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ABSTRACT: Nonequilibrium plasma treatments of carbon
fiber reinforced thermoplastic (CFRTP) composites can
activate the robust, chemically inert material into a non-
equilibrium state that can be used to fabricate bonded
structural assemblies with high toughness. The nonequili-
brium surface is unstable; thus, the development of non-
destructive characterization techniques is of paramount
importance to assess the material before use. Herein, a
discovery is reported that plasma-activated CFRTP surfaces
are characterized by a sharp, well-defined surface potential
distribution, the width of which is correlated to the fracture
toughness of bonded assemblies. The activated surface has a
maximum lifetime on the order of days to weeks and is hypothesized to be composed of metastable radical-ion complexes. The
hypothesis is consistent with several independent pieces of evidence, including Kelvin probe force microscopy, contact angle
measurements, magnetic force microscopy, and radical probe experiments.

KEYWORDS: plasma treatment, carbon fiber, polymer-matrix composites (PMCs), surface modification, oxygen plasma activation,
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■ INTRODUCTION

There is a need to improve fuel efficiency in transportation
applications without sacrificing performance, which motivates
the development of lightweight structural materials. Carbon
fiber reinforced polymer composites are a leading class of
lightweight structural materials.1 Compared to traditional
structural materials, carbon fiber reinforced polymer compo-
sites offer the advantage of tailorable strength and stiffness,
corrosion resistance, and lower assembly costs. Additionally,
adhesive joining of composites enables advantages in
composite manufacturing and design when compared to use
of mechanical fasteners. However, inadequate surface prepara-
tion of bonded assemblies can result in adhesion failure, and
subsequent structural failure, at low loads. Qualified bonded
processes must be repeatable and reliable.2 If the failure mode
and value of a joint are not consistent, then it is challenging to
design a bonded structure. Therefore, materials, processes, and
instruments to reliably produce consistent joints are critical for
large acreage bonded structures.
Poly(aryl ether ketone)s (PAEKs) are a family of semi-

crystalline thermoplastics with a molecular backbone com-
prised of alternately arranged ether and ketone groups,
interconnected by para-substituted benzene rings. PAEKs are

characterized by their high-temperature thermal stability,
chemical resistance, and high mechanical strength. Engineered
PAEK thermoplastics, such as poly(ether ketone ketone)
(PEKK), have recently attracted attention as the matrix
material. Thermoplastics offer a number of advantages over
traditionally used thermosets. Compared to thermosets,
thermoplastics have lower processing cost, improved tough-
ness, and are more easily recycled. While thermosets must be
stored in cold, dry environments to minimize any reactions
that degrade the material and lower its shelf life, thermoplastics
are relatively inert and can be stored at ambient conditions for
nearly indefinite periods of time. Additionally, the relatively
low moisture uptake of thermoplastics makes them robust
under hot and wet conditions, in comparison to thermosets,
which can experience significant deterioration of mechanical
properties in damp environments. From a mechanical
perspective, thermoplastics typically have high fracture tough-
ness values, which is a measure of durability and strength. This
high fracture toughness is a result of the semicrystalline
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structure of the material. The crystalline regions increase the
tensile strength while the amorphous regions allow for more
effective absorbing of impact energy. The superior chemical
resistance of thermoplastics improves durability in the wide
variety of environments that an aircraft or automobile may
encounter. However, this chemical inertness also raises a
challenge: robustly bonding different components into a
structural assembly.
It has been known for decades that if the surfaces of polymer

components are treated with a low-temperature oxygen-
containing plasma before bonding, then adhesion in bonded
assemblies can be significantly improved.3−7 Despite the
ubiquitous usage of plasma processing of polymers in
applications including lithography,8−10 microfluidics,11−13 and
biomedical,14−19 the effect is not well understood from a
molecular perspective. Oxygen-containing plasmas can etch
carbonaceous materials20−24 and can also remove contami-
nants from surfaces.25 Thus, the effect has often been
described as plasma cleaning. In other words, plasma treatment
exposes a clean surface composed of the material. The cleaning
concept implies that the surface ought to be stable if the
material were stored in an environment free of chemical and
physical contamination, but that implication is contradicted by
experimental observations.26−28

Another hypothesis is that the material surface is activated
by the low-temperature plasma into a highly reactive state
characterized by a much higher chemical potential compared
to the equilibrium surface. Low-temperature plasma is a highly
nonequilibrium substance and a potent source of energetic
species that bombard surfaces exposed to it; for example,
electrons and ions with sufficient energy to dissociate chemical
bonds (on the order of 1 eV),5 chemical radicals,29 and high-
energy photons.30 Differing from the cleaning concept, an
activated surface would be intrinsically unstable and expected

to decay at some system-dependent rate. Therefore, measure-
ment of the activation state becomes critical to ensure that the
surface is adequately prepared for subsequent processing. By
use of the activation concept, the challenge becomes
characterizing the highly nonequilibrium surface without
destroying its chemical functionality. That challenge has not
been previously overcome, and a solution is essential if one
hopes to fundamentally understand the nature of the
nonequilibrium surface and use it for some application.
In this work, a discovery is reported that can be used as the

