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ABSTRACT

Adhesive bonds offer multiple advantages over traditional fasteners such as reduced weight and a
potential decrease of stress concentrations due to hole fabrication. However, the influence of
undesirable bonding conditions on the strength of adhesive bonds such as bonding surface
contamination has not been reliably characterized. In this study, a method was proposed to create
a scalable weak bond using a continuous spray approach. In this approach, the mass of a silicon
based mold release can be scaled to achieve various levels of contaminant effect. Methods to
mitigate the effect of contamination such as sanding and solvent wiping were investigated, and
repeated using environmental exposure to investigate bond durability. To assess bond strength,
Dual Cantilever Beam (DCB) tests were performed and the critical energy release rate was
measured. Results showed the critical energy release rate of the bonded joints correlated well with
the mass of the contaminant applied to the surface. Results of the mitigation procedures showed
that solvent wipes led to minimal statistical changes. However, a combination of wipe-sand-wipe
procedure yielded a partially recovered load capacity and failure mode. Environmental exposure
testing revealed no added combinatory effect with the addition of the contaminate on the surface.

1. INTRODUCTION
1.1 Background

There have been ever increasing demands in the aerospace industry for bonding technologies
where the weight savings is a key driving force for an aircraft. Currently, aircraft primary structures
are mostly composed of metals such as aluminum, steel, or titanium in order to support heavy
loads. While the goal is for the craft to be as light as possible, it must also still be able to support
the same load and perform at the same level as the current standard. The need for high strength to
weight ratio creates a demand for composite materials in the aerospace industry due to their
exceptional specific strength and stiffness (on the order of 100 MNm/kg for stiffness and 500
kN/kg for strength). However, joining composite materials with conventional mechanical fasteners
just as metals are causes delamination in the composite panels (such as in Figure 1) and creates
stress concentrations. These stress concentrations often ultimately become the point of origin for
failures under load. The proposed solution is to use adhesively bonded composite joints to replace
mechanically fastened metals on primary structures, thus achieving the goal of reducing weight
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without sacrificing strength of the material. Unfortunately, there are some issues with adhesive
bonding. During the manufacturing and handling of the panels, the surface can become
contaminated, which can significantly reduce the integrity of the bond. The effects of harsh
environmental conditions on the bond have not been quantified, and thus it is difficult to predict
their effects. Finally, bonded composites tend to fail in a brittle nature and it is very complicated
to nondestructively predict this failure.
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Figure 1: Delamination in composite panel due to mechanical fasteners.’!

1.2 Motivation

Past research has revealed that contamination at the bond interface significantly influences bond
quality and mechanical response of adhesively bonded joints. Contamination could result at
various stages of manufacturing, including during the application and removal of peel ply material
for surface preparation of the composite surface>** and from the easy release ply sheet from the
adhesive tape®. There exists a need to quantify the levels of contamination that affect the bond
strength, as well as the magnitude of the effect on bond strength, in order to determine the
acceptable limits of contamination that a bonded joint can sustain without premature failure. In the
efforts of quantification, Van Voast et. al® introduced contaminate at on the peel ply at various
levels to determine their effect on bond strength and concluded that a 2% siloxane level of
contamination could significantly affect adhesion. The release properties of various release
agents/coatings were studied and an effective reduction in bond strength with Frekote contaminant
was observed by Critchlow et. al’. Composite panels were dipped into Frekote (4 at % Si) showed
a 70% reduction in fracture toughness®. Jeenjitkaew et. al’ contaminated the interface between a
metal and adhesive bond on a double lap joint and observed a 27% reduction in the bond strength.
Although the link between contaminant and bond quality has been established, there is a lack of
repeatability of methods to evaluate the effect of contamination on an adhesive joint. In addition,
the initiation location and progression of damage in contaminated regions remains a mystery.

