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Abstract

The accelerated corrosion of several carbon-fiber (CFRP) and E-glass/epoxy (GFRP) composite
laminated aluminum alloys [i.e., Al 1100-H14, Al 5456-H116 (non-sensitized), Al 5456-H116
(sensitized), & Al 7075-T6] was studied to characterize the interfacial corrosion between the
composite and aluminum substrate. Samples were placed in the Cyclic Corrosion Testing Chamber
(CCTC) for accelerated corrosion testing per the GM 9540P Test Procedure for 1-week, 2-weeks,
& 3-weeks exposure periods. The samples were then adhesion strength tested and analyzed with a
SEM & EDX system to determine the loss (if any) of the composite laminate adhesion to their
respective aluminum substrates and the presence of corrosion products that may have formed in the
aluminum substrates and composite laminate interfaces. The decay in adhesion strength was
correlated to the amount of corrosion at the interface that was dependent on the type of composite

and aluminum alloy.
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Chapter 1

INTRODUCTION

1.1 Purpose of Research

Figure 1: CG-47 Ticonderoga Class Guided Missile Cruiser, USS Port Royal (CG-73) [1]
Since World War 11, aluminum alloys have been utilized for naval surface ship deckhouses and
superstructures to reduce topside weight [1]. During the design and development of the United
States Navy’s Ticonderoga Class Guided Missile Cruisers (Figure 1 above), Al 5456-H116 was
selected as the primary material for the ship’s superstructure [1]. This particular alloy was desirable
at the time because it was lightweight and of sufficient strength for the ship’s AEGIS weapons
defense system [1]. A total of 27 Ticonderoga Class Guided Missile Cruisers were built since 1980

and 22 are currently in active service for the US Navy [1].

However, almost immediately after commissioning, these cruisers started developing cracks in
localized stress concentration areas (such as the deckhouse) [1]. Initially, these cracks were

attributed to fatigue and stress concentrations caused by the associated welds or highly-restrained



welded structural regions within the Al 5456-H116 superstructure [1]. In 2006, it was found that
more cracks were forming in superstructure areas that were not subject to fatigue or high-stress [1].

Figure 2 refers.
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Over the years of service, it was found that the Al 5456-H116 superstructure was becoming
sensitized due to exposure with moderately high temperatures (+150 °F) while subject to a
corrosive marine environment [1]. Sensitized Al 5456-H116 has magnesium-aluminum, Mg,Als,
particles that precipitate on the alloy’s grain-boundaries [2]. Since Mg,Al; has a greater anodic

potential then the neighboring grains themselves, these precipitates act as anodes and dissolve
2



when in galvanic couple [1, 3]. Grain-boundaries begin to dissolve and form long cracks [1, 3].

This process is known as intergranular corrosion (IGC) [2, 3]. Figures 3 & 4 refer.

% = gD . i S - : . ey A ___.AV__{“:::;—*A—i? : s -
Figure 3: Microstructure of Non-Sensitized Al 5456-H116 (Left) vs
Sensitized Al 5456-H116 (Right) [1]

Figure 4: Sensitized Al 5456-H116 'Grain-Boundaries Dissolving and Forming Cracks [1]

Repairing these Al 5456-H116 superstructure cracks caused by stress corrosion cracking is very
time consuming and expensive [1]. The typical repair options, such as drilling, excavating and
welding crack sites or removing entire sections of cracked plating and welding in insert plates (see
Figure 5) can add residual stress that creates future cracks [1]. Unfortunately, such repairs can
often only be performed while the cruiser is at port (during a planned availability). Emergent
repairs (ones that require a surface ship to return to port immediately) are increasing in frequency

and jeopardize the scheduling of a cruiser’s planned deployment [1].
3
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|dentified Crack Drill Slop and Mechanlca“y ! Identified Crack Remove Crack with a Plate
Excavate V-Groove Joint I Cut-Out.
100% Penetration Weld | Ship-Fitan Insert Renewal Weld Insert Plate 100%
Plate within Void Penetration

Figