PLASMA SURFACE PREPARATION FOR INCREASED
ADHESIVE STRENGTH OF BONDED FASTENERS

Thomas S. Williams', Graham Ray', James Hamtak?, Owen Galassini?, Chris Galassini2, John
Elverum?
'Surfx Technologies
Redondo Beach, CA
2Click Bond, Inc.
Carson City, NV

ABSTRACT

Adhesively bonded fasteners are used extensively in aerospace, automotive and marine
applications because they decrease manufacturing complexity while also reducing weight. In this
work, plasma surface preparation has been examined as a method to prepare bonded fasteners
prior to installation. Successful adhesion requires the generation of a highly clean and active
bonding surface. A low temperature plasma device has been used to prepare the bonding surface.
A plasma cleaning and activation process has been developed for multiple fastener base
materials including parameters such as offset distance, exposure time, gas flow rates, and power
level. Plasma will be shown to create a hydrophilic surface with a water contact angle of <5° on
epoxy, Polyetherketoneketone (PEKK), Polyetheretherketone (PEEK) and Polyethylenimine
(PEI) fasteners. Bond properties were compared with and without plasma activation when using
either an epoxy or acrylic adhesive. Data collected using tensile and offset shear tests showed
that a point-of-use plasma surface preparation of the fastener prior to bonding was able to
increase the maximum bond strength, reduce interfacial adhesion failure and decrease variability.
The plasma process will increase bond reliability, decrease touch labor, and reduce
scrap/rework/repair (SRR).
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1. INTRODUCTION

Adhesively bonded fasteners are a key manufacturing process for many businesses in the marine
and automotive industries as well as the production of modern military and commercial aircraft
and spacecraft. These bonded fasteners include rivetless nutplates as well as studs and standoffs.
Bonded nutplates eliminate the need to drill attachment rivet holes traditionally associated with
nutplate installation. This preserves the integrity of the structure, enables weight savings, and
reduces overall installation time and cost. These types of fasteners are commonly used in
aerospace fastener applications for high cycle attachment points on aircraft. Adhesive-bonded
thermoplastic and composite standoffs and studs are suited for applications where separation
between systems or components and structure is required. Bonding these to the surface of the
substrate does not require drilling any holes into the structure. Attachment of bonded fasteners
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requires significantly reduced preparation of the fastener and underlying structure; however,
precautions must be taken to ensure adequate strength of the final bonded assembly. Bond failure
of any fastener can lead to time-consuming rework of the failed area and increased costs.
Maximum bond performance can be achieved by implementing the appropriate surface
preparation process prior to bonding. Common point-of-use preparation techniques include
plasma activation, laser ablation, grit blasting, mechanical abrasion, and/or solvent wiping. In
particular, plasma activation has been recently shown to be a quick and reliable method for
producing strong, durable bonds with a wide variety of materials.

Significant effort has been expended in recent years to understand the bonding mechanisms and
bond properties of nutplate assemblies [1-5]. These studies examined the surface preparation of
unprimed, stainless steel nutplates using atmospheric pressure helium and oxygen plasma. The
nutplates are sometimes sealed within individually packaged bags to avoid contamination or
supplied with a primed bonding surface and are bonded with no point-of-use surface preparation.
Surfx Technologies has developed a benchtop plasma device that can rapidly clean and activate
bonded nutplates [6]. This device offers a novel surface preparation technique for the bonding of
nutplates to metal and composite surfaces. Prior work studying atmospheric pressure plasma
treatment on stainless steel bonded nutplates showed that plasma was able to convert a 3.5-year-
old nutplate from a hydrophobic surface with a water contact angle (WCA) of 134 + 6 ° into a
hydrophilic surface with water contact angles below 5 ° [1]. This resulted in strong adhesive
bond performance with a torque-out load of 18 = 3 Nm which was 2x higher than the 9 £ 2 Nm
torque for the same type of nutplate without plasma treatment. This was accompanied with a
significant reduction in adhesive failure mode at the nutplate interface when using plasma.
Plasma surface preparation of the nutplate used in concert with a handheld atmospheric plasma
source to activate the substrate surface has shown that this technique can greatly improve the
performance of the bonded assembly.

