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ABSTRACT: In this article, the effects of atmospheric
plasma treatment on the microstructural, chemical, and
mechanical behavior of epoxy-bonded polycyanurate com-
posites are investigated. Adhesive bond strength of
plasma-treated specimens exhibited strength increases of
over 35% to that of peel-ply and solvent-wiped surface
preparation techniques. The improvements were as much
as 50% greater than those obtained using abrasive surface
preparation techniques. X-ray photoelectron spectroscopy
analysis showed an increase in the surface concentration
of oxygen as a function of plasma treatment passes. How-
ever, the levels were substantially lower than that of epoxy
composites treated under identical conditions. In addition,
the concentration of carboxyl groups (OAC¼¼O), which
have been associated with improved adhesive strength in

epoxy-based composites, was shown to saturate in cyanate
ester composites after a much lower exposure period than
what was observed when treating epoxies. The effect of
plasma surface treatment on the surface morphology of
the cyanate ester composite was also studied using scan-
ning electron microscopy and atomic force microscopy.
Atomic force microscopy analysis showed a progressive
increase in surface roughness with treatment; however,
this increase only translated into a marginal increase in
surface area and is not believed to contribute significantly
to adhesive strength. VC 2010 Wiley Periodicals, Inc. J Appl
Polym Sci 120: 921–931, 2011
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INTRODUCTION

Composite manufacturers rely on well-controlled
processes to create consistent, high-performance
bonded joints. Current standards for preparing the
surface of a composite for bonding use either mechan-
ical roughening or peel ply techniques.1,2 Recently,
there have been a number of articles that have eval-
uated the use of atmospheric plasma treatment as an
alternate method over currently accepted techniques.
The recent availability of plasma sources that operate
at atmospheric pressure and relatively low tempera-
tures has made atmospheric plasmas a promising al-
ternative to vacuum plasmas.3 The atmospheric
plasma treatment process uses a capacitive discharge
at atmospheric pressure to produce a uniform high
density of mix of ions, electrons, and free radicals.
The reactive species impinge on the surface of the
composite resulting in both microstructural and sur-
face chemistry modifications that improve adhesive
bonding.4 Unlike abrasion, the atmospheric plasma

treatment is noncontacting, requires minimal operator
intervention, and can be applied to complex shapes.
Additionally, secondary contamination is expected to
be greatly reduced compared with abrasion techni-
ques. Plasma treatment has been applied to a number
of polymer systems5 as well as to a few structural
composite material systems6 with promising results.
However, the improvements vary depending on the
substrate treated.
Over the last decade, polycyanurate composites

have become the structural composite material of
choice for most space applications. Developed as a
drop-in replacement for epoxy systems in the early
1990s, cyanate ester resins have the advantages of
lower moisture absorption,7 with a corresponding
high-dimensional stability, increased glass-transition
temperatures,8 and improved fracture toughness.9

Polycyanurate resins are typically synthesized by the
polymerization of cyanate ester monomers. The
addition of heat and/or a metal catalyst allows three
dicyanate ester monomers to come together by a
cyclotrimerization reaction, forming an intermediate-
molecular-weight prepolymer as shown in Figure 1.
The prepolymer material is further cured and ulti-

mately forms a highly cross-linked network con-
nected with triazine rings. There is very limited
work with respect to the use of plasma treatment of
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cyanate ester-based composites. The majority of the
work that has been performed to date focuses on the
plasma surface treatment of the fiber reinforcement
before its incorporation within the cyanate ester ma-
trix material rather than the treatment of the cured
composite.10 Even though cyanate ester composites
are processed and used for similar applications to
that of epoxy composites, the difference in chemical
structure may affect the manner in which they
respond to atmospheric plasma.