basis for new nondestructive characterization of the activation
state of CFRTP composites treated by low-temperature air
plasma. The key observation is that plasma treatment produces
a well-defined surface characterized by a very sharp distribution
of electron electrochemical potential, with a mean potential
that is significantly greater than untreated control specimens.
The phenomenon was revealed by Kelvin probe force
microscopy (KPFM) surface potential mapping. The width
of the surface potential distribution changed with intensity of
plasma treatment and time elapsed after plasma exposure. For
different plasma treatment intensities and time after treatment,
the standard deviation of the surface potential distribution
could be correlated to fracture toughness determined by
double cantilever beam (DCB) testing of bonded assemblies of
CFRTP components. Narrower surface potential distributions
before bonding were correlated to higher fracture toughness of
bonded assemblies. Characterization of the plasma-activated
CFRTP surface was found to be consistent with the hypothesis
that the key chemical functional groups are charges that
colocalize with and stabilize adjacent radicals, forming radical-
ion complexes as shown in Figure 1b.31,32 Interestingly, the
unpaired electrons in the colocalized radical-ion complexes
appear to be ordered, producing a net magnetic moment on
the surface in a particular orientation (Figure 1b).

Figure 1. Overview of (a) sample preparation and (b) key results. (a) The surface of a CFRTP composite is activated by a low-temperature air
plasma into a highly nonequilibrium state, which subsequently relaxes over several days. (b) The plasma-activated surface is highly uniform and
composed of radical species (A•, e.g., ROO•) that are stabilized by colocalized negative ions (B−, e.g., RO−). The unpaired electrons in the AB•−

complex are ordered on the surface such that a net magnetic moment is produced. It should be noted that although the scheme depicts one radical
per charge, several radicals could be stabilizing one charge, or vice versa.
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■ EXPERIMENTAL SECTION
Materials. The preparation of the composite materials is described

below. Platinum−iridium (Pt−Ir) coated conductive atomic force
microscopy (AFM) probes (SCM-PIT-V2) and cobalt−chromium
(Co−Cr) coated magnetic AFM probes (MESP-V2) were purchased
from Bruker Nano (Camarillo, CA). The radical probe Pyrogallol-
sulfonephthalein (pyrogallol red, PGR) was purchased from
MilliporeSigma (St. Louis, MO).
Plasma Treatments of CFRTP Composite Surfaces. Three

types of CRFTP samples were prepared: control, low plasma dose,
and high plasma dose. All samples consisted of HexTow AS4D carbon
fibers (Hexcel, Stamford, CT) embedded in a thermoplastic PEKK
matrix, which were cut from one large panel (i.e., they were all initially
part of the same panel) with a thickness of 0.8 mm. Samples for
material characterization were nominally 12 × 12 mm2 while panels to
be bonded were approximately 152 × 381 mm2. All samples for DCB
testing were solvent cleaned by wiping with methyl ethyl ketone. The
control samples were not processed any further. The plasma was
generated at atmospheric pressure using air as the process gas in an
Openair FG5001 plasma generator (Plasmatreat) with a 16 mm
diameter jet equipped with an an 17° rotary nozzle. Treatment was
performed by moving the plasma head over the sample at a rate of 6.4
or 13 mm s−1 for high and low dose plasma, respectively. The plasma
source parameters were held constant but treatment time was varied.
Plasma treatment times of 1.2 and 2.5 s were used for low and high
dose, respectively. Atmospheric pressure plasma treatment and
bonding procedures were performed in a clean room environment
with actively monitored relative humidity (RH), which at all times
was in the range from 40 to 50%. Characterization of samples was
performed as a function of time after plasma treatment, ranging from
0 to 7 days.
CFRTP samples used to test for functional groups, thermal

properties, and lap shear testing were treated with a laboratory-built
plasma unit that also consisted of a 16 mm diameter plasma jet
generated using a radio-frequency power supply (AG 0613, T&C
Power Conversion) at an applied power set point of 50 W and
frequency of 13.56 MHz. The power was coupled to the powered
electrode through an impedance matching network (AIT-600 RF
Auto Tuner, T&C Power Conversion). The powered electrode was an
aluminum ring wrapped around the outside of a 19 mm outer
diameter fused silica tube. The plasma flowed through the tube and
impinged upon the sample. An image of the custom plasma system
during operation is presented in Figure 1a. The plasma was generated
in a gas mixture of 70.6% Ar, 7.3% O2, and 22.2% N2 at a total mass
flow rate of 248 sccm (standard cubic centimeters per minute) and
total pressure of 1.20 mbar. The samples were allowed to settle in the
vacuum for 5 min prior to plasma exposure. Plasma exposure was
performed for a duration of 4 min. The approximate background gas
temperature of the plasma was 102.3 °C. Experiments focused on
comparing the commercial plasma unit to the custom unit found that
they were very similar in their effect on the CFRTP composite
surfaces. Unless otherwise stated, samples were stored in an
environment with a strictly controlled RH of 48% prior to
characterization. Ambient temperature was controlled in all of the
laboratories to be in the range from 18 to 24 °C. For both the low-
and atmospheric-pressure plasma systems, characterization was
conducted on duplicate samples to determine statistical variations
between subsequent surface treatments.
Double Cantilever Beam Testing. Double cantilever beam

