis-
charge source. The DBD reduced the PE water contact angle to between 40 and 55°. 
By contrast, the RF capacitive source achieved a contact angle of only 14°. Similar 
behavior is seen with PMMA and PEEK, where treatment with the RF discharge 
yields WCAs of 40° and 20°, respectively, compared to 60° and 40° for treatment 
with the DBD. Borcia et al. [4], have reported that the water contact angle after 
DBD plasma activation is stable against aging for a period of 2 weeks. The WCA is 
shown to increase by 5–10° over 3 days after which it stabilizes.

Table 3 shows the effects of atmospheric plasma activation on the surface com-
position of polymers, as determined by X-ray photoelectron spectroscopy. Results 
are reported for treatment with a plasma torch fed with air, a DBD fed with air, and 
an RFCD fed with inert gas (He or Ar) and oxygen. Polyethylene exhibits a low 
concentration of adsorbed oxygen initially, 2.0 to 3.0 atom%, consistent with its 
molecular structure. After activation with the plasma, the surface oxygen concen-
tration on PE jumps to 24.4 atom%, and the O/C ratio increases from 0.025 to 0.30. 
Polypropylene, on the other hand, appears to be more resistant to oxidation, with 
a surface oxygen concentration of 3.0% prior to treatment and 9.0% afterwards. 
However, studies by Kwon et al. [57] on PP appear to contradict this other work, 
because they apparently achieved a surface atomic oxygen concentration of about 
40% after activation. The other polymers listed in Table 3, in particular, PET, PA-6, 
PMMA, PEEK, PPS, PES, PSU and PEN, appear to oxidize readily upon exposure 
to the atmospheric plasma. After treatment, the O/C ratios for these plastics range 
from 0.37 to 0.70.

Table 4 lists water contact angles (WCA), surface energy and lap shear strength 
of polymers and composites before and after helium/oxygen plasma treatment. 
Surface activation of PE, PP, PVDF, PET and PA-6 with a plasma torch appears 
to be quite effective at increasing adhesive bond strengths [46]. For example, the 
adhesion strength of PE was increased from 0.3 to 4.6 MPa following activation. 
The RFCD used by Gonzalez et al. [43] is also effective for promoting adhesion. 
For example, the lap shear strength of PMMA increases from 1.0 MPa initially to 
10.2 MPa following helium/oxygen plasma activation.

Noeske et al. [46], observed that the plasma activated samples of PE, PP, PVDF, 
PET and PA-6 exhibited only substrate and cohesive failure in the adhesive modes, 
while untreated materials exhibited interfacial failure between polymer and adhe-
sive. Scotch® tape peel tests performed by Ionita et al. [48] indicated a 4–5x increase 
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in the adhesion strength of PE, PTFE and PET following treatment using the RF 
capacitive discharge fed with argon. Plasma treatment is known to alter the chem-
ical composition, surface wetting, and topography of a substrate’s surface. The 
observed improvements in adhesion result from a combination of these effects. 
Both the quantity and quality of the chemical bonds formed between the substrate 
and the adhesive determine how strong the joint will be. Consequently, the reac-
tion chemistry between the adhesive and the surface functional groups is impor-
tant, and is examined in more detail below.

5 Mechanical Strength of Bonded Materials

Atmospheric pressure plasma activation of composite surfaces for joining has 
been the subject of several publications [1, 52, 61, 62]. Figure 4 illustrates how the 
lap shear strength of adhesively bonded carbon fi ber/epoxy composites depends 
on the number of times the surface is scanned with the helium/oxygen plasma 
[52]. In this study, the composites were prepared from 8 prepreg plies made with 
Nelcote E765 epoxy and AS4 PAN-based carbon fi bers, and laid up in a unidirec-
tional confi guration. The E765 resin system is based on a semi-interpenetrating 
network that includes a multifunctional epoxy backbone and a reactive thermo-
plastic modifi er for increased toughness. After curing in an autoclave, the lami-
nates were processed with a 25-mm linear beam plasma from Surfx Technologies 
at the following conditions: 96 W of RF power (13.56 MHz), 0.45 L/min oxygen, 
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Figure 4 Dependence of the lap shear strength of adhesively bonded carbon fi ber/epoxy 
composites on number of passes with the atmospheric pressure helium/oxygen plasma [52].
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15.0 L/min helium, 1.0 mm source-to-sample distance, and a 25.4 mm/s scan 
speed. Then the coupons were bonded using Hysol EA 9394 adhesive paste and 
cured. Single lap shear strengths were measured following the ASTM D-3165 pro-
cedure [63]. Solvent wiped control samples gave average values of 16.5 MPa. Over 
the fi rst 6 plasma scans, the bond strength increased from 16.5 to 23.0 MPa. With 
further treatment from 12 to 48 scans, the bond strength gradually increased to a 
maximum value of 26.0 MPa. The total improvement in lap shear strength was 
58%. Note that surface abrasion by sanding with 280-grit silicon carbide paper 
yielded no improvement in strength over that obtained by solvent-wiping [1].