In this article, the effect of atmospheric plasma
treatment on the bonding behavior of a widely used
carbon fiber-reinforced polycyanurate composite is
investigated. As described in a previous publication,
many of the improvements observed in the adhesive
bond strength of plasma-treated graphite epoxy
composites are a result of the formation of active
chemical species incorporated onto the surface of the
substrate.11 As the surface concentration of carboxyl
species increases, the subsequent bond strength is
also shown to increase. It is postulated that this
improvement in performance is primarily a result of
these activated groups on the substrate reacting with
the epoxy adhesive during cure and subsequently
forming strong bonds. However, in this investiga-
tion, the matrix material used in the composite sub-
strate varies sufficiently in chemistry from epoxy
resins to warrant a complete microstructural and
chemical surface analysis. Developing an under-
standing of how the plasma treatment affects the
chemical and surface structure of cyanate ester mate-
rials and how these changes translate to the mechan-
ical behavior of the treated bond surfaces will allow
an assessment of the suitability of this technique as
an alternative to current industrial practices.

EXPERIMENTAL

Materials

The composite materials investigated in this study
were manufactured using Tencate’s (Benicia, CA)
RS3C cyanate ester resin with Toray’s M55J PAN-

based carbon fibers. The RS3C resin system is based
on a dicyclopentadienyl dicyanate ester monomer.
The laminates consisted of eight prepreg plies laid
up in a unidirectional configuration. The laminates
were cured in an autoclave at 121�C under a pres-
sure of 0.69 MPa (100 psi) and subsequently post-
cured to 177�C for 2 hr. The ramp rate was main-
tained for all processes at 1�C/min. The baseline
specimens were manufactured on a polished alumi-
num mandrel with a 0.127-cm FEP release film. No
other release agents were used during processing.
The peel ply specimens were manufactured exactly
the same as the baseline specimens, with the addi-
tion of one layer of Precision Fabrics (Greensboro,
NC) polyester peel ply (60001) adjacent to the tool
side surface during processing.

Plasma treatment

A Surfx Technologies (Culver City, CA) AtomFlo-
250 atmospheric plasma unit was used to treat all
samples investigated in this study. The control unit
uses helium gas as the carrier and oxygen as the
active gas. All gases are of 99.9% purity. The plasma
wand (Surfx PS02129) used a 25 mm linear beam.
Plasma conditions were fixed at 96 W of radio fre-
quency (13.56 MHz) power, 0.450 L/min of oxygen
as the active gas, and 30 L/min of helium as the car-
rier gas. During treatment, the samples were placed
on a stationary stage and a robotic arm holding the
plasma head was scanned at a constant rate across
the specimen face. A LABVIEW program was used
to control the robotic arm, and a scan rate of 24.5
mm/sec was used for all specimen treatments. The
working distance was held fixed at 1.0 mm from the
source. Before surface treatment, all specimens were
cleaned with deionized water and then wiped with
isopropanol. Samples were typically bonded within
48 hr of plasma treatment unless otherwise stated.
Plasma exposure is defined in terms of the number
of passes by the plasma head over the test surface.
The plasma exposures used in this study were 0, 1,
3, 6, 12, 16, 24, and 48 passes. Details have been
described in a previous publication.12

Dynamic mechanical analysis

Dynamic mechanical analysis (DMA) was performed
on specimens directly after plasma treatment to
identify any variation in the glass-transition temper-
ature because of degradation or cure advancement
of the resin system. Single-ply (0.127-cm thick) speci-
mens were cured using the process described previ-
ously for the baseline specimens and used for this
series of DMA testing. We believe that the thinner
specimens would be more susceptible to changes
caused by the plasma because the surface-to-volume
ratio of the tested specimen would be increased. A

Figure 1 Schematic showing the polymerization of cya-
nate ester monomers forming a triazine ring.
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TA Instruments (Yorba Linda, CA) 2980 DMA Ana-
lyzer was used for all testing. The samples were
scanned from room temperature to 300�C at a rate of
10�C/min. The samples were tested in a single canti-
lever mode at a frequency of 1 Hz and a maximum
strain of 20 lm. The glass-transition temperature (Tg)
was identified as the maximum in loss modulus.