(DCB) testing was used to evaluate bonded assemblies. Fabricated
samples complied with ASTM D5528-13 requirements.33 Unidirec-
tional CFRTP tape was preconsolidated into DCB adherends. The
faying surfaces of each 152 mm × 381 mm DCB parent panel were
prepared by plasma treatment. After treatment, two CFRTP samples
were bonded, with a crack starter on one side, by using a 177 °C
curing structural epoxy adhesive cured in an autoclave. After curing,
the panels were machined into individual coupons ∼12.7 × 381 mm2

in size, with a 125 mm crack starter present. The fracture toughness of
the bonded samples was determined by prying the samples apart

under controlled conditions and using the average of three
measurements, in compliance with ASTM D5528-13.33 After
mechanical testing, coupons were opened fully to evaluate failure
mode. Each data point is the average of three different measurements
at the same combination of the two independent variables (plasma
dose and time after treatment). The reported values are the average of
those three measurements performed on nominally identical samples,
and the error bars are the standard deviations.

Lap Shear Testing. Lap shear testing was used to evaluate
bonded assemblies prepared with the laboratory-built plasma unit.
Single lap-shear joints were fabricated using unidirectional CFRTP
samples that were cut into to 25.4 mm × 25.4 mm coupons prior to
bonding and cleaned using the aforementioned procedure. For the
plasma-treated samples, each surface used for bonding was prepared
using the laboratory-built plasma unit. Adhesively bonded joints were
assembled using a two-component structural adhesive (Loctite Hysol
EA 9394 AERO Epoxy) and applied to the adherend surfaces such
that the epoxy covered a 25.4 mm × 12.7 mm area. A 0.15 mm thick
scrim fabric was cut to the same 25.4 mm × 12.7 mm size and
overlaid onto the epoxy-coated area of one coupon. The two coupons
were bonded such that the bond-line thickness was approximately
equal to the scrim thickness. A constant pressure of 1360 mbar was
applied to the bonded assemblies while they were being cured in a
furnace maintained at a temperature of 75 °C for 3.5 h. Following the
cure cycle, the bonded assemblies were removed from the furnace and
kept at the same applied pressure under ambient conditions for 24 h
prior to tensile testing. Tensile testing was performed using an
electromechanical universal testing machine (Instron 5583) at room
temperature. The bonded assemblies were pulled apart by using a 150
kN load cell with a constant loading rate of 1.25 mm/min. The load at
failure was taken as the maximum applied load recorded prior to
assembly failure. The reported load at failures are averages of repeated
measurements on nominally identical samples for a given treatment
condition. The error bars are the standard deviation of the load at
failure.

Surface Potential Measurements. The distribution of values for
the electrochemical potential of electrons on the CFRTP surface was
measured by using Kelvin probe force microscopy (KPFM). KPFM is
a nondestructive characterization method that relies on relatively
long-range electrostatic effects. In principle, KPFM can be performed
without touching the sample. However, for the experiments used to
compare surface potential and fracture toughness, contact was made
in PeakForce Tapping mode to acquire topography. PeakForce KPFM
(PF-KPFM) measurements were conducted using a Dimension Icon
atomic force microscope (AFM; Bruker) in air under ambient
conditions. Fresh Pt−Ir coated conductive probes were used for each
sample in the PF-KPFM measurements. A scanning area of 10 μm ×
10 μm, a tip velocity of 11.9 μm s−1, and a lift height of 95 nm were
used for all sample measurements. For each sample, topography and
surface potential maps were acquired for several locations at random.
At least three nominally identical samples were characterized for each
combination of independent variables.

Experiments also focused on correlating surface potential to lap
shear strength using a laboratory-built Kelvin probe (KP). Unlike PF-
KPFM, the KP allowed for macroscopic measurements to be made
without making physical contact with the samples. Others have
discussed the operating principles of KPs at length,34 and thus only
the specifics of our experiments are presented here. The surface
potential was measured using an oscillating stainless steel tip, 3 mm in
diameter, at a frequency of 110 Hz, positioned ∼300 μm above the
CFRTP sample. CFRTP samples were divided into a 3 × 3 grid such
that nine different spatial locations were characterized for each
sample, allowing for the determination of an average and standard
deviation. For each spatial location on the sample, after the
appropriate probe-to-sample distance was established, a series of 21
backing voltages from −0.5 to 1.5 V were scanned. For each of those
backing voltages, a data acquisition device (DAQ) recorded from a
current preamplifier (Keithley 6482, Tektronix) the current waveform
in the measurement circuit. The current waveform was processed
using a Fourier transform to determine the amplitude at the tip
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oscillation frequency of 110 Hz. At each spatial location, three scans
were performed and the values were averaged to reduce random error.
After performing signal processing, the current amplitude at the tip
oscillation frequency was plotted as a function of applied backing
voltage, and linear fits were used to determine the null voltage, or
surface potential, of each spatial location.
It is important to note that surface potential measurements, both