Analysis of the fracture surfaces illustrates the failure mode of the bond. When 
interfacial failure occurs, i.e., at the interface between the adhesive and substrate, 
proper surface preparation can greatly improve bond strength. On the other hand, 
when cohesive failure occurs, the bond strength is limited by the adhesive itself 
and no further improvement in surface preparation can be made. Figure 5 shows 
the fracture surfaces of the carbon fi ber/epoxy composites that were prepared by 
solvent wiping, abrasion and exposure to the atmospheric pressure helium/oxy-
gen plasma [1]. In Figure 6, the observed failure mechanisms are illustrated sche-
matically. The sample cleaned with the solvent exhibited 100% interfacial failure. 
Interfacial failure occurred on the sample prepared by abrasion as well. However, 
in this case, failure also took place within the composite itself, indicating that the 

Figure 5 Pictures of fracture surfaces of adhesively bonded carbon fi ber/epoxy composites 
for three different surface preparation methods [1]. The solvent wiped surface exhibits 
interfacial failure. The abrasion surface shows interfacial failure mixed with failure in the 
composite itself. The He/O2 plasma activated sample exhibits nearly 100% cohesive failure 
in the adhesive.

Solvent
wipe

Abrasion Plasma
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abrasion damaged the matrix. By contrast, the helium/oxygen plasma-activated 
composite exhibits 100% cohesive failure in the adhesive, as can be seen by the uni-
form gray coating on both coupons. Separate tests confi rmed that He/O2 plasma 
activation did not cause any damage to the matrix [1].

Hicks et al. [64] have studied the surface preparation of carbon fi ber-reinforced 
poly(etheretherketone) (PEEK) composites with an RF noble gas plasma. The lam-
inates contained 16 prepreg plies made with AS4 carbon fi bers and PEEK thermo-
plastic resin. Coupons were wiped with acetone and dried thoroughly. Then they 
were processed with a 25-mm circular showerhead plasma maintained at 80 W 
RF power, 0.45 L/min oxygen, 30.0 L/min helium, a source-to-sample distance of 
2.0 mm, and a scan speed of 10 mm/s. Under these conditions, each coupon was 
exposed to the plasma for a total of 30 seconds. Following surface preparation, the 
samples were bonded together with 3M AF563 fi lm adhesive and cured. Double-
notch lap shear strengths were measured according to ASTM D-3165 [63]. The 
untreated PEEK yielded an average shear strength of 35.0 ± 1.2 MPa. Examination 
of these samples revealed that interfacial failure occurred at the interface between 
adhesive and composite. This may be compared to the plasma-activated PEEK, 

Figure 6 Schematics showing failure mechanisms of adhesively bonded carbon fi ber/epoxy 
composites after surface preparation by (a) solvent wiping showing failure at the interface, 
(b) abrasion showing interfacial failure and failure in the top ply of the composite, and 
(c) atmospheric pressure He/O2 plasma which shows cohesive failure in the adhesive [1].

(a)

(b)

(c)
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which had a shear strength of 43.2 ± 0.6 MPa, and underwent 100% cohesive fail-
ure in the adhesive.

In contrast to many epoxy composites, cyanate ester composites exhibit only neg-
ligible increases in lap shear strength with helium/oxygen plasma activation due to 
the formation of highly oxidized, weakly bonded species on the surface [62]. In order 
to improve the bonding performance of a composite system that would otherwise 
not be susceptible to plasma treatment, Zaldivar et al. [62] modifi ed the compos-
ite surface through the incorporation of a co-cured layer. This layer consisted of a 
 carboxyl terminated butadiene nitrile rubber cross-reacted with a difunctional epoxy.

Figure 7 demonstrates how the relative bond strength of carbon fi ber/cyanate 
ester composites depends on the type of surface preparation and the presence of 
a co-cured plasma susceptible layer. In this study, composites were prepared from 
11 prepreg plies laid up in a unidirectional confi guration with Toray M55J carbon 
fi ber and using Hexcel 954-3 cyanate ester. All of the composite specimens con-
tained a polyester peel ply adjacent to the surface with all treatments performed 
on the peel ply surface. After curing in an autoclave, the laminates were processed 
with a 25-mm linear beam plasma at the following conditions: 96 W of RF power 
(13.56 MHz), 0.45 L/min of oxygen, 30 L/min helium, 1.0 mm source-to-sample 

Figure 7 Relative bond strength improvement of a cyanate ester composite (Hexcel 954-3) 
bonded with a room temperature cured adhesive (Hysol EA 9394) [62].
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distance, and a 25.4 mm/s scan speed. An ambient-temperature cured paste adhe-
sive, Henkel’s EA9394 epoxy, was used to bond the specimens together. The cya-
nate ester composite generated a signifi cant amount of highly oxidized residue or 
ash that was easily removed via a solvent wash. These lower molecular weight 
fragments were the result of excessive chain scission and led to low bond strength. 
Lap shear tests showed that solvent wiping, peel ply, and helium/oxygen plasma 
activation resulted in a 30% bond strength improvement over surface abrasion. By 
contrast, the addition of the plasma-responsive layer improved the bond strength 
by over 225% compared to the abraded control specimen, and approximately 190% 
of the equivalently treated system with no plasma-responsive layer. 