Contact angle wetting experiments

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

Scanning electron microscopy

A JEOL (Pleasanton, MA) scanning electron micro-
scope was used to analyze the surface microstruc-
ture of the composite samples after plasma treat-
ments. The specimens were gold coated and viewed
shortly after treatment using a voltage of 15 kV.

X-ray photoelectron spectroscopy

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

Atomic force microscopy

An AGILENT (Santa Clara, CA) 5500LS atomic force
microscope was used for analysis of the surface mor-
phology of the composite specimens. The tool side of
composite specimens were treated and analyzed. The
tool side of the composite is typically much smoother
than the bag side, which provides a better baseline
surface when trying to detect small variations. A
number of 10 � 10 lm scans were obtained and com-
pared as a function of plasma treatment condition.
The root mean square and surface area difference
were also measured as a function of treatment condi-
tion. Surface area calculations were obtained by
selecting an identically sized area, 5 � 5 lm (25 lm2

of projected area) from each image frame.

Mechanical testing

Composite-to-composite single lap shear testing was
performed per ASTM D 3165 to assess the effective-
ness of plasma treatments for enhancing bond
strength. All composite adherends tested in this
investigation were postcured at 177�C. E-glass/ep-
oxy doublers having the same thickness as the
RS3C/M55J laminates (1.5 mm) were bonded to one
side of the 150 � 150-mm laminates. The 65-mm-
long doublers were bonded to the grip end on the
same side of the laminates as the bond area, ensur-
ing that the laminates did not fail in the grip area
and minimizing bending stresses on the bond area.
The doublers were bonded using an ambient-tem-
perature-cure adhesive, Hysol EA 9359.3. The dou-
blers were bonded to the laminates before plasma
treatment to minimize post-treatment handling.
After the doublers were cured, the bond area for

each adherend was wiped with isopropanol and
plasma treated. The two adherends were bonded to-
gether within 48 hr of treatment with no post-treat-
ment cleaning. Bondline control wires (0.13 mm di-
ameter) were placed parallel to the 15.2 mm-long
lap area at five equally spaced locations across the
width of one laminate. The wires extended beyond
the lap area and were secured with tape. Polyethyl-
ene film was placed across the width of both lami-
nates along the edge of the bond area. Hysol EA
9394 epoxy paste adhesive was used for all bonding
and was applied to the bond area on both adher-
ends. The two laminates were placed together, posi-
tioned with a 15.2-mm lap, and taped in place to
prevent relative motion. Clamps were applied at the
center bondline control wire and midway between
the outer wires. Excess adhesive squeezed out at the
ends of the lap, but was prevented from bonding to
the laminates by the polyethylene film. Thus, a con-
trolled lap length of 15.2 mm was maintained. The
Hysol EA 9394 adhesive was cured at ambient tem-
perature over 24 hr, followed by an oven cure at
80�C for 2 hr. The oven cure was used to ensure that
the adhesive was fully cured for all lap shear cou-
pons. Following the oven cure, five lap shear speci-
mens were cut from each bonded assembly using a
water-cooled diamond saw. The lap shear specimens
had a nominal width of 25.4 mm. For lap shear
strength (LSS) testing, the specimens were secured
in wedge grips along the full length of the doublers.
They were tested to failure at a crosshead displace-
ment rate of 2.5 mm/min in an Instron Universal
Testing machine equipped with a 44.5-kN load cell.
In addition to the plasma-treated specimens, two

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

RESULTS AND DISCUSSION

The bond strength behavior of epoxy-bonded
plasma-treated polycyanurate composites was inves-
tigated and is shown in Figure 2. The plot shows the
LSS as a function of plasma treatment passes. In
addition, three separate surface preparation condi-
tions (abrasion, peel ply, and solvent wipe) were
included for comparison purposes. As shown, the
LSS for the abrasion-treated sample is approximately
10.8 MPa. The average strengths for the solvent-
wiped and the peel ply specimens were approxi-
mately 15.3 and 13.7 MPa, respectively. The low
strength for the abrasion-treated specimens is a
result of the fair degree of fiber damage that occurs
during the abrasion process. Even though the pri-
mary purpose of abrasion is to remove outer surface
contaminants and promote mechanical interlocking,
the degree of degradation that can be observed can
be quite pronounced when using higher-modulus
carbon fibers. Composites surfaces manufactured ad-
jacent the mandrel surfaces tend to also be more
prone to this type of damage. The peel ply prepara-
tion technique removes the need for abrasion; how-
ever, several studies13,14 have shown that a degree
of contamination is always evident and may result
in reduced bond performance. Even though the
degree of surface roughness is considerably greater
with the peel ply process, the very smooth solvent-
wiped specimens generally resulted in higher aver-
age adhesive bond strengths.