Previous work delved into the use of plasma as a surface pretreatment prior to the installation of
adhesively bonded nutplates on BMI substrate using CB301 adhesive [5]. Plasma activation of
the BMI substrates showed a number of beneficial results when compared to solvent wiping and
abrasion. Plasma activation of the BMI was shown to drive bond failure away from the interface
and to increase the strength of the BMI-nutplate bond. Plasma treatment increased mechanical
loads by 25 % for push-off and 23 % for torque-out tests on average [2]. Best results were
obtained with 3 to 5 seconds of plasma treatment [3]. This work clearly showed that proper
preparation of both the structure and stainless steel nutplate surface is essential for achieving
strong, reliable bonded nutplates. Conversely, there is comparatively little data looking at the
effects of different surface preparation techniques on the bond properties of fasteners made from
other materials like thermoplastics or thermoset composite. New methods of surface preparation
are being sought that can be applied efficiently and reliably, and produce strong, durable bonds
across the variety of materials used for studs and standoffs. Atmospheric pressure plasma has
already shown promising results for forming strong adhesive bonds with a wide variety of
similar material systems [7-15].

In this study, a new approach to surface preparation has been examined for unprimed
Polyethylenimine (PEI), Polyetheretherketone (PEEK), Polyetherketoneketone (PEKK) and
carbon-fiber/epoxy fasteners. Surfx Technologies and Click Bond have investigated the use of a
radio frequency, capacitively coupled, argon and oxygen plasma discharge to enhance the



performance of the bonded fasteners. The plasma can be implemented as a point-of-use surface
preparation prior to bonding to eliminate potential contaminants and maximize bond
performance. Characterization of the fasteners surface prior to bonding was accomplished using
water contact angle (WCA). Strength testing of bonded nutplates was performed via tensile
testing and an offset shear test of the adhered fasteners on grit blasted aluminum panels. In
addition, the bond failure mode was determined for each test. Plasma surface preparation shows
promise as a novel technique for the preparation of polymer and composite bonded fasteners.

2. EXPERIMENTATION
2.1 Materials

Examples of the bonded fasteners used are shown in Figure 1 and were manufactured by Click
Bond, Inc. Composite-base locking-thread standoffs used were made from glass-filled PEI (part
no. CB4002V3CR16), PEEK (part no. CB4002P3CR16), or PEKK (part no. CB4012K3CR16)
thermoplastic. The composite-base standoffs were made from a carbon-fiber/epoxy base material
(part no. CB4001C3CR16). The standoffs feature a 1.25-inch diameter circular bond surface and
are 1 inch tall.
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Figure 1. Photos of a polymer standoff (left) and a standoff with carbon-fiber/epoxy composite
base (right).

The fasteners were adhered to grit blasted aluminum substrates manufactured from 2024-T351
alloy. The standoffs were attached using either CB200 structural acrylic adhesive or CB359
structural epoxy adhesive. Both of these adhesives are two-part thixotropic pastes that cure at
room temperature.

2.2 Surface Preparation
2.2.1 Aluminum Coupon

In order to better understand the subtleties of plasma treatment of the fastener, all of the
aluminum test coupons were prepared by grit blasting before bonding. This method is a standard
technique in achieving high loads at the adhesive-aluminum interface. This allows for better
interrogation of the fastener-adhesive interface.

Each aluminum coupon was grit blasted until a matte finish was achieved. Residual debris was
removed with clean, dry air. The grit blasted aluminum substrates were finally wiped using the
Click Bond CB911 pre-saturated wipes containing a solvent blend of Acetone, n-Heptane,
Methylcyclohexane and Pentyl acetate. The solvent cleaning process consisted of an initial dry



wipe, followed by a series of unidirectional solvent wipes which were repeated using a clean
cloth until no residue came off the surface.

2.2.2 Bonded Fastener

Two sets of standoffs were bonded. The first set of control samples were bonded with no surface
preparation prior to bonding. This was done to reflect the standard bond process currently
employed when using bonded fasteners in the field. The second set of samples were activated
using a Surfx Technologies Atomflo™ plasma system equipped with a 50 mm linear beam
plasma source. The plasma source was fed with 16 L/min of argon and 0.08 L/min of oxygen.
The discharge was struck with 240 W of radio frequency power at 27.12 MHz. A multi-axis
robot was used to translate the plasma head over bond surface of each standoftf at a 5 mm/s scan
speed and a consistent distance of 2 mm between the plasma head and the surface. An image of
the plasma source employed during this work is shown in Figure 2.

Figure 2. Atomflo plasma controller with a 50 mm linear beam argon plasma head.

2.3 Bond Procedure

All samples were bonded within 15 minutes following the surface treatments described above. A
set of 5 standoffs were bonded for each test condition. The fasteners were bonded to the grit
blasted aluminum panel using either CB200 or CB359 adhesive from Click Bond, Inc. The two-
part adhesive was purged out through a mixing nozzle to ensure the proper adhesive mix ratio
was achieved. To adhere the standoffs, adhesive was dispensed onto the bond surface and an
installation fixture was used to position the fastener and hold it under positive pressure while the
adhesive cured. The adhesive squeeze-out was then checked to assure full coverage of adhesive
around the perimeter of the fastener and the bonded parts were left to cure for a minimum of 72
hours at room temperature prior to being tested.

2.4 Test Methods
2.4.1 Water Contact Angle

Water contact angle measurements were taken using a BTG Labs Surface Analyst 3001. This
device measures the water contact angle by dispensing a droplet of deionized water using a
ballistic deposition technique. It places a controlled volume droplet of water on the surface being



interrogated, takes an image of the drop’s wetting diameter, and calculates the contact angle
between the surface and the droplet. Water contact angle measurements were taken prior to
surface treatment in order to establish a control value and then the WCA was measured
immediately after plasma activation to understand the effect of the plasma surface preparation.

2.4.2 Mechanical Strength Testing
2.4.2.1 Tensile Bond Test

Mechanical strength data was obtained utilizing a standard tensile test method. The test was
performed in accordance with the Click Bond CBPS-202 process specification for tensile testing.
The tests were performed using a United Testing Machine load frame running DATUM V5i test
software. A 5,000 Ib load cell was equipped with a custom fixture designed to maintain a pure
tensile load on the fastener. A bolt was inserted through the fixture to engage the nut element
within the standoff, and load was applied at a rate of 0.05 inches per minute until failure. The
maximum load before failure was recorded for each sample. This experimental set up can be
referenced in Figure 3 below.

Figure 3. Photo of tensile test experimental set up.

2.4.2.2 Offset Shear Bond Test

The offset shear test fixture is shown below in Figure 4. The tests were performed using the same
United Testing Machine load frame but with a 500 Ib load cell. The test was performed in
accordance with Click Bond process specification CBPS-201 for Shear (Lateral Strength)
Testing. This experimental setup does not produce a pure shear load on the bonded fastener. It
results in both a torque and shear being applied to the bond line. Figure 4 shows that the test
apparatus applies force in-line with the top of the standoff with no added offset from the tool
attachment. During these tests, a 1.0 inch offset means that the shear load is being applied at a
distance of 1 inch perpendicular to the bond line. Selecting a 1 inch size for the fastener allows
the load values to be easily converted into a torque if desired, e.g., a load of 1 Ibf at 1 inch offset
equals a torque of 1 in-lbs. Force was applied at a rate of 0.05 inches per minute until the bond
line failed or there was a mechanical failure of the fastener hardware.



Figure 4 . Photo of offset shear test experimental set up.

2.4.2.3 Failure Mode Analysis

Following mechanical testing, images of the bond regions of the substrate and the fastener
baseplate were taken and the failure modes were analyzed. The different failure modes examined
were as follows: interfacial/adhesion failure at the substrate, interfacial/adhesion failure at the
fastener baseplate, disbonding between the resin and fiber, delamination of the baseplate fibers,
cohesive failure within the adhesive, or mechanical fracture of the fastener itself. The failure
modes were assigned through visual inspection. Visual inspection was used to determine the
dominant type of failure mode for each fastener. An example of each type of failure mode is
shown in Figure 5.

Resin-to-Fiber Adhesive-to- Adhesive-to- Cohesive Mechanical

Substrate Baseplate
& Delamination

Figure 5. Example images for the failure modes observed following mechanical testing.



3. RESULTS
3.1 Water Contact Angle

Water contact angle measurements before and after plasma surface preparation are summarized
in Table 1. For each material, the control surface showed a WCA value greater than 40°. The
average water contact angle for the control samples were 58+5° for PEI, 52+1° for PEEK, 44+1°
for PEKK and 53+4°for the carbon-fiber epoxy composite. This is in stark contrast to the surface
energy of each material following plasma surface activation which showed a water contact angle
that was decreased to <5°.

Table 1. Effect of surface preparation method on the water contact angle of fasteners made from
PEI, PEKK, PEEK and carbon-fiber/epoxy composite.

Material Surface Prep WCA (°)

+
PEI Control 58+5
Plasma <5
Control 52+1
PEEK Plasma <5
Control 4441
PEKK Plasma <5
Control 5344
CF/Epoxy
Plasma <5

A low WCA corresponds with a high surface energy and indicates that the surface will produce a
stronger adhesive bond. However, a low WCA reading does not guarantee optimum bond
reliability without additional understanding of the material system including the substrate and
adhesive being used. It is important to note that this study assumed there was no unknown
contamination that could interfere with the accuracy of the WCA measurement. In particular if
the contaminants themselves produce a low water contact angle(e.g., surfactants). When
possible, it is recommended to measure the WCA of the fasteners before and after surface
preparation. Doing so will better allow for contamination detection on the control surface rather
than relying solely on the WCA measurement after surface preparation. WCA is an excellent
starting place for determining the viability of a surface preparation, but it is recognized as having
some limitations. Mechanical testing of the bonded fastener assembly is needed to further
demonstrate the potential benefits of plasma surface preparation.

3.2 Tensile Testing
3.2.1 Mechanical Test Data

The maximum tensile load of each fastener tested is summarized below in Figure 6 for samples
bonded with CB200 acrylic adhesive and Figure 7 for samples bonded with CB359 epoxy
adhesive. Figure 6 shows a box and whisker plot comparing the maximum loads experienced
prior to failure for each of the four base materials tested: PEI, PEEK, PEKK and a carbon-
fiber/epoxy composite. The two sample sets consisted of the untreated control group and samples
using the Surfx plasma as a point-of-use surface preparation. For the box and whisker plots, the



middle line of the box represents the median data point, the X in the box represents the mean,
the top and bottom of the box represents the 1% and 3™ quartile and the whiskers extend from the
ends of the box to the minimum and maximum data points.

For the PEI and PEEK standoffs that were tested, there is little difference in the tensile load at
failure. The PEI control samples had an average failure load of 495411 Ibf and the plasma-
activated samples were 482+18 Ibf. The PEEK standoffs had a similar average failure load of
560+62 1bf for the control compared to 547+19 Ibf after plasma. However, there is a much
smaller standard deviation for the plasma samples. For the PEKK and carbon-fiber/epoxy
(CF/Epoxy) standoffs there is a clear benefit to using the plasma surface preparation. The PEKK
samples showed an increase from 410£13 Ibf for the control to 525+49 Ibf when using the
plasma. While there is a larger standard deviation for the plasma samples, it should be noted that
the lowest bond strength for a plasma treated sample was higher than the best bond strength
measured for the control. The control values for the CF/Epoxy samples were 705+161 1bf which
increased to 1018+77 Ibf after plasma surface preparation.

1,300
|
1200 Control
Pl
1100 b O Plasma .
I —
1,000 X
o 900 F T L
=
< 800
]
S 700 R
600 = :
" == By L
5 I — L ~— | i' _L
400 [ —E—
300 | | |
PEI PEEK PEKK CF/Epoxy

Fastener Material

Figure 6. Tensile load data for PEI, PEEK, PEKK and Carbon-fiber/Epoxy composite fasteners
bonded with CB200 adhesive.

Figure 7 summarizes the tensile data collected when using the CB359 epoxy adhesive. The PEI
and PEEK data shows results that are consistent with those gathered when using the CB200
adhesive. This suggests that under these test conditions, the maximum strength of the bond is not
determined by either the adhesive or the surface preparation method being used. For the PEKK
samples, the load was very similar between the control group at 677+21 Ibf and the plasma
samples at 66515 Ibf, with both groups showing a significant increase in tensile load when
comparing them to the CB200 data. Finally, the CF/Epoxy samples showed a similar average
tensile strength after plasma treatment when comparing it to the CB200 data. However, the
control specimen bond strength was much higher going from 705+161 Ibf with CB200 up to



1030+66 Ibf with CB359. This meant that the control samples had a similar bond performance as
the plasma treated samples which were 1063+155 1bf. A detailed examination of the data shows
that the larger standard deviation for the plasma samples was due to a single data point which
had a bond strength of 810 lbs. while all of the other samples had a bond strength of at least 1059
Ibs. However, the failure mode exhibited by the outlier was a delamination of the baseplate
which was consistent with failure mode exhibited by all of the other samples within that set. This
points to a variation in the properties of the composite base material rather than variability in the
bond strength produced by the plasma surface preparation. An analysis of the failure mode for
each test specimen is necessary to understand why there is little difference observed between the
control and plasma data sets when using the CB359 adhesive.
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Figure 7. Tensile load data for PEI, PEEK, PEKK and Carbon-fiber/Epoxy composite fasteners
bonded with CB359 adhesive.