Figure 8 illustrates the effect of atmospheric pressure helium/oxygen plasma 
activation on the pull strength for adhesively bonded high-density polyethylene 
(HDPE) [65]. Pull strength measurements were performed using the procedure 
specifi ed in ASTM D-4541. All of the control samples failed at the adhesive-HDPE 
interface. Following activation with the helium/oxygen plasma, the pull strength 
was increased 16 times for the urethane adhesive (Hardman, Inc. 04022), 8 times for 
the epoxy (Hardman, Inc. 04005), and 6 times for the acrylic adhesive (3M Scotch-
Weld DP805). Gonzalez et al. [43, 49, 50] have demonstrated similar fi ndings for 
bonding other polymers with these adhesives. Poly(ethylene terephthalate) (PET) 
was bonded using silicone (NuSil Technology MED1-4013), epoxy and urethane 
adhesives. Helium/oxygen plasma activation increased the bond strength by 
approximately 3 times for each adhesive used [49]. Plasma activated polyphe-
nylsulfone (PPS) exhibited an increase in pull strength with epoxy adhesive from 
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Figure 8 Pull strength for high-density polyethylene bonded with three different adhesives 
as a function of plasma exposure time [66].
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0.6 to 1.3 ± 0.1MPa [50]. Many other polymer and adhesive combinations have 
been studied with results ranging from two- to ten-fold increases in bond strength 
for helium/oxygen plasma activation compared to solvent wiped and dried con-
trols [43, 66–68].

Zaldivar et al. [1] measured the load-displacement curves for AS4 fi ber/Nelcote 
E765 composites bonded with EA9394 epoxy following surface preparation by 
abrasion and atmospheric pressure plasma. These results are presented in Figure 9. 

Figure 9 Load-displacement curves for GIC testing of epoxy composites that were prepared 
by (a) abrasion, and (b) atmospheric pressure He/O2 plasma [1].
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The 25-mm linear beam plasma was operated at 96 W RF power, 0.45 L/min 
 oxygen, 15.0 L/min helium, a source-to-sample distance of 1.0 mm, and a 
25.4 mm/s scan speed. The mode 1 crack delamination resistance was measured 
according to ASTM D-5528 [69]. In   this technique, two composites are bonded 
together, and are pulled apart across a built-in delamination area in tension 
using a double cantilever beam specimen. As the strain is increased, the amount 
of load necessary to initiate and maintain crack growth is measured. The delami-
nation displacement represents the distance that the composites are pulled apart 
from one another. The crack delamination resistance (GIC) values obtained in 
these tests were 263 J/m2 for abrasion and 455 J/m2 for helium/oxygen plasma 
activation. The latter surface preparation process yielded a 73% increase in crack 
delamination resistance.

A summary of the mechanical properties of the adhesively bonded carbon 
fi ber/epoxy composites prepared using the different surface treatments is given 
in Table 5. It should be noted that the abrasion method does not improve the crack 
delamination resistance: the solvent-wiped control sample had a GIC value of 280 
J/m2 compared to 263 J/m2 for sanding with 280 grit paper. The reduction in crack 
delamination resistance following abrasion is attributed to the damage caused to 
the top layer of the matrix. It should be noted that these results apply to epoxy 
composites employing the toughened E765 resin and AS4 carbon fi bers. A less stiff 
composite may not be damaged by sanding or other abrasion techniques [1, 52]. 
These data make the case that atmospheric pressure helium/oxygen plasma acti-
vation not only improves static bond strengths, but also signifi cantly enhances the 
durability of the joint.

The mechanism of adhesion improvement by atmospheric pressure plasmas 
has been a matter of debate. A number of factors have been proposed to con-
tribute to the higher bond strengths observed. Among these are higher surface 
energy as measured by the water contact angle, greater surface roughness, and a 

Table 5 Crack delamination resistance and lap shear strength of adhesive joints 
made of carbon fi ber/epoxy composites with different surface preparations [1].

Surface treatment

Crack 
delamination 
resistance (J/m2)

Lap shear 
strength 
(MPa) Failure mode

None 280 16.5 Interfacial

280 grit abrasive 263 14.2 Interfacial w/ composite failure

12 plasma scans 455 22.0 Cohesive in adhesive

24 plasma scans 508 23.5 Cohesive in adhesive

48 plasma scans 525 24.8 Cohesive in adhesive
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desirable change in the chemical composition of the surface. These concepts are 
examined next. 