PF-KPFM and KP, are susceptible to changes in RH due to the
buildup of charge (hygroelectricity) and surface potential shield-
ing.35,36 All experiments were performed in a controlled laboratory
environment that had a measured RH in the range of 48−51% at all
times.
Magnetic Force Microscopy and Quantitative Nanomech-

anical Mapping. The magnetic moment of organic radicals can be
mapped on a surface by magnetic force microscopy (MFM).37,38 The
phase shift produced by the force between tip and sample in an MFM
experiment includes contributions from both electrostatic and
magnetic interactions. If the sample exhibits a net magnetic moment
in a particular direction, then electrostatic contributions to the phase
shift can be eliminated by mapping the same region of the sample
with equal but oppositely magnetized probes that are otherwise
identical, a method termed controlled magnetism MFM (Supporting
Information Note 1).39,40 The phase shift map of the repulsed probe
was subtracted from the phase shift map of the attracted probe to
eliminate electrostatic contributions to the force gradient.
MFM and PeakForce quantitative nanomechanical mapping

(PFQNM) were performed using a Dimension Icon AFM (Bruker)
in air under ambient conditions. The RH was in the range of 48−51%
for all reported experiments. Fresh Co−Cr coated magnetic probes
were used for each sample in the MFM and PFQNM measurements.
Co−Cr probes were magnetized with a neodymium magnet (>11.5
kOe) prior to each measurement. A scanning area of 15 μm × 15 μm,
a tip velocity of 23.9 μm s−1, and a lift height of 95 nm were used for
all samples. The deflection sensitivity and spring constant for
PFQNM probes were calibrated using a commercially available
sapphire standard (SAPPHIRE-12M, Bruker) prior to each measure-
ment. Additional details for scanning probe experiments can be found
in the Supporting Information.
X-ray Photoelectron Spectroscopy (XPS). The elemental

surface composition of plasma and untreated samples was examined
by using XPS on a PHI 5000 VersaProbe II (Physical Electronics)
operated at a base pressure of 8.6 × 10−7 Pa using a monochromatic
Al Kα line (1486.6 eV) with a power of 25 W, a spot size of 100.0 μm,
and a takeoff angle of 45° between the analyzer and the sample
surface. Survey spectra were acquired using a pass energy of 117.40 eV
and a step size of 1.0 eV. The C 1s and O 1s high-resolution spectra
were acquired using a pass energy of 23.5 eV and a step size of 0.05
eV.
Differential Scanning Calorimetry (DSC). The effects of plasma

treatment on the thermal properties of the PEKK matrix were
determined by differential scanning calorimetry (DSC, Model
DSC2500, TA Instruments). Plasma-treated and untreated samples
(5−6 mg) were sealed in hermetic aluminum pans and heated at a
rate of 20 °C min−1 under a nitrogen atmosphere from 40 to 380 °C
to remove the thermal history of the polymers. The crystallization
temperatures were determined by maintaining samples at 380 °C for 5
min before cooling to 220 °C at a rate of 20 °C min−1. The melting
point of the polymers were determined by maintaining samples at 220
°C for 5 min prior to being heated to 380 °C at a rate of 20 °C min−1.
Samples were subsequently quench cooled to 50 °C and maintained
for 5 min. The glass transition temperature for each sample was found
by an additional heating to 200 °C at a rate of 20 °C.
Bipolar Ion Exposure. Select samples were plasma treated and

then exposed to a gaseous bipolar ion source to neutralize surface
charges introduced by plasma treatment. An AC static eliminator bar
(Model 400T Ion Edge, TAKK Industries) was used as the bipolar
ion source, delivering gaseous positive and negative ion output to
eliminate static charges on the CFRTP surface. Plasma-treated
CFRTP composite samples were placed 2.0 cm away from the static
eliminator bar and treated for a duration of 48 h under ambient

conditions. An experiment was performed to measure ion
concentration at the sample surface during bipolar ion exposure.
Two parallel tungsten wires were positioned 2.0 cm away from the
source. The wires were 0.36 mm in diameter and 15 mm in length and
separated by a distance of 0.3 mm. A voltage was applied between the
two wires, and the resulting current flow was used to determine the
conductance of the air containing the bipolar ions. The conductive air
was modeled using a paraxial cylindrical geometry for the electrodes
to determine conductivity. The ion concentration was calculated
under the assumption that there were an equal number of positive and
negative charges. The ion mobilities for positive and negative ions
were taken from the literature41 to be 1.15 × 10−4 and 1.43 × 10−4 m2

V−1 s−1, respectively. The resulting ion concentration was determined
to be 2.8 × 107 cm−3, which is similar to ion concentrations reported
for other bipolar sources.41 Plasma-treated samples not exposed to
bipolar ions were stored under the same ambient conditions for the
same duration so direct comparisons could be made with minimal
influence of aging effects.

Radical Probing Experiments. Pyrogallolsulfonephthalein (py-
rogallol red, PGR) reacts strongly with reactive oxygen species
(ROS). The chemical structure of PGR contains three hydroxyl
groups in an aromatic conjugated chromophore system. In aqueous
solution, PGR shows a strong maximum absorbance band at 540 nm.
As PGR is consumed, that absorbance band decreases proportionally
to concentration. Fresh 40 μM PGR solutions in 75 mM phosphate
buffer solution (PBS, pH 7.4) were prepared prior to each
experiment. Plasma-treated and control samples were stored in
ambient conditions for the same duration as the bipolar ion exposure.
The bipolar ion sample was exposed continuously for 48 h after
plasma treatment. All samples were placed in 10 mL of PGR solution
made from the same stock solution. The samples, in addition to a 10
mL pure PGR solution used for comparison, were allowed to react at
40 °C for an hour before ultraviolet−visible (UV−vis) absorption
spectroscopy. UV−vis absorption spectroscopy was performed by
transferring 0.1 mL aliquots of each solution into a cuvette and
diluting with 1 mL of PBS. The decrease in peak absorbance for the
PGR band at ∼540 nm was used to monitor the relative amount of
ROS present in a sample. Decreased absorbance corresponds to
increased areal density of radicals on the sample surface. UV−vis
absorbance spectra were measured on a Cary 50 Bio spectropho-
tometer (Varian). Spectra were acquired over the wavelength range of
300−800 nm using a scan rate of 300 nm min−1. Pure PBS was used
as the blank for baseline subtraction.