3.2.2 Failure Mode

Following tensile testing, failure mode was determined for each standoff. The failure modes
observed shed additional light on the tensile strength data and are summarized in Table 2. For
example, the failure mode of the PEI test specimens was a mechanical failure of the fastener
material. This explains why there was no difference in the tensile load between any of the test
groups because the strength was not a function of the bond line but rather it was limited by the
relatively low tensile strength of the PEI material. A similar trend is seen with the PEEK failure
mode data. However, for the control PEEK/CB200 test specimens, there was one observed
instance of an adhesive failure at the baseplate which failed at a lower tensile load. This failure
mode was eliminated by using the plasma, resulting in less variability in the bond performance.

The failure mode for the PEKK samples bonded using CB200 showed an adhesive-to-baseplate
failure for both the control and plasma samples. The tensile strength data showed a significant



improvement in the strength of the PEKK standoffs when using plasma, but the failure mode did
not change. This indicates that further improvement in the bond strength for this material may be
possible via optimization of the plasma process conditions. The CF/Epoxy standoffs bonded with
CB200 adhesive exhibited a partial resin-to-fiber failure mode for the control samples. This was
converted entirely to a delamination failure mode after plasma activation. It is unclear what the
mechanism is for the plasma to improve the resin-to-fiber failure mode which is not related to the
adhesive/baseplate interface that the plasma is treating. One potential explanation is that the
carbon-fiber/epoxy baseplate material is somewhat porous, and the plasma may be able to
activate the interior of the pores thereby allowing adhesive to flow into the pores and reinforce
resin-to-fiber strength.

Using CB359 with the PEKK or CF/Epoxy fasteners led to a mechanical or delamination failure
mode respectively. This is consistent with the tensile strength data that showed similar
performance between the control and plasma samples. The failure mode analysis indicates that
this was a result of the failure mode occurring elsewhere from the adhesive bond.

Table 2. Dominant failure mode after tensile testing.

Dominant Failure Modes
Material | Surface Prep
CB200 CB359
PEI Control Mechanical Mechanical
Plasma Mechanical Mechanical
PEEK Control Mechanical/Adhesive-to-Baseplate Mechanical
Plasma Mechanical Mechanical
PEKK Control Adhesive-to-Baseplate Mechanical
Plasma Adhesive-to-Baseplate Mechanical
Control Delamination/Resin-to-Fiber Delamination
CF/Epoxy . .
Plasma Delamination Delamination

The tensile testing resulted in a majority of the samples exhibiting a mechanical failure mode.
This means the maximum load value for many of these tests was neither a function of the surface
preparation method nor the adhesive which was selected. Instead, it was due to mechanical
failure when the load exceeded the tensile strength of the fastener material. An alternate test
method, like offset shear, is needed to better understand potential improvements in bond strength
from the plasma technology. Results for the offset shear testing are shown below.

3.3 Offset Shear
3.3.1 Mechanical Test Data

Figure 8 shows the maximum load prior to failure during offset shear testing for samples bonded
using CB200 adhesive. Similar to the tensile testing, the PEI samples showed no improvement in
bond strength resulting from the plasma treatment. However, unlike the tensile test, there is a
measurable improvement in bond performance when using plasma to activate the PEEK
standoffs. The offset shear load for these samples went from 137+24 Ibf for the control to 152+7
Ibf for the plasma. In this case, plasma provided a moderate increase in the average load while



also reducing the bond strength variability. The plasma improved the bond strength for the
PEKK standoffs up to 105+7 Ibf compared to 80+9 Ibf for the control. Finally, the CF/Epoxy
standoffs showed the largest improvement with plasma activation, which raised the maximum
load from 120+12 Ibf to 172425 Ibf. For these samples, the plasma samples had a larger standard
deviation, but the sample sets do not overlap with all of the plasma treated samples
outperforming the corresponding set of control samples.
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Figure 8. Offset shear load data for PEI, PEEK, PEKK and Carbon-fiber/Epoxy composite
fasteners bonded with CB200 adhesive.