6  Effects of Atmospheric Pressure Plasma Treatment 
on Surface Properties

6.1 Water Contact Angle

Water contact angle (WCA) is a well known method for determining if a sur-
face has been activated and exhibits a high surface energy. Small microliter water 
droplets are placed on the surface and the angle at the edge of the droplet is 
recorded using a goniometer. Water contact angle data have been measured for 
many polymers and composites [43, 49–51]. Figure 10 shows an example of the 
dependence of WCA on plasma exposure time for poly(ethylene terephthalate) 
(Ertalyte PET-P) and poly(ethylene naphthalate) (DaiNippon). Here, the surfaces 
were exposed to a 50-mm linear beam plasma operated at 150 W (27.12 MHz), 
0.8 L/min oxygen, 30.0 L/min helium, 3.0 mm source-to-sample distance, and 
250 mm/s scan speed. The PET had an initial WCA of 85.2 ± 5.2 degrees which 
was reduced to 35 ± 4.1 degrees after 0.25 seconds of exposure. Subsequently, 
the water contact angle stabilized and became irresponsive to further treatment. 

0.0
0

20

40

60

80

100
0 5 10 15 20

Poly(ethylene terephthalate)

Number of scans, N

Plasma exposure time (sec)

W
at

er
 c

o
n

ta
ct

 a
n

g
le

 (
°) Poly(ethylene naphthalate)

25 30

0.5 1.0 1.5 2.0 2.5

Figure 10 Dependence of the water contact angles of poly(ethylene terephthalate) 
and poly(ethylene naphthalate) on exposure time to the atmospheric pressure He/O2 
plasma [49].
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The PEN followed the same trend but with a greater drop in the WCA from 85.2 ± 
4.6 to 20.5 ± 4.2 degrees. 

The water contact angle exhibits an exponential decay with exposure time that 
may be fi tted with the following equation: 

 WCA(t) = WCA(μ) + [WCA(0) – WCA(μ)]⋅exp(–k × t) (5)

Where WCA(μ) is the water contact angle at long times, WCA(0) is the initial water 
contact angle, k is the rate constant (s–1), and τ is exposure time (s). The rate constant 
has been determined for a series of polymers [50]. The exponential decay function 
can be explained by a Langmuir adsorption model for the oxygen atoms on the 
polymer surface. For a further discussion of this theory, the reader is referred to 
previous publications [43, 49–51].

The water contact angle is often cited as a method for determining a surface’s 
readiness for adhesion [52, 70, 71]. However, there is a discrepancy with the time 
scale necessary for WCA reduction compared to that required for maximum bond 
strength. The data in Figure 4 show a signifi cant increase in lap shear strength with 
12 to 48 plasma scans, whereas the minimum water contact angle is achieved after 
only 6 plasma scans [52]. Therefore, a high surface energy is necessary, but not 
 suffi cient for good adhesion [71].

6.2 Surface Roughness

According to the literature, changes in surface morphology can result in 
improved adhesion through a process known as mechanical interlocking 
 [72–74]. Previous publications have used atomic force microscopy (AFM) and 
scanning electron microscopy (SEM) to analyze how atmospheric pressure 
helium/oxygen plasma activation affects the roughness and surface area of 
polymers [43, 51, 75]. Hicks et al. [64] used scanning white light interferometry 
to analyze the surface roughness of carbon fi ber/PEEK composites after acti-
vation with the helium/oxygen plasma for 0, 10, 30 and 60 seconds. The sur-
face was treated with a 25-mm circular showerhead plasma maintained at 80 W 
RF power, 0.45 L/min oxygen, 30.0 L/min helium, 2.0 mm source-to-sample 
distance, and 10 mm/s scan speed. Figure 11 shows a plot of the root mean 
squared (RMS) roughness as a function of plasma exposure time. Little change 
is observed in the RMS roughness for surfaces treated up to 30 seconds, which 
exhibit an average roughness of 110 mm. Further plasma exposure totaling 60 
seconds yielded an average roughness of 170 mm. This increase is likely due 
to etching of the substrate. No correlation is discerned between bond strength 
and surface roughness, since the improvement in lap shear strength occurs for 
 treatment times up to 30 seconds.

Atomic force microscopy measurements were performed on carbon fi ber/
epoxy composites (AS4 fi ber/Nelcote E765) following helium/oxygen plasma 
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Figure 11 The RMS roughness of the carbon fi ber/PEEK surface as a function of exposure 
time to the atmospheric pressure He/O2 plasma [64].
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activation [52]. The specimens were exposed to a 25-mm linear beam plasma oper-
ated at 96 W RF power, 0.45 L/min oxygen, 15.0 L/min helium, 1.0 mm source-
to-sample distance, and 25.4 mm/s scan speed. In Figure 12, AFM images of the 
composite surface are presented after 3, 6, 12, 24 and 48 plasma scans. Specimens 
of the control through 6 scans exhibit identical morphologies, with an average 
RMS amplitude of 0.22 mm. After 12 scans, the composite surface shows a change 
in appearance from an undulating profi le to one with many small sharper peaks 
and valleys. This change is ascribed to etching of the resin. Further treatment from 
24 to 48 passes continues the etching process which results in a smoothing out of 
the surface profi le. 