As shown in Figure 2, the average LSS of our
composite increases as a function of plasma treat-
ment condition and maximizes after 12 passes. The
strength at this point is approximately 30% stronger
than the solvent-wiped specimen and over 75%
stronger than that of the abrasion-treated specimen.
The peel-ply specimen strengths also fall about 40%
below this value. Further plasma treatment causes a
gradual decrease in bond strength. However, even
after 48 passes, the bond strength still remains above
values for the other surface preparation techniques.
Examples of the fracture surfaces for the corre-

sponding specimens are shown in Figure 3. Both
sides of the fractured lap shear coupons are shown
for four different surface conditions. At first glance,
failure for the solvent wipe condition seemed to be
primarily adhesive. However, closer inspection
revealed a thin layer of surface resin from the com-
posite adhered to the EA9394 adhesive. Thus, failure
was dominated by a mixed-mode cohesive failure at
the surface of the composite between the surface
resin and first ply and within the first ply. Only
about 10% of the fracture surface failed adhesively.
A similar failure mode occurred with the peel ply,
except, in this case, a thick surface resin layer was
present because of the peel ply. Cohesive failure
occurred within this surface resin and between the
resin and first ply. Fracture surfaces of all of the
plasma-treated specimens’ exhibited 100% cohesive
failure within the composite. For the lower strength
plasma-treated conditions, a majority of the failure
was the mixed mode mechanism between the sur-
face resin and first ply. For the higher strength con-
ditions, a higher fraction of the fracture surfaces
exhibited failure deeper within the first ply. The
abraded specimens exhibited primarily interlaminar

Figure 2 Lap shear strength for plasma-treated compo-
sites is shown as a function of treatment.

Figure 3 Fracture surfaces of different surface-treated
polycyanurate composite specimens (solvent wipe, 85%
mixed mode þ 5% first ply þ 10% adhesive; 240-grit abra-
sive, >95% first ply þ <5% adhesive; peel ply, 100% adhe-
sive or cohesion within peel ply resin layer; and plasma 12
passes, 50% mixed mode þ 50% first ply).
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failure at a shallow depth within the first ply. This
type of failure is consistent with ply damage caused
by the abrasion process. The failure mechanisms
exhibited by the polycyanurate matrix composites
are similar to those observed in the earlier work for
an epoxy matrix composite system. However, the
higher bond strengths with the epoxy system caused
failure to occur deeper within the composite.

In a previous publication, it was shown that with
each additional plasma-treatment pass on an epoxy-
based composite, a corresponding increase in adhesive
strength was achieved.11 Even though the adhesive
bond strength of the tested polycyanurate composite
laminates improved with plasma treatment, they did
not show the same magnitude or continuous improve-
ment with additional exposure as the previously tested
epoxy substrate system. To better understand how the
mechanical properties of polycyanurate materials are
affected by the plasma treatment, a number of micro-
structural and chemical characterization techniques
were applied.

It is believed that surface roughening contributes
to the interfacial bonding by increasing surface area.