Figure 9 shows the offset shear results for fasteners bonded using the CB359 adhesive. There is a
significant improvement when comparing the PEI bond data for CB200 versus CB359. When
bonding with the CB200 it showed an average load of only 111=£5 Ibf for the control specimens.
This went up to 241+17 1bf for the control samples bonded with CB359 and it was increased
even further when using plasma to activate the PEI, which showed a maximum load of 278+12
Ibf. The PEEK fasteners showed a nearly two-fold increase in the bond strength when using the
offset shear test. The control load of 13046 Ibf increased to 225+31 Ibf following plasma
treatment. The offset shear data for PEKK and CF/Epoxy could not differentiate between the
control and plasma bond strength. The PEKK had a control load of 19719 Ibf and a load of
197415 Ibf with plasma cleaning. Similarly, the control samples for the CF/Epoxy standoffs had
an average load of 170+14 1bf which remained unchanged within the margin of error at 184+27
Ibf following plasma treatment.

Overall, the offset shear testing showed a much greater sensitivity to the effects of the plasma for
fastener surface preparation as well as the type of adhesive which was used. The tensile test often
lacked the ability to observe bond strength changes from the plasma surface preparation due to
the large number of mechanical failures present with both the control and plasma samples.
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Figure 9. Offset shear load data for PEI, PEEK, PEKK and Carbon-fiber/Epoxy composite
fasteners bonded with CB359 adhesive.

3.3.2 Failure Mode

Table 3 gives the summary of the dominant failure modes exhibited following offset shear
testing. The PEI, PEEK and PEKK standoffs bonded using CB200 adhesive showed exclusively
adhesive-to-baseplate failure mode even after plasma activation. While the combination of PEI
and CB200 showed no evidence of increased bond performance following plasma activation, the
PEEK and PEKK samples did show an increase in the average failure load despite not changing
the mode of failure. This points toward the potential for further increases in the bond
performance that might be possible by optimizing the plasma process conditions. For the
CF/Epoxy sample bonded with CB200, the increased bond strength data gathered in Figure 9 is
accompanied by a change in the failure mode going from resin-to-fiber failure for the controls to
a delamination failure after plasma surface preparation.

The plasma activated PEI specimens bonded using CB359 showed a moderate improvement in
the offset shear data. This was supported by the failure mode analysis which showed some
adhesive-to-baseplate failures for the control samples but only showed mechanical failure after
plasma. The control PEEK samples bonded with CB359 were clearly limited by low strength of
the adhesive to baseplate interface. This is clearly evident from the failure mode summary in
Table 3. The large increase in bond strength observed in the plasma treated offset shear data is
also accompanied by a shift in the failure mode which shows multiple mechanical failures for the
plasma samples but only adhesive-to-baseplate failures for the control specimens. It is difficult to
draw conclusions from the data collected using the combination of PEKK and CB359 adhesive
because both mechanical tests resulted in a majority of mechanical failure mode regardless of the
surface preparation method. The presence of adhesive-to-substrate failure mode on the CF/Epoxy
samples is surprising because all of the coupons received the same aluminum surface preparation



for the substrate prior to bonding. Despite this consistent aluminum surface prep, the CF/Epoxy
samples displayed some adhesive-to-substrate failure, but this failure mode was not present on
the PEI/CB359 samples which failed at a much higher load. This suggests that further testing
may be able to distinguish between the control and plasma surface preparation for this material
combination if the aluminum substrate surface preparation is improved so as to eliminate the
occurrence of adhesive-to-substrate failures.

Table 3. Failure mode after offset shear testing.