When the AFM data are compared to the mechanical properties reported in 
Figure 4, no correlation between surface morphology and bond strength can be 
seen. For example, the lap shear strength increases from 16.5 to 21.0 MPa after 
6 plasma scans, where no signifi cant change in roughness is recorded. Note that 
there is one situation where bond strength and roughness do correlate with one 
another. If the composite is exposed to the plasma for far too long, enough resin 
can be etched away to expose the fi bers. This will give rise to increased surface 
roughness but decreased lap shear strength. Fortunately, surface activation and 
etching occur on different time scales: on the order of seconds for maximizing 
adhesion, compared to minutes for signifi cant etching.



Thomas S. Williams et al.: Atmospheric Pressure Plasma Activation

Rev. Adhesion Adhesives, Vol. 1, No. 1, February 2013  © 2013 Scrivener Publishing LLC  67

DOI: 10.7569/RAA.2013.097302

6.3 Surface Composition Changes in Aliphatic Polymers

The surface activation of aliphatic polymers with the RF noble gas plasma has 
been studied by x-ray photoelectron spectroscopy (XPS) [50, 51, 75–79]. High 
density polyethylene is a good example of these polymers since its chain is com-
posed of only –CH2– groups. The carbon 1s spectra of HDPE before and after 

Figure 12 Atomic force micrographs of a carbon fi ber/epoxy composite surface 
exposed to (a) 3, (b) 6, (c) 12, (d) 24 and (e) 48 scans of the atmospheric pressure He/O2 
plasma [52].
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helium/ oxygen plasma activation are presented in Figure 13, and the results 
are summarized in Table 6 [51]. The samples were processed with a 50-mm lin-
ear beam plasma at 200 W RF power, 0.9 L/min O2, 30.0 L/min He, 5.0 mm 
source-to-sample distance, and 10 mm/s scan speed. Surface treatment caused 
the C/O atomic ratio to decrease from 50.0 to 3.6. At the same time, higher 
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Figure 13 Carbon 1s XPS spectra of the high-density polyethylene surface (a) before and 
(b) after atmospheric pressure He/O2 plasma activation [51].
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oxidation states of carbon appear and dramatically increase in intensity at 
286.5 eV (peak 2), 287.5 eV (peak 3), and 289.0 eV (peak 4). These features are 
assigned to carbon atoms with C–O single bonds (alcohols), C=O double bonds 
(ketones), and with two bonds to oxygen atoms (carboxylic acids), respectively. 
Together the oxidized states of carbon account for 21.1% of the total C atoms 
sampled by the XPS.

Further identifi cation of the functional groups generated by helium/oxygen 
plasma activation has been accomplished by internal refl ection infrared spec-
troscopy. Figure 14 shows the infrared spectra of high-density polyethylene 
before and after plasma treatment. The peak positions and assignments are sum-
marized in Table 7. The aliphatic carbon groups are identifi ed from the doublet 
at 719 and 731 cm–1 (peak 1), due to the C–C rocking mode of CH2 groups, as well 
as peaks at 1463 and 1473 cm–1 (peak 4) corresponding to the C–H deformations 
[51, 80–82]. Symmetric and asymmetric stretches of the C–H bond are observed 
at 2848 cm–1 (peak 7) and 2916 cm–1 (peak 8). The carbon-oxygen stretches of 
alcohols and ketones are seen at 1150 cm–1 (peak 2) and 1730 cm–1 (peak 6), 
respectively. Several new functional groups are generated from helium/oxygen 
plasma activation of the HDPE, and are observed in the spectra. Vibrations aris-
ing from hydroxyl groups are seen as a narrow band at 1318 cm–1 (peak 3), and 
an extremely broad band between 3100 and 3600 cm–1 (peak 9). Finally, the pres-
ence of carboxylic acid groups is confi rmed from the band recorded at 1640 cm–1 
(peak 5) [51, 81, 83, 84].

Chain scission is the only mechanism available for carboxylic acid formation on 
the polyethylene surface. This mechanism is consistent with the polymer etching 
observed by Gonzalez and coworkers [50]. Figure 15 shows a proposed mecha-
nism for this process. The fi rst step consists of alcohol formation via an oxygen 
atom being inserted across a C–H bond. A second oxygen atom is then inserted, 

Table 6 Carbon 1s components binding energies and surface composition of high-
density polyethylene before and after He/O2 plasma activation [51].

 Fraction of total carbon (%)

Peak # Binding energy (eV) Assignment Control Plasma

C 1s 1 285.0 C–C 98.7 78.9

2 286.5 C–O  0.7  7.2

3 287.5 C=O  0.6  2.9

4 289.0 (C=O)–O – 11.0

C/O ratio    50.0  3.6
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Figure 14 Infrared spectra of high-density polyethylene before and after atmospheric 
pressure He/O2 plasma activation [51].

forming a diol. The ketone groups observed by XPS and IR spectroscopy may be 
generated through the loss of water from the diol group. Chain scission may also 
occur at the diol site via transfer of one of the H atoms from the alcohol to the 
 carbon backbone. This step yields the carboxylic acid. A similar mechanism should 
be operative for other aliphatic polymers.



Thomas S. Williams et al.: Atmospheric Pressure Plasma Activation

Rev. Adhesion Adhesives, Vol. 1, No. 1, February 2013  © 2013 Scrivener Publishing LLC  71

DOI: 10.7569/RAA.2013.097302

Table 7 Infrared peak assignments for He/O2 plasma-activated HDPE [51].