■ RESULTS AND DISCUSSION

Exposing CFRTP composite to low-temperature air plasma has
three effects: (1) it produces a narrower surface potential
distribution compared to the untreated control, (2) it shifts the
mean surface potential to much more negative values,
indicating an increase in average electron energy on the
surface, and (3) it increases the fracture toughness and lap
shear strength of bonded assemblies. The surface potential can
be related to the energy of electrons on the surface, more
specifically the electrochemical potential of electrons before
contact:

μ μ− = ̅ − ̅eVsp e
s

e
p

(1)

where e is the elementary charge, Vsp is the measured surface
potential, μ̅e

s is the position-dependent electrochemical
potential of electrons on the sample surface before contact,
and μ̅e

p is the electrochemical potential of electrons in the
probe before contact. The electrochemical potential of a
species is the sum of the chemical potential and the
electrostatic potential energy:42

μ μ ψ̅ = + z ee
i

e
i

e i (2)
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where μ̅e
i is the electrochemical potential of an electron in

phase i, μe
i is the chemical potential of an electron in phase i, ze

is the charge number (−1 for an electron), and ψi is the
electrostatic potential of phase i. Herein, electron energy will
refer to the electrochemical potential of an electron. The
expectation is that if the material only has a few types of
chemical functional groups and uniform areal density of surface
charge, then the distribution of surface potential values will be
narrow. Conversely, if the surface has many types of chemical
functional groups and/or an uneven areal density of surface
charge, then the surface potential distribution will be broad. In
other words, a narrow surface potential distribution indicates
both chemical and surface charge uniformity while a broad
surface potential distribution indicates a large number of
different chemical groups, uneven surface charge, or both.
Note that a positive surface potential value is not necessarily
indicative of a positively charged sample surface before contact.
Rather, a more positive surface potential indicates that the
work function of the sample, which is influenced by both
surface chemistry and electrostatic surface charge (eq 2), is less
than the work function of the Pt−Ir tip. A more detailed
explanation of KPFM theory can be found in Supporting
Information Note 2.
CFRTP samples treated with high plasma dose resulted in

significantly more narrow surface potential distributions and
higher fracture toughness values compared to untreated
controls. Examples of topography and surface potential maps
are presented in Figure 2 for untreated control (2a, 2d) and
high-dose plasma (2b, 2e) specimens. Histograms of the
electron energy (and surface potential) on the surface of the
control and high dose plasma specimens are presented in
Figure 2c, wherein the distributions have been normalized such
that the maximum value is 1, and the electron energy value was
determined via eq 1 with a calibrated work function for the PF-
KPFM probe (Supporting Information Note 2). As shown in
Figure 2c, electron energy (and surface potential) distribution
for the untreated control is broad while the plasma-treated

sample is narrow. Moreover, the mean value shifted to a higher
electron energy, or more negative surface potential, after
plasma treatment. The trends for these two representative
examples were also observed in the statistical data set, the
results of which are summarized in Table 1. Specifically, the

mean surface potential value for control samples was 1.43 V,
which shifted to more negative values of 0.34 and 0.15 V,
respectively, for the low- and high-dose plasma treatments (i.e.,
higher electron energy). Likewise, surface potential distribu-
tions became increasingly narrow with more intense plasma
treatments relative to untreated controls. At the 0 day time
point, the standard deviation decreased from 0.539 V for the
untreated control, to 0.076 V for low-dose plasma, to 0.041 V
for high-dose plasma. Note that the surface potential
measurements were made immediately after plasma treatment.

Figure 2. Plasma activation of CFRTP composite. Topographical and surface potential maps of (a, d) solvent-cleaned control and (b, e) high-dose
plasma-treated samples. The scale bars are 5 μm wide. (c) Histograms of electron energy μ̅e

i (and surface potential) for samples (d) and (e). The
histograms have been normalized such that their maximum value is 1. (f) Fracture toughness, determined from double cantilever beam
experiments, of assemblies made of components pretreated in different ways: solvent-cleaned control (orange) and high-dose plasma (blue).