Atomic force microscopy (AFM) was performed on
the surface of the treated polycyanurate laminates to
identify changes in surface morphology. Figure 4(a–f)
shows qualitative changes in surface roughness
with increasing plasma treatment. For example, the
untreated surface [Fig. 4(a)] exhibits a low-fre-
quency periodicity between troughs and high
points. The 1-pass specimen appears nearly identi-
cal. However, subsequent passes clearly modify the
surface morphology. The surface no longer exhibits
the wide undulating profile of the control specimen
but seems to have an increased periodicity or fre-
quency in the surface profile. Root mean square
surface roughness was measured for each plasma
condition and plotted in Figure 5, which shows a
linear increase in surface roughness, from 13 nm
for the untreated to 110 nm for 48 passes. This
change seems substantial; however, it is clearly
inadequate to explain the lap shear test results in
Figure 2, which does not exhibit linear and continu-
ous increase with plasma treatment. It should be
noted that interfacial bonding is more directly
related to surface area when purely mechanical
interaction is assumed. Calculations were done,
which showed that the relative changes in surface
area measured with AFM translate into very small
changes in micrometer-scale surface area. Even after
12 plasma treatment passes, a virtually negligible
increase of 4% was measured. Additionally, above
12 passes, the adhesive strength of the bonded
joint shows an inverse relationship with increases
in surface area. These results suggest that even
though the changes in nanoscale roughness seem
significant at first, contributions from mechanical

Figure 4 AFM scans of polycyanurate composites show-
ing surface morphology as a function of plasma treatment.
(a) Control, (b) 1-pass, (c) 3-pass, (d) 6-pass, (e) 12-pass, (f)
16-pass, (g) 24-pass, and (h) 48-pass.

Figure 5 Surface roughness and calculated surface area
of plasma-treated polycyanurate composites as a function
of plasma passes.
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interlocking on the bond strength seem to be a
minor component because of limited changes in the
surface area.

Contact angle measurements provide insight on
the wetting characteristics of a substrate after plasma
treatment because of chemical modification of the
surface.15 Figure 6 shows a plot of contact angle as a
function of plasma treatment passes for the polycya-
nurate composite investigated in this study. The
wetting characteristics for an epoxy-based composite
as a function of similar plasma treatment are
included for comparison. The contact angle is
approximately 80� for the untreated polycyanurate
composite sample, which indicates a fairly poor
degree of wetting. As the number of plasma treat-
ment increases, the contact angle is shown to
decrease. The changes in contact angle for the poly-
cyanurate composite are more gradual in nature
than the epoxy composite for the same treatment
conditions. After 12 passes, the contact angles for
both composite systems are approximately 20�,
which indicates good wetting for this material. Fur-
ther plasma treatment of both resin systems speci-
men exhibited no further reduction in contact angle.
This behavior suggests that there is a critical concen-
tration of polar functionality necessary to obtain
maximum hydrophilicity. These wetting results are
in agreement with our previous results with epoxy
composites as well as with the behavior of other
polymers investigated in the literature where an ox-
ygen plasma was utilized.16

Scanning electron microscopy (SEM) of the treated
surfaces provides a few additional details. As shown

in Figure 7(a–g), there is observable evidence of oxi-
dation even after a 1-pass, and, after 12 passes, the
surface matrix material appears pitted to a fair
degree. After 12 passes, some of the carbon fibers
start to approach the surface of the treated compos-
ite as a consequence of matrix recession. The 24-pass
specimen shows a fair distribution of bare carbon
filaments approaching the surface of the treated
specimen. It is surprising that the bond performance
is still fairly high compared with conventionally

Figure 6 Contact angle versus plasma treatment passes
for a polycyanurate and epoxy-based composite.

Figure 7 SEM micrographs of polycyanurate composites
showing surface morphology as a function of plasma treat-
ment. (a) Control, (b) 1-pass, (c) 3-pass, (d) 6-pass, (e) 12-
pass, (f) 24-pass, and (g) 48-pass.
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prepared surfaces for these extreme plasma treat-
ment conditions. After 48 passes, the appearance of
ash particulates can also be observed throughout the
surface of the higher plasma-treated specimens.