1.3 Goals

Ultimately, the goal of this research is to investigate the effect of surface contamination on the
integrity of adhesively bonded composite joints and what — if any — effect do mitigation techniques
have on restoring bond strength after contamination. These weak bonds need to be scalable in order
to be able to test the extent of the contamination effect at different amounts of contaminant applied.
Using this approach, mitigation techniques can also be evaluated for their ability to return the bond
to its nominal state. Finally, the effect of aging factors such as environmental exposure are
investigated and quantified.



2. EXPERIMENTATION

2.1 Specimen Fabrication
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Figure 2: Adhesively bonded composite joint manufacturing process.

Dual Cantilever Beam (DCB) test coupons were manufactured to adhere to ASTM D5528 standard
with the feasibility of testing specimen dimensions. The materials list included:

e Prepreg- T800 Unidirectional carbon fiber (P2362W-19U-304) from Toray
e Adhesive- AF 555M film adhesive from 3M
e Peel ply- 60001 polyester ply from Precision Fabric

The manufacturing process in its entirety can be seen in Figure 2. Laminates each consisted of 10
plies with 0° ply orientation and were cured in an autoclave at 177 °C (350 °F) maintaining a vessel
pressure of 207 kPa (30 psi). The cured laminates were bonded using a secondary bonding
procedure where two ply adhesive films were utilized. Post bonding, macro-scale coupons for dual
cantilever beam (DCB) testing were prepared with dimensions 254 mm (10 in) in length and 25.4
mm (1 in) in width with a pre-crack of 63.5 mm (2.5 in). Bondline thickness measurements were
obtained using an optical microscope. Measurements were taken every centimeter for the first 5
cm starting from the pre-crack of the DCB coupons. Ten readings per coupon were measured and
the bondline reported is the average of these measurements for each specimen.

2.2 Contamination Procedure

The contaminate used in the study (Frekote 700-NC, Henkel Corporation) is based on Poly Di-
Methyl Siloxane (PDMS), was chosen as a result of its prevalence of use in traditional composite
manufacturing environments. Frekote works by inhibiting the hydrogen bonding that typically
occurs during amine adhesive curing. Previous studies using Frekote 700-NC have shown the
ability to locally limit adhesive bonding when applied resulting in weak bonds at the adhesive
interface.®



For the uniform contamination approach, a nozzle mounted on a moving head was used to
uniformly spray contaminant across the surface of the laminate. This was done by building a
computer-controlled machine consisting of a 2-axis stepper motor controller Arduino that uses
computer-generated code to move the nozzle in repeated and consistent patterns along the XY
plane. The complete setup is shown in Figure 3. In this case, the nozzle was programmed to follow
a linear spray pattern of 8 inches along the x-axis and 'z an inch along the y-axis repeatedly
throughout the longitudinal direction of the laminate. The width of the spray pattern was adjusted
for even coverage of the panel with minimal overspray between each horizontal run. Gravimetric
analysis was performed before and after contamination in order to monitor the amount of
contaminant sprayed on the laminates. The uniform patterned horizontal bands of sprayed
contaminant on a composite surface can be viewed in Figure 4.

Contaminant

Figure 4: Close-up of apparatus used to contaminate composite panels.

Calibration of the contamination levels was completed in order to be able to trace back the amount
of contaminant used and relate that amount to the strength of the weak bond created. In this case,



one level of contamination was evaluated which would correlate to a medium level bond strength
between 40-60% reduction in the baseline. These percentages represent the bond strength recovery
compared to the bond strength of the controlled non-contaminated samples. The amount of
contaminant sprayed onto the laminate was controlled by adjusting the spray speeds and size of
the nozzle with a fixed air pressure of 15 psi and a fixed height of 1 inch from the surface of the
composite to the nozzle head. Measurements were done of the mass of the contaminant on a 17 x
17 section of a panel before and after every level of contamination to further create a relationship
between the mass of contaminant on the composite surface and the bond strength created from that
mass. This procedure was done for calibration purposes for several contamination levels in order
to be able to classify the different bond strengths that can be created from the different amounts of
contaminant.