Peak # Wavenumber (cm–1) Assignment

1 719, 731 C–C rocking mode (–CH2–)

2 1150 C–O stretch (C–OH)

3 1318 O–H in-plane deformation (C–OH)

4 1463, 1473 C–H deformation (–CH2–)

5 1640 C=O stretch of H-bonded carboxylic acid

6 1730 C=O stretch of ketone

7 2848 C–H symmetric stretch (–CH2–)

8 2916 C–H asymmetric stretch (–CH2–)

9 3100–3600 O–H stretch (C–OH)

Figure 15 Proposed mechanism for the activation of high-density polyethylene with the 
atmospheric pressure He/O2 plasma [51].
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6.4 Surface Composition Changes in Aromatic Polymers

Activation of aromatic polymers with the RF noble gas plasma has been studied by 
XPS as well [50, 51]. The materials examined include poly(ethylene terephthalate) 
(PET), poly(ethylene naphthalate) (PEN), poly(etheretherketone) (PEEK), poly-
phenylsulfone (PPS), polyethersulfone (PES), and polysulfone (PSU). The carbon 
1s spectra of PES before and after plasma treatment are presented in Figure 16 [65]. 
The sample surface was scanned with a 50-mm wide plasma beam operated at 200 
W RF power, 0.9 L/min O2, 30.0 L/min He, 5.0 mm source-to-sample distance, 

Figure 16 Carbon 1s XPS spectra of polyethersulfone (a) before and (b) after He/O2 plasma 
activation [66].
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and 10 mm/s scan speed. The control spectrum for PES exhibits peaks for aro-
matic carbon atoms at 284.9 eV (no. 1), carbon atoms with C–S bonds at 285.4 eV 
(no. 2), and carbon atoms with C–O single bonds at 286.4 eV (no. 3). After treat-
ment, two new features are seen in the spectrum: peaks at 287.4 eV and 289.5 eV 
(nos. 4 & 5), corresponding to the C=O and ((C=O)–O) states of ketones and car-
boxylic acids, respectively [49, 50] In Table 8, the carbon 1s binding energies and 
fraction of surface carbons attributable to the different oxidation states are shown 
for four aromatic polymers that have been treated with the atmospheric pressure 
helium/oxygen plasma. For each of these polymers, surface treatment causes the 
C/O atomic ratio to fall from about 5.5 to 2.0. In addition, a substantial increase 
occurs in the fraction of surface carbon atoms associated with ketones (C=O) and 
carboxylic acids ((C=O)–O). By contrast, no appreciable change occurs in the frac-
tion of surface carbon atoms associated with alcohols or ethers (C–O single bonds). 
As indicated in the table, helium/oxygen plasma activation of PEEK converts 
19.1% of the exposed carbon atoms into carboxylic acid groups. These sites can 
react with the epoxide rings in the adhesive and form strong covalent bonds upon 
curing [52].

Shown in Figures 17 and 18 are the infrared spectra of PES before and after 
helium/oxygen plasma activation. The infrared peak positions and their assign-
ments are identifi ed in Table 9. The spectrum of the untreated PES  control 
exhibits aromatic C–H deformations at 840, 880 and 1006 cm–1 (peak nos. 1 
and 3), as well as the aromatic C–H stretches at 3036, 3068, and 3090 cm–1 
(no. 18) [51, 81, 85, 86]. The bands at 1486 and 1578 cm–1 (no. 13) are due to 
aromatic C–C stretches. The aromatic C–S stretch is observed at 1073 cm–1 
(no. 5). The peaks located at 1108 and 1241 cm–1 (nos. 6 and 8) are assigned to the 
C–O stretches of ether groups. Additionally, S=O stretches are observed as dou-
blets at 1150 and 1165 cm–1 (no. 7) and at 1295 and 1323 cm–1 (no. 9). It is impor-
tant to note that carbonyl or carboxyl groups are not present in the control PES 
spectrum.

Following helium/oxygen plasma activation, the PES exhibits new vibra-
tional features resulting from oxidation of the aromatic rings and the sulfone 
linkages. The peak at 910 cm–1 (no. 2) is due to the out-of-plane C–H deforma-
tion of a meta-substituted aromatic ring, while the peak at 1428 cm–1 (no. 12) 
corresponds to the C–C stretching vibration of a para-disubstituted aromatic 
ring [51, 81]. The presence of phenol groups is noted with the emergence of a 
peak at 1412 cm–1 (no. 11). Sulfone oxidation is evidenced by the presence of SO2, 
SO3, and R–(SO2)–OH groups (nos. 4, 10 and 20). The formation of aromatic and 
aliphatic ketones is confi rmed by the presence of peaks at 1685 and 1725 cm–1 
(nos. 15 and 16). Finally, the formation of carboxylic acids is demonstrated by 
the observation of a broad band at 1640 cm–1 due to the C=O stretching mode of 
hydrogen-bonded COOH groups (no. 14). 