Table 1. Summary of Surface Potential (SP) and Fracture
Toughness (GIP) Experimentsa

treatment time (days) ⟨SP⟩ (V) σSP (V) GIP (kJ m
−2)

none 0 1.43 0.539 0.05 ± 0.02
low 0 0.34 0.076 0.68 ± 0.07
low 1 0.08 0.062 0.88 ± 0.36
low 3 0.08 0.069 0.33 ± 0.05
low 7 0.22 0.089 0.41 ± 0.14
high 0 0.15 0.041 1.31 ± 0.14
high 1 0.11 0.024 1.17 ± 0.22
high 3 0.10 0.030 1.00 ± 0.09
high 7 0.10 0.040 0.77 ± 0.15

aThe mean (⟨SP⟩) and averaged standard deviation (σSP) of the
surface potential values were determined by at least two measure-
ments per sample and at least three samples for each pair of
independent variables. Time corresponds to time after treatment.
Each value for GIP was determined from at least three experiments at
nominally the same pair of independent variables. The error bar on
GIP is the standard deviation.
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Interestingly, the standard deviation of surface potential
distribution for the high-dose plasma was close to the value
of kBT/e = 0.026 V at room temperature, which indicates a
well-defined surface (Table 1). These results are consistent
with plasma exposure creating a surface with a uniform areal
density of surface charge and uniform chemical functionality.
The negative shift in the mean value of the surface potential
(or increase in electron energy) distribution suggests that
plasma treatment has caused the surface to become negatively
charged with respect to the control (Supporting Information
Note 2). Interestingly, the fracture toughness of assemblies
composed of coupons treated with a high-dose plasma before
bonding was ∼28 times higher than untreated controls (Figure
2f). For DCB assemblies made with a high plasma dose, failure
occurred either in the adhesive (cohesion failure) or in the
composite itself (interlaminar failure). In other words, for high
plasma dose, the bond between adhesive and CFRTP was
stronger than the cohesive strength of the composite itself
(Supporting Information Note 3). It may be concluded that
plasma treatment produces a well-defined CFRTP surface with
few types of chemical functional groups and uniform negative
charge and that activated surface results in very high fracture
toughness for bonded assemblies compared to untreated
CFRTP.
The standard deviation of the surface potential distribution,

σSP, is expected to be inversely correlated to the fraction of the
surface covered in activated functional groups. Therefore, an
inverse relationship is expected between the standard deviation
of surface potential distribution before bonding and the
fracture toughness of bonded assemblies. Coupons were
treated by using either a low plasma dose or high plasma
dose, and then 0−7 days were allowed to elapse before
bonding into an assembly for subsequent DCB testing.
Fracture toughness of the bonded assemblies as a function of
time after treatment is plotted in Figure 3a. In general, fracture
toughness decreased with time after treatment, presumably
resulting from relaxation of the nonequilibrium surface. The
reciprocal of the standard deviation of the surface potential
distribution is plotted as a function of time after treatment in
Figure 3b. The different plasma treatments could be clearly
distinguished from one another (Figure 3b), and thus σSP

−1

appears to be a promising way of describing the activation state
of the CFRTP surface. The high and low plasma doses appear
to pass through a maximum as a function of time after
treatment. These maxima are believed to be caused by an
initial imbalance in the areal density of radicals and
electrostatic charges, and a faster decay rate for the species
that is present in excess, which is also expected to be unevenly
distributed. By plotting the fracture toughness at a given time
as a function of σSP

−1 at that same time point, one can observe
that higher values of σSP

−1 correlated to higher fracture
toughness values (Figure 3c). Thus, measurement of the
surface potential distribution appears to be an attractive,
nondestructive method to assess the activation state of a
CFRTP composite before bonding it into a structural
assembly. While the surface potential distribution appears
promising as a fundamental descriptor of the activated surface
that can be used to judge if a surface has been adequately
prepared, the specific means of measurement presented above
(i.e., scanning probe microscopy) is likely impractical in
manufacturing settings. That point raises a question: can the
macroscopic surface potential distribution measured before

bonding by a blunt probe with size on the order of 1 mm also
be correlated to the strength of bonded assemblies?
By use of a blunt probe, the laboratory-built KP detected a

narrowing of the surface potential distribution on a macro-
scopic length scale and that was correlated to the load at failure
of bonded assemblies characterized by single-lap shear testing.
Macroscopically, when compared to untreated control samples,
a smaller σSP value was measured for plasma-activated samples
up to 5 days after treatment. To develop a correlation between
standard deviation of the macroscopic surface potential
distribution and strength of adhesively bonded assemblies,
single-lap shear testing was performed on nominally identical
samples. In other words, sets of samples were plasma treated
under identical conditions and then allowed to age before
adhesive bonding into assemblies: 1, 2, 3, or 5 days after
activation. For a given aging period, the surface potential
distribution was measured using 10 mm × 10 mm samples that
had undergone identical plasma treatments as those used for
lap shear testing. As seen with the DCB testing, plasma
treatment of CFRTP composites prior to adhesive bonding
increased the resulting assembly strength, indicated by an
increased load at failure compared to control assemblies. For
plasma-treated samples, failure primarily occurred in the

Figure 3. Correlation between fracture toughness and nanoscopic σSP.
(a) Fracture toughness as a function of time after different plasma
treatments. (b) Reciprocal of σSP as a function of time after different
plasma treatments. (c) Correlation between σSP

−1 and fracture
toughness. The data in (c) are the same as (a) and (b).
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composite material itself (interlaminar failure). For control
samples, all bonded assemblies experienced adhesion failure.
Images of the fracture surfaces, as well as a summary of the
failure types for each treatment type, can be found in
Supporting Information Note 4. Figures 4a and 4c respectively
show the load at failure, as measured by lap shear testing, and
the σSP