To better evaluate how the plasma treatment
affects the matrix material, DMA of 1-ply polycyanu-
rate composites was performed. DMA allows us to
determine the glass-transition temperatures (Tg) of
the matrix material within the composite as a func-
tion of treatment. A significant decrease in Tg would
be attributed to degradation of the polymer network,
whereas an increase in Tg would be caused by addi-
tional cross-linking. It should be noted that this resin
is only 90% cured using the manufacturer’s recom-
mended standard cure schedule used in this investi-
gation. Figure 8 shows a plot of Tg as a function of
plasma treatment passes. The initial control speci-
men has a Tg of approximately 195�C. Additional
plasma treatment of the treated parts shows very lit-
tle change in the Tg, even after 48 passes. This indi-
cates that the material does not seem to change con-
siderably with treatment or that any changes
observed are localized to the very outermost surface
layers. The oxidized material observed by SEM is ei-
ther localized to such a small segment of the com-
posite thickness or the damaged material is entirely
removed, therefore resulting in no observable
changes as measured using DMA.

XPS was used to analyze what surface chemistry
modifications occur to the substrate after treatment
and how they contribute to the observed physical
properties. Table I shows the elemental distribution
on the composite surface as a function of treatment
condition. As shown, there is an increase in oxygen
content as a function of passes. This increase would

be expected to improve the wetting characteristics of
the treated surface. The nitrogen content was also
observed to increase steadily with an increased
number of passes, though not as markedly as the ox-
ygen. Others have shown that nitrogen-containing
compounds can incorporate into the surface of resin
when using an air plasma.17 The surface silicon con-
centration was also identified to gradually increase
as a function of treatment. This unexpected increase
is most notable after the 48-pass treatment and is
believed to be a consequence of the preferential re-
moval of the organic portion of the matrix material,
leaving behind the filler (cabosil), fumed silica,
which is used as a viscosity modifier within the
resin. The fluorine concentration was observed to
markedly decrease as a function of plasma treat-
ment, which would also contribute to an improve-
ment in wetting. The initial fluorine content on the
surface of the composite is a result of the high-tem-
perature Teflon release film used in the manufacture
of the laminates. Others18,19 have shown similar
effects during the manufacturer of polyphenylene
sulfide-laminated composites. It was observed that
these fluorinated release films used in the fabrication
of composite hardware tend to emit low-molecular-
weight fluorinated compounds onto the surface of
the part, even at very low processing temperatures
(<100�C) in vacuum. The majority of these fluori-
nated compounds diffuse during cure and are
trapped and localized within the outer 1 nm of the
laminate as verified by XPS (sputter depth) and can-
not be removed with solvent rinses or thermal treat-
ments. At least six passes of the plasma treatment
were necessary to remove the majority of the fluo-
rine from the composite surface.
Figure 9 shows the total oxygen content with

respect to carbon (O/C) as a function of plasma
treatment passes for a polycyanurate composite. In
addition, the O/C ratio is also shown for an epoxy
composite. A change in the O/C ratio is a good indi-
cator of oxygen incorporation or oxidation of the
matrix. As described in a previous publication, on
plasma treatment, the O/C levels on the surface of
an epoxy-treated specimen rise with only 1-pass and

Figure 8 Glass-transition temperature of a polycyanurate
composite as a function of plasma treatment passes.

TABLE I
Elemental Analysis of Composite Surface as a Function

of Plasma Treatment Passes (atomic %)

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

Control 66 6 3 26 0
Plasma 1 pass 62 15 4 18 <1
Plasma 3 passes 67 20 6 6 1
Plasma 6 passes 67 21 9 3 1
Plasma 12 passes 61 24 13 1 1
Plasma 16 passes 59 25 14 0 2.0
Plasma 24 passes 56 26 15 <1 3
Plasma 48 passes 47 30 19 0 5
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stabilize at these high levels. On the other hand, the
polycyanurate resin seems to have a much greater
resistance to surface oxidation with equal exposure.
As shown, the O/C ratio slowly increases and only
reaches similar levels to that of the epoxy after 48
passes. This trend follows a similar pattern to what
was observed during the initial stages of our contact
angle measurements. The epoxy composite exhibits
a rapid increase in wetting with treatment, whereas
the cyanate composite shows more of a gradual
increase with passes corresponding with the
observed changes in O/C levels. This behavior
would again be in line with a system that is less sus-
ceptible to oxidation under similar conditions
because of the inherent characteristics of its chemical
structure.