In Figure 18, the broad infrared band due to isolated and hydrogen-bonded 
hydroxyl groups has been deconvoluted into 6 separate peaks. The peaks located 
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at 3080, 3230, 3396 and 3535 cm–1 (nos. 19, 20, 21 and 22) are due to the O–H 
stretches of H-bonded carboxylic acids, R–(S=O)–OH groups, H-bonded hydrox-
yls, and hydroxyls H-bonded to aromatic rings, respectively [51, 81, 86, 87]. In 
summary, the O atoms generated in the plasma react with the aromatic rings along 
the polymer backbone and produce alcohols, ketones and carboxylic acids.
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Figure 17 Infrared spectra of polyethersulfone before and after atmospheric pressure 
He/O2 plasma activation [51].



Thomas S. Williams et al.: Atmospheric Pressure Plasma Activation

76  Rev. Adhesion Adhesives, Vol. 1, No. 1, February 2013  © 2013 Scrivener Publishing LLC

DOI: 10.7569/RAA.2013.097302

Table 9 Infrared peak assignments for He/O2 plasma-activated polyethersulfone [51].

Peak # Wavenumber (cm–1) Assignment

1 840, 880 Aromatic out-of-plane C–H deformation

2 910 Out-of-plane C–H deformation of meta-substituted ring

3 1006 Aromatic in-plane C–H deformation

4 1045 SO3
– symmetric vibration

5 1073 Aromatic C–S stretch

6 1108 Symmetric C–O stretch of ether

7 1150, 1165 Symmetric S=O stretch

8 1241 Asymmetric C–O stretch of ether

9 1295, 1323 Asymmetric S=O stretch

10 1360 Asymmetric SO2 stretch of R–(SO2)–OH

11 1412 O–H deformation/C–O stretch combination of phenols

12 1428 C–C stretch of para-disubstituted aromatic ring

13 1486, 1578 Aromatic C–C stretch

14 1640 C=O stretch of H-bonded carboxylic acid

15 1685 C=O stretch of aromatic ketones
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Figure 18 Infrared spectra of the C–H and O–H stretching regions of polyethersulfone 
before and after atmospheric pressure He/O2 plasma activation [51].
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Peak # Wavenumber (cm–1) Assignment

16 1725 C=O stretch of aliphatic ketones

17 2700–3000 C–H stretch of aldehydes and alkenes

18 3036, 3068, 3090 Aromatic C–H stretch

19 3080 O–H stretch of H-bonded carboxylic acid

20 3230 O–H stretch of R–(S=O)–OH

21 3396 O–H stretch of H-bonded hydroxyl

22 3535 O–H stretch of hydroxyl H-bonded to aromatic ring
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Figure 19 Proposed mechanism for the atmospheric-pressure He/O2 plasma activation of 
polyethersulfone [50].
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A mechanism for oxidation of polyethersulfone by the atmospheric pressure 
helium/oxygen plasma is presented in Figure 19 [50]. The same mechanism 
should be operative for other aromatic polymers. Initially, an oxygen atom inserts 
into the C–C double bond creating a three-member epoxy ring. Next, a seven-
member ring is formed by breaking the C–C bond [50, 88, 89]. The third step con-
sists of a resonance-stabilized rearrangement of electrons resulting in ring opening 
with an aldehyde on one end of the chain and a carbene group on the other end. 
An oxygen atom can then attack the carbene to form an aldehyde. A third and 
fi nal oxygen atom inserts across the C–H bond of the aldehyde, thereby forming 
a carboxylic acid. Note that polymer chain scission does not occur in this oxida-
tion mechanism. This allows aromatic polymers to form carboxylic acid groups 
 without etching the polymer backbone.

7  Mechanism of Atmospheric Pressure Plasma Activation 
of Polymers and Composites

Traditionally, water contact angle has been used as an indicator of surface readi-
ness for bonding. However, while surface wetting is necessary, it is not suffi cient 
to determine whether a surface is optimally activated for adhesion. Data indi-
cate that with atmospheric pressure helium/oxygen plasma activation, the water 
contact angle rapidly falls to a saturation value within fractions of a second. The 
time scale for achieving maximum bond strength is on the order of seconds of 
plasma exposure. Similarly, morphological changes in the surface show no cor-
relation with bond strength. Changes in roughness or water contact angle are not 
adequate to explain the improvements in bond strength. This suggests that the 
mechanism for bond strengthening by plasma activation is due to changes in the 
chemical composition of the surface. Specifi cally, strong bonds to epoxy adhesives 
are linked to the presence of carboxylic acid groups along the exposed polymer 
chains [1, 43, 52, 49–51, 90, 91]. 

With regards to helium/oxygen plasma activation of carbon fi ber/epoxy com-
posites, the progression of lap shear strength and surface concentration of car-
boxylic acids with a number of plasma scans is presented in Figure 20(a) [52]. In 
Figure 20(b), the lap shear strength is plotted directly against the surface concen-
tration of COOH groups. A direct one-to-one correspondence between the car-
boxylic acid concentration and the lap shear strength is observed. The reaction 
between carboxylic acids and 3-membered epoxide rings is a known method for 
cross-linking epoxy adhesives [90, 91]. 