2.3 Mitigation Methods

Once the laminates have been contaminated, the focus was shifted to mitigating the effects. Two
methods selected were a solvent wipe technique and a wipe/sand/wipe technique, as shown in
Figure 5. Both methods are typical mitigation procedures found in small OEM facilities. The
solvent wipe technique is simply using a solvent wipe (SATWIPES Wipes Presaturated with 100%
MPK) to attempt to remove the contaminant from the surface of the laminate. The wipe/sand/wipe
technique attempts to remove the contaminant from the surface of the laminate using a solvent
wipe, then using an orbital sander, followed by one more round of solvent wipe. The orbital sander
is a Dynabrade 2” Dia. Right Angle Disc Sander, using a 180 Grit Aluminum Oxide Quick Change
Discs Type 3 abrasive from Merit Abrasives.

Figure 5: Mitigation procedures selected: Wipe (left) and wipe/sand/wipe (right).

2.4 Environmental Exposure

In addition to contamination, some coupons were selected to be exposed to hot and wet conditions
in an environmental chamber for 8§ weeks. 8 coupons were manufactured for each set: baseline,
contaminated, and wipe/sand/wipe. 4 coupons from each set were exposed in the environmental
chamber and the remaining 4 coupons served as the unexposed set. After 8 weeks in the
environmental chamber set to 50°C and 95% relative humidity, the exposed samples were removed
from the chamber and DCB tests were performed.

2.5 Testing

The results of DCB tests were conducted as per ASTM D 5528. DCB testing was conducted using
an MTS Criterion 43 manufactured by MTS. The loading rate was applied at a rate of 5 mm/min.
With the increments in the loading rate, the delamination length (crack length) was measured on



one side of test specimen with the aid of an optical microscope camera. The delamination onset
was marked with the help of a silver marker starting from the end of crack insert and gradations
were made for every 1 mm for the first 5 mm and continuing the vertical gradation for every 5 mm
from thereon (ASTM D 5528).

In addition to quantitative analysis, qualitative observations of failure modes of each group of
samples was conducted. Failure modes can be indicators of what effect the contaminant is having
on the adhesive joint and how effective the mitigation techniques are at recovering lost bond
strength. Different failure modes are shown in Figure 6.
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Figure 6: Different failure modes for adhesively bonded composite joints.!’

3. RESULTS

3.1 Contamination and Mitigation Results
3.1.1 Fracture Properties

The critical energy release rate of the bonded coupons for Mode I propagation were investigated
using DCB Testing. These were conducted for baseline coupons, as well as contaminated coupons
with no mitigation methods, the wipe method, and the wipe/sand/wipe method. The baseline
specimens (whose Gics are shown in Figure 7) exhibited an average Gic value of 0.87 kJ/m?, while
the contaminated set (Figure 8) exhibited an average Gic value of 0.39 kJ/m? — about 42% of the
bond strength of the baseline coupons.
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Figure 7: DCB test results for baseline coupons.
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Figure 8: DCB test results for contaminated coupons.

Results of the mitigation procedures are shown in Figure 9 and Figure 10. The wiped specimens
exhibited an average Gic of 0.40 kJ/m?, which is about 43% of the bond strength of the non-
contaminated baseline specimens (only about a 1% increase from the unmitigated contaminated
specimens). The wipe/sand/wiped specimens showed an average Gic of 0.82 kJ/m?, which is about
96% of the bond strength of the baseline samples. This method was able to recover approximately
54% of the bond strength lost from the weak bonds created by the Frekote contaminant.
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Figure 9: DCB test results for wipe coupons.
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Figure 10: DCB test results for wipe/sand/wipe coupons.

As can be seen in the summary of results (Figure 11), contamination had a tremendous effect on
the integrity of the adhesive bonding. While the wipe/sand/wipe method was very successful in
recovering lost bond strength due to contamination, the wipe technique was unable to recover any
of the original bond integrity. The mitigation procedures also produced a bit more variation in the
resulting Gic values, which is most likely due slight differneces in the sanding and wiping

application.
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Figure 11: Summary of contamination and mitigation results.