Failure Modes
Material | Surface Prep
CB200 CB359
PEI Control Adhesive-to-Baseplate Mechanical/Adhesive-to-Baseplate
Plasma Adhesive-to-Baseplate Mechanical
PEEK Control Adhesive-to-Baseplate Adhesive-to-Baseplate
Plasma Adhesive-to-Baseplate Mechanical/Adhesive-to-Baseplate
PEKK Control Adhesive-to-Baseplate Mechanical/Adhesive-to-Baseplate
Plasma Adhesive-to-Baseplate Mechanical
Control Resin-to-Fiber Delamination/Adhesive-to-Substrate
CF/Epoxy . . .
Plasma Delamination Delamination/Adhesive-to-Substrate

3.4 Future Work

The work presented in this paper is a continuation of ongoing investigations into the use of
plasma for improving the strength and reliability of bonded fasteners. Additional experiments are
planned to expand on the knowledge gained during this project and will be presented at future
technical meetings. During this work, the plasma recipe was not optimized. Instead, a set of
plasma process conditions were selected and WCA was used as a screening test to ensure that the
selected plasma recipe was sufficient to provide a high energy bond surface as compared to the
control surface energy. Further work studying this plasma surface preparation process will
include optimization of the recipe conditions including the plasma chemistry being used. For
example, the effects of using oxygen versus nitrogen as the process gas in the plasma system.
Additional optimization work would consider the effect of changing the RF power applied to the
plasma, gas flow rates and the treatment time necessary to achieve maximum joint strength.
After optimizing the plasma recipe for each material system, it will be compared to a larger set of
other possible surface pretreatment processes including solvent cleaning, abrasion and primer.
Aging of the samples will also be done to understand the longevity of the plasma surface
preparation and assess the stability of the process. This will help to set a limit on the maximum
amount of time which can pass between the surface preparation and when the adhesive is applied
to the fastener and bonded to the structure. Additional characterization work will seek to
understand the underlying mechanisms responsible for this plasma surface activation and
resulting changes in bond performance. X-Ray Photoelectron Spectroscopy (XPS) measurements
are planned to get a better understanding of the surface functional groups created by the plasma.
Finally, other experiments may explore the effect of plasma on environmental resistance of the
bonded fasteners including being placed in a hot/wet environment and exposure to salt fog spray.



4. CONCLUSIONS

This work has shown the potential benefits of using an atmospheric pressure plasma to increase
the performance of PEI, PEEK, PEKK and carbon-fiber/epoxy composite fasteners. A plasma
device has been used to prepare the bonding surface of each fastener prior to applying the
adhesive. Measurements of the fastener baseplate before and after surface preparation showed
that the plasma was able to create a hydrophilic surface with a water contact angle that was
reduced to <5° for all of the materials tested. The effect of plasma surface activation on bond
performance was compared when using either an epoxy or acrylic adhesive. The results of the
tensile tests were largely inconclusive because this test method led to a majority of the test
specimens undergoing mechanical failure of the fastener rather than a failure of the bond line.

For the fastener materials and adhesives studied during this work, the offset shear test protocol
provided a better method for deducing changes in bond performance brought about by plasma
surface preparation. The combination of PEI and CB200 acrylic adhesive showed no difference
in strength or failure mode. This was unexpected since plasma was able to produce a low WCA
of <5° on the PEI surface. This will typically indicate an enhancement in the bond performance,
which was observed for the CB359 epoxy adhesive but not for the CB200 acrylic adhesive.
Future work will explore alternative plasma recipe conditions to determine if the plasma can
reduce the adhesive failure mode observed in offset shear testing and show improvement over
the control. The offset shear test results showed the largest improvement in failure load for
plasma surface preparation of the PEEK fasteners bonded with CB359. This combination
showed a nearly two-fold increase in the bond strength from 130+6 Ibf to 225+31 1bf. The
combination of PEKK and CB200 adhesive resulted in an improvement from 8049 Ibf to 105+7
Ibf to after plasma. The PEKK fasteners bonded with CB359 did not show any change in offset
shear strength because the dominant failure mode for the control sample was a mechanical
failure rather than a bond line failure. A similar trend was observed for the carbon-fiber/epoxy
standoffs which were increased from 120£12 Ibf to 172425 Ibf with plasma preparation when
using CB200 but showed no statistically significant change when using CB359 due to the high
initial bond strength and delamination failure mode of the control.

Plasma treatment of the fastener’s bonding surface not only increased bond strength but also
reduced the occurrence of interfacial failure at the adhesive/baseplate interface for many of the
material/adhesive combination that were studied. If adopted, the plasma process offers many
benefits including increased reliability of bonded studs and standoffs, a higher strength bonded
assembly, and reduced scrap/rework/repair (SRR).
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