For composites which are unresponsive to plasma activation, a plasma- 
responsive layer can be incorporated as described previously. Zaldivar et al. [62] 
observed that cyanate ester (Hexcel 954-3) and high temperature tetrafunctional 
epoxy (Tencate RS36) substrates did not develop high concentrations of carboxyl 
species on the surface, in contrast to what has been observed in other matrix for-
mulations (e.g., Nelcote E765). Figure 21 shows the XPS spectra of different epoxy 
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Figure 20 (a) Lap shear strength and surface concentration of carboxylic acid groups as 
a function of passes with the atmospheric pressure helium/oxygen plasma; and (b) one-
to-one correlation between surface concentration of carboxylic acid groups and lap shear 
strength [52].
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resins following plasma treatment. The incorporation of a plasma reactive layer, 
labeled MOD1, onto a composite surface signifi cantly increased the carboxylic 
acid concentration after plasma treatment. This can be seen from the intense car-
boxylic acid (O=C–O) peaks in the spectra of the MOD1 and E765 epoxy samples, 
compared to the weak O=C–O peaks in the spectra for the AF163 and RS36 epoxy 
specimens. This difference in carboxylic acid concentration is a function of the 
organic chemistry of the substrate and its ability to produce carboxylic acid species 
when exposed to reactive oxygen species from the plasma. 

8  Future Prospects for Atmospheric Plasma Activation of 3D Plastics 
for Adhesion

The inherent low surface energy of polymers and lack of appropriate functional 
groups causes coatings and adhesives to adhere poorly to these materials. Plastic 
surfaces are quickly functionalized by exposure to atmospheric pressure plasmas, 
such that they form strong, permanent bonds to coatings and adhesives. This 
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Figure 21 XPS spectra showing generation of carboxylic acid groups (O=C–O) for different 
epoxy resins following atmospheric pressure He/O2 plasma activation [62].

Note: MOD1 is the plasma reactive layer, E765 is Nelcote E765 epoxy resin, AF163 is 3M 
Scotch-Weld AF163-OST epoxy resin and RS36 is Tencate RS36 tetrafunctional epoxy resin.
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technology is uniquely suited to solving adhesion problems due to several defi n-
ing characteristics: (1) it is readily controlled and automated, making it highly 
reproducible for industrial scale applications; (2) it is environmentally benign and 
does not produce waste disposal issues, such as those encountered with wet chem-
ical etching or abrasion; and (3) it is a precision surface treatment that only affects 
the top layer of the material being adhered to, without any potentially harmful 
effects on the bulk material properties. 

Self-contained atmospheric pressure plasmas and their application to surface 
activation for adhesion is a new fi eld that has made great scientifi c progress 
over the past 15 years. Some examples of new applications include functional 
coatings, polymer grafting for enhanced bonding; surface modifi cation of low-
energy fl uoropolymers; activation of structural composites for adhesive bond-
ing on aircraft; and manufacture of implantable medical devices. In addition, 
plasma modifi cation of textiles is receiving a lot of attention for oil and water-
repellent surfaces that resist soiling and staining [92]. Natural fi bers, such as 
cotton, can be greatly enhanced by plasma activation to facilitate the adhesion 
of dye molecules. 

Of course, all new technological applications emerge from basic research and 
a signifi cant amount of engineering is required before they can be fully imple-
mented. It is expected that much more powerful plasma sources will be developed 
in the near future that can take on a wide range of manufacturing applications, 
from commercial aircraft assembly to semiconductor chip packaging. Now that 
we recognize the valuable role atmospheric pressure plasmas play in cleaning and 
activating structural polymers for adhesion, research and development in this 
fi eld is likely to accelerate even further. 

9 Conclusions

Atmospheric pressure plasmas have proven to be an effective means of prepar-
ing polymer and composite surfaces for bonding. Radio-frequency, helium/
oxygen plasmas generate high concentrations of reactive species in the after-
glow: up to ~1017 cm–3 O atoms and ~1017 cm–3 O2(

1Δg) molecules 2 to 10 mm 
downstream of the source. The bond strength of adhesively bonded polymers 
and composites increases substantially after a short exposure to the afterglow 
of the plasma, such that the bonded joints exhibit 100% cohesive failure in the 
adhesive. In the case of carbon fi ber/epoxy composites, the lap shear strength 
and crack delamination resistance increase by over 50% for surfaces prepared by 
helium/oxygen plasma activation instead of solvent wiping and abrasion. The 
improvements in bond strength are due to the addition of  oxygen-containing 
functional groups along the polymer chain, and more specifi cally to the addi-
tion of carboxylic acids. An additional process has been developed which 
takes full advantage of plasma treatment even with composite systems that 
would otherwise not be susceptible to activation. In this process, the addition 
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of a plasma-responsive resin to the formulation maximizes the concentration 
of carboxylic acid groups on the surface and achieves high bond strengths to 
epoxy adhesives. 
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