To verify the differences in the oxidation suscep-
tibility for both of these systems, thermogravimetric
analysis (TGA) was performed. TGA allows one to
expose a material system to a thermal profile in a
selected environment. The mass loss is then meas-
ured as a function of temperature for both systems.
Even though plasma treatment is not performed at
such elevated temperatures, a qualitative relation-
ship can be established with regards to chemical
structure and potential oxidation. Figure 10 shows
a thermogravimetric profile for both an epoxy and
a polycyanurate resin composite exposed in an oxy-
gen environment. As shown, the epoxy resin is
much more readily oxidized than that of the cya-
nate ester composite. Ramirez et al.20 have shown
that this class of thermosetting material has excel-
lent thermal-oxidative behavior. The highly aro-
matic, cyclotrimerized chemical structure of the pol-
ycyanurate resin shown in Figure 1 makes it more
resistant to attack by oxygen than that of the more
aliphatic epoxy resin. As shown in Figure 11, the
chemical structure of epoxy has a larger number of
available sites, notably dangling hydroxyl groups
that make it more prone to oxidation and thus
more responsive to plasma treatment. Because
increases in adhesive bond strength have been
attributed to increases in the amount of oxygen-
containing functional groups (i.e., carboxyl groups),
we would expect that the total amount of oxidized
chemical species on the surface of the polycyanu-
rate composite would be considerably less than that
of the epoxy system.
In previous studies, it was demonstrated that sim-

ple oxidation of the polymer matrix was inadequate
to explain the changes in bond strength and that
specific chemical functionality, i.e., carboxyl group,
was identified and correlated with lap shear test
results on epoxy-based composite system.11 A simi-
lar chemical analysis was performed on the polycya-
nurate samples for this study. Figure 12 shows a
compilation of C 1s X-ray photoelectron spectra as a

Figure 9 Oxygen-to-carbon ratio for both a polycyanurate
and epoxy resin composite as a function of plasma treat-
ment passes.

Figure 10 Thermogravimetric analysis of both an epoxy
and polycyanurate composite as a function of temperature
in flowing oxygen environment.

Figure 11 Schematic showing typical high-temperature
epoxy-amine chemical structure.
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function of increasing plasma treatment passes for
the polycyanurate composite specimens. This analy-
sis allows the growth and distribution of the func-
tional groups that are created by this process to be
tracked. Before the plasma treatment (0 pass), the
main peak is at 284.6 eV, which is attributed to CAC
or CAH in the backbone. CAF species is observed at
291.3 eV, and as discussed earlier, this is due to fluo-
rinated release film that is removed with subsequent
plasma passes. The plasma treatments also create
new functional groups evidenced by new peaks. Up
to six passes, the most notable peak growth is at
289.3 eV, which has been identified as a carboxyl
group (OAC¼¼O) in our previous studies. At 12
passes, two peaks emerge abruptly at 287.1 and
290.1 eV, and they both continue to grow with addi-
tional passes.

To identify these peaks, unreinforced resin with
similar plasma treatment was investigated. Figure
13 shows a comparison of both a polycyanurate
composite laminate and the neat resin after expo-
sure to 16 passes of plasma treatment. As shown,
the unreinforced resin specimen does not show the
development of the 287.1-eV peak, strongly suggest-
ing that it is associated with fibers exposed as a
result of matrix recession. This is also consistent
with both AFM and SEM results discussed previ-
ously. Bubert et al.21 have shown that surface
plasma oxidation of similar fibers causes the forma-
tion of ether groups functionality (CAOR) located
at approximately 286.5 eV.