3.1.2 Failure Modes

Baseline

42%a Only 42% Wipe

Figure 12: Failure modes of all four sets of coupons.

Figure 12 shows the failure modes of all four sets of DCB samples. The unmitigated contaminated
samples exhibited properties of pure adhesion failure, meaning that the adhesive separated from
the surface of the adherent. This implies that the contamination was successful in creating weak
enough bonds such that the adhesive failed at the interface as expected. The wipe technique sample
set also exhibited adhesive failure, which supports the results of the DCB testing yielding a similar
Gic to the unmitigated samples. Both the baseline and wipe/sand/wipe sample sets display mixed-
mode failure - a combination between interlaminar and cohesive failure — which is verified by the
similar fracture toughness values. This type of failure requires more energy to take place, which
again is backed up by the stark contrast in Gic values between the baseline and wipe/sand/wipe
sets vs the unmitigated and wipe technique sets. For example, looking at the B3 coupon (third pair



from the left) it can be seen that there is adhesive on both halves of the sample, implying that a
cohesive failure took place (Figure 6). Since B3 is the only coupon of the set that has a pure
cohesive failure, it should have the highest fracture toughness - which is confirmed by Figure 7.

3.2 Environmental Durability Results

DCB testing was used in the investigation of environmental durability as well. These tests were
conducted for baseline coupons, as well as contaminated coupons with no mitigation methods, and
the wipe/sand/wipe method, and were carried out with the same parameters as the tests in 3.1.1.
The summary of results is shown in Figure 13.

For the unexposed sample set, the baseline specimens exhibited an average Gic value of 0.57
kJ/m?, while the contaminated set exhibited an average Gic value of 0.24 kJ/m? — about 42% of
the bond strength of the baseline coupons. Finally, the wipe/sand/wipe technique sample set
showed an average Gic value of 0.29 kJ/m? (50% of baseline bond strength). In the exposed sample
set, the baseline specimens yielded an average Gic of 0.65 kJ/m?, which is slightly stronger than
their unexposed counterparts. Contaminated samples exhibiting 0.26 kJ/m? (about 46% of
unexposed baseline bond strength), and wipe/sand/wipe samples at 0.34 kJ/m* (about 60% of
unexposed baseline bond strength). The wipe/sand/wipe technique appeared to recover some of
the strength lost to contamination, but not nearly as significant as in the previous study.
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Figure 13: Summary of environmental exposure study results.



4. CONCLUSIONS

In this study, the influence of surface contamination on bond quality was investigated through the
development of a scalable surface contamination procedure. As the demand for composites in the
aerospace industry continues to grow it is increasingly important to understand the additional
factors that may influence bond performance. In addition, the development of an effective
procedure to mitigate the effect of the contaminant on bond quality becomes imperative. It was
evident that mitigation procedures can be a successful tool to assure that contaminated panels do
not go to waste. The failure mode analysis helped in understanding the role of contamination in
governing the exactly how bonded joints yield. Finally, the environmental exposure study showed
that over an 8-week period, bond strength does not yield by a significant amount. In fact, Gic
values seemed to increase across the board.

Ultimately, the results of this study can be used to improve the design of adhesively bonded
composites and to design NDE techniques to assess bond quality prior to implementation. For
instance, hand-held FTIR scans can be used at various stages of composite processing/composite
bonding to determine the presence of contaminate locations and overall contaminated area.
Standards for acceptable amount of contamination can focus solely on the mass of the total
contaminant applied. Mitigation procedures that involve wipe/sand/wipe or similar techniques
may be useful in recovering lost bond strength from the contamination. In addition, future design
can incorporate direct evidence of the influence of weak bonds on overall performance in design
and modeling software, leading to enhanced confidence in predictions and a reduction overall
component weight and in the need for arbitrarily high safety factors or overdesigned mechanical
fasteners.
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