−1 values, as measured by the macroscopic laboratory-
built KP, for different aging times. Note that for the plasma-
treated samples, at all of the measured time points, the
cohesive strength of the composite was less than the adhesive
strength of the bond. Thus, the load at failure did not change
due to the fact that the cohesive strength, an intrinsic property
of the composite, did not change with time. Plotting load at
failure as a function of σSP

−1 (Figure 4d) produces a similar
result to what was found with the nanoscopic PF-KPFM
measurements and DCB testing of assemblies (vide supra),
indicating there was a positive correlation between large σSP

−1

values and increased load at failure of adhesively bonded
assemblies. Interestingly, the width of both nanoscopic and
macroscopic surface potential distributions appear to correlate
to the strength of adhesively bonded assemblies. That
observation supports the surface potential distribution as a
descriptor that can be used to characterize the activation state
of CFRTP composites prior to bonding without destroying the
chemical functionality of the material. Furthermore, the
macroscopic laboratory-built KP is amenable to practical
application as a quality control instrument in bonded
composite assembly manufacturing.

Plasma treatment clearly changed the surface properties of
the CFRTP (vide inf ra); however, bulk properties of the
polymer matrix such as melting temperature, glass transition
temperature, and crystallinity remain unaltered. For example,
XPS revealed a significant change in the chemical speciation of
the CFRTP surface after plasma treatment, specifically a higher
oxygen content (Supporting Information Note 5). The bulk
properties were investigated by DSC to discern if plasma
treatment had changed the structure of the polymer. For
example, chemical alteration of the polymer would result in
different interactions between chains, and a change in bulk
properties such as glass transition temperature, melting point,
or crystallinity. DSC was performed to elucidate the influence
that plasma treatment had on the thermal properties of the
PEKK matrix. As summarized in Table 2, no appreciable
changes in melting temperature, crystallization temperature, or
glass transition temperature were observed after plasma
treatment. The crystallinity of the samples was calculated by
using the enthalpies of fusion obtained from the thermograms
(Supporting Information Note 6). The average crystallinity of
control and plasma-treated samples were determined to be
34.0% and 33.3%, respectively, which are the same value
considering the precision of the experiment (Table 2). Our
evidence demonstrates that exposing CFRTP to low-temper-
ature air plasma results in changes to chemical functionality of
the surface; however, bulk properties remain unaltered.
Because plasma treatment changed surface chemistry but not

Figure 4. Correlation between load at failure and macroscopic σSP. (a) Load at failure as a function of time after plasma treatment. (b) Image of KP
system used for macroscopic surface potential measurements. (c) Reciprocal of macroscopic σSP as a function of time after plasma treatments using
laboratory-built unit. (d) Correlation between macroscopic σSP

−1 and load at failure. The data in (d) are the same as (a) and (c).

Table 2. Summary of DSC Experimentsa

treatment Tm (°C) Tc (°C) Tg (°C) Xc (%)

none 340.35 ± 0.02 278.16 ± 0.09 161.15 ± 0.19 34.0 ± 2.5
plasma 340.38 ± 0.34 278.30 ± 0.24 161.75 ± 0.87 33.3 ± 4.4

aThe mean values for the melting (Tm), crystallization (Tc), and glass transition (Tg) temperatures and crystallinity (Xc) were determined by using
the DSC thermograms of three nominally identical samples for plasma and control samples. The error bars are the standard deviations.
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bulk properties, the surface chemistry of activated CRFTP
composite was further investigated.
The hypothesis is that the plasma-activated polymer

composite surface is composed of organic radical species that
are stabilized by organic anions. Additionally, these radicals are
hypothesized to be associated with oxygen. It is well-
documented that organic radicals (R•) generated by low-
temperature plasma treatment of polymer surfaces react with
gas phase O2 to form peroxyl radicals (ROO•).43 Furthermore,
low-temperature plasmas containing oxygen are a well-known
source of oxygen radicals,44 such as monatomic oxygen,29,45

and thus it is reasonable to expect oxygen-bearing radicals on
the surface. In the laboratory-built plasma system used here, a
correlation between monatomic oxygen triplet biradical density
in the plasma, measured by optical emission spectroscopy, and
σSP

−1, measured from surfaces of plasma-treated CFRTP
samples, was experimentally observed (Supporting Information
Note 7). The activated surface of the CFRTP composite was
unstable and decayed on a time scale of several days after
plasma exposure (Figure 3). A lifetime of days is somewhat
long for a highly reactive species such as a peroxyl radical. One
explanation is that the radicals are stabilized by colocalized

electrostatic surface charge, which has been used to account for
the behavior of mechanically generated radicals and charges on
other polymers, including polydimethylsiloxane.33,34 Floating
surfaces in contact with low-temperature plasmas are expected
to adopt a negative charge to balance the flux of electrons and
positive ions to maintain overall charge neutrality in the
plasma.46 Thus, a negative surface charge for the CFRTP
sample is expected, and KPFM data support that hypothesis
wherein the mean surface potential after plasma treatment was
clearly shifted to a value more negative than the untreated
control (Figure 2c and Table 1). The high density of negative
charge on the CFRTP surface is expected to stabilize radical
species by the recently proposed charge stabilization effect,
whereby formation of frontier molecular orbitals between
colocalized organic radicals and surface ions results in a
complex that has lower energy compared to the radical and ion
in isolation (Supporting Information Note 8 and Figure 1b).
A number of pieces of evidence indicate the presence of

charge-stabilized radical species on the surface after plasma
exposure and are consistent with the presence of ROO• species
colocalized and stabilized by negative charge. XPS revealed a
dramatic increase in the amount of oxygen on the CFRTP

Figure 5. Evidence for charge-stabilized radicals. Topographical and phase-shift difference maps of CFRTP samples prepared using different
treatments: (a, d) untreated control, (b, e) plasma treated, and (c, f) plasma treated followed by exposure to bipolar ions. The scale bars are 5 μm.
Phase shift difference maps were generated by subtracting the MFM map acquired using an M+ probe from the MFM map acquired using an M−
probe (Supporting Information Note 1). (g) Histograms of the phase shift difference maps in (d−f). (h) Visible absorbance spectra of solutions
composed of pyrogallol red (PGR) dissolved in phosphate buffer solutions after exposure to samples prepared using the same procedures as (a−f).
The curve labeled PGR corresponds to the stock solution. The plasma-treated sample exhibited the lowest PGR absorbance, indicating it had
consumed the most PGR and therefore had the highest radical density. (i) The amount of PGR consumed by the sample surface as determined by
Beer−Lambert law. The error bars in (i) were determined by root-sum-of-squares combination of the intrinsic spectrometer noise with the
standard deviation of repeat measurements performed on nominally identical samples.
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surface after plasma exposure and that oxygen was bonded to
carbon (Supporting Information Note 5). Contact angle
measurements revealed that the plasma-activated surface
behaved as an electron donor, which is consistent with the
expected behavior of a colocalized anion-radical complex
(Supporting Information Note 8). The unpaired electrons
associated with anion-radical complexes would also have a
magnetic moment. Force−distance curves measured by using
oppositely but equally magnetized probes in an atomic force
microscope (AFM) revealed that the surface became
magnetized after plasma exposure with a spin ordering that
produced a net magnetic moment opposite to the direction of
the macroscopic sample surface normal (Supporting Informa-
tion Note 1). The sample surface magnetization due to plasma
exposure can be more clearly characterized by controlled
magnetism MFM.
Controlled magnetism MFM phase shift difference maps, in

which the magnetic contribution to the force gradient between
sample and probe has been isolated, are presented in Figure 5e
for a representative plasma-treated sample. Phase shift
difference maps are included for an untreated control (Figure
5d) as well as a plasma-treated sample that was subsequently
exposed to bipolar ions to neutralize surface charge (Figure
5f). Histograms of the phase shift difference maps for all three
samples are presented in Figure 5g. The average magnetic force
between sample and tip increased with plasma treatment
compared to the control and then decreased when the surface
charge was neutralized by exposure to air containing bipolar
ions with a concentration of 2.8 × 107 cm−3 (Figure 5g). In
other words, plasma treatment uniformly increased the density
of magnetic spins on the surface, and then electrostatic
neutralization by exposure to bipolar ions decreased it (Figure
5g).
Furthermore, experiments conducted using a radical probe

known to be consumed by reactive oxygen species (ROS, e.g.,
the peroxyl radical47) revealed a similar trend (Supporting
Information Note 9). The amount of PGR consumed by the
sample surface was approximately zero for the control,
increased to a value of 0.71 nmol after plasma treatment and
then decreased to approximately zero after exposure to bipolar
ions (Figure 5h,i). To rule out changes in PGR adsorption due
to changes in oxygen content of the surface, the bond
speciation of each sample was examined by XPS (Supporting
Information Note 5). When compared to the amount of PGR
consumed (Figure 5i) and the effect on surface spin density
(Figure 5g), it was found that bipolar ion exposure had a
negligible effect on both the amount of oxygen on the plasma
treated surface and its speciation (Supporting Information
Note 5). Oxygen present in the C−O bonds is presumably
initially a radical after plasma exposure, but during
neutralization it becomes destabilized by bipolar ions, reacting
to form a functional group which does not interact with PGR
(e.g., an alcohol). The results support the hypothesis that
oxygen-containing radicals produced by plasma treatment are
stabilized by colocalized negative electrostatic charges.

■ CONCLUSIONS
In summary, a discovery has been reported herein that the
width of the surface potential distribution of plasma-treated
CFRTP components is correlated to the fracture toughness of
bonded assemblies made from those components. Macroscopic
measurements made using a laboratory-built Kelvin probe
revealed behavior similar to nanoscopic measurements made

using a commercial scanning probe microscope, emphasizing
the practicality of the discovery. Surface potential distribution
measurements could be used for quality control in processes
that involve plasma activation of thermoplastics prior to
bonding. Scanning probe measurements of CFRTP samples
revealed a sharp peak in the surface potential distribution after
plasma treatment, indicative of a surface that has a uniform
areal density of electrostatic charge and few types of chemical
functional groups. Conversely, the untreated samples showed a
wider surface potential distribution, suggestive that the surface
was nonuniform in electrostatic charge and chemical
functionality. Thermal analysis of the polymeric matrix
indicated that plasma treatments resulted in negligible changes
to the bulk properties of the thermoplastic. The evidence
suggests that the well-defined plasma-activated CFRTP
composite surface is composed of organic oxygen-containing
radicals colocalized with and stabilized by negative electrostatic
charges.
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