As described earlier, the concentration of newly
formed carboxyl groups contributes directly to the
adhesive bond strength when using an epoxy adhe-
sive after treatment. The likelihood for a chemical
reaction between an activated carboxyl species and
the epoxy monomer is quite favorable and has been
established.22 Figure 14(a) shows the concentration
of carboxyl species as a function of plasma treatment

passes for both the cyanate ester and epoxy compo-
sites. As shown, the carboxyl concentration for ep-
oxy continues increasing up to 48 passes. This
implies that with each additional treatment there are
numerous active sites that are oxidized and could
serve as links with the adhesive through covalent
bonding. On the other hand, the carboxyl concentra-
tion does not exhibit the same type of monotonic
increase for the polycyanurate resin. In this case, the
carboxyl species concentration saturates early at
approximately 12% and shows no added increase
with further treatment. This corresponds with the
reduced susceptibility of the polycyanurate network
to oxidation compared with the epoxy. Figure 14(b)
shows the corresponding LSSs as a function of
passes for both the polycyanurate and epoxy resin.
As shown, the LSSs for both systems follow the
trend observed for carboxyl species distribution. The
strength for the epoxy system continues increasing
with the number of plasma passes, whereas the cya-
nate ester system saturates at an earlier state as a
consequence of its chemical structure. At very high
plasma treatment passes (48), carboxyl concentration
and LSS are not as well correlated. The strength is
lower than that expected for the corresponding car-
boxyl concentration. It is believed that this is a con-
sequence of the extensive matrix recession described
earlier. Even though cyanate ester systems do not
seem to oxidize as easily as epoxies, it seems that
the limited available sites in the polycyanurate net-
work may be more susceptible to chain scission of
the back bone structure than those of the numerous
corresponding hydroxyl groups available in the ep-
oxy network. An understanding of the oxidation
susceptibility of different plasma-treated resin sys-
tems will aid in correlating the bond performance
improvements to chemical structure, as well as tai-
loring our treatments appropriately.

Figure 12 X-ray photoelectron spectra showing the devel-
opment of the C 1s as a function of plasma treatment
passes.

Figure 13 X-ray photoelectron spectra showing the devel-
opment of the C 1s peak after 16 plasma treatment passes
for both a carbon fiber-reinforced composite and a neat
resin.
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CONCLUSIONS

Atmospheric plasma treatment of epoxy-bonded
polycyanurate composites was shown to improve
the adhesive strength over that of conventional
surface preparation techniques. The average shear
strength of these composite was shown to increase
as a function of plasma treatment condition and
maximize after 12 passes. The strength was
approximately 30% stronger than the solvent-wiped
composites, 40% above peel ply-treated composites,
and over 75% stronger than abrasion-treated
composites.

Increases in surface roughness as a function of
plasma treatment were observed using AFM. These
increases in microroughness translated into negligi-
ble increases in surface area up to 12 passes, which

is over the range where the largest increases in
strength are observed. This suggests that even
though the changes in microroughness initially seem
pronounced, at least on a relative scale, contribu-
tions from mechanical interlocking because of
increases in surface area are limited and seem to be
a secondary effect.
XPS analysis of treated polycyanurate composites

shows large differences in oxidation susceptibility
compared with epoxy composite systems. The O/C
ratio as a function of plasma treatment shows more
resistance to oxidation than epoxy composites. This
behavior was corroborated with TGA and is con-
sistent with a system that is less susceptible to oxi-
dation because of the inherent characteristics of its
chemical structure. This uptake behavior also fol-
lows a similar pattern to what was observed from
contact angle measurements, which would be in
line with a system that has a larger initial uptake
of polar moieties. XPS analysis was also used to
identify the surface carboxyl concentration as a
function of plasma treatment passes for both epoxy
and polycyanurate composites. The carboxyl con-
centration for epoxy continues to increase with
each pass up to 48 passes, whereas the carboxyl
concentration does not show the same type of mon-
otonic increase for polycyanurate resin. Not only is
the magnitude of carboxyl species concentration
considerably lower than that of epoxy, but the
amount of oxygen on the surface saturates at a rel-
atively low number of passes. These concentrations
were shown to best correlate with the adhesive
bond strength for both systems.

The authors thank The Aerospace Corporation’s Independ-
ent Research and Program Development Office for their
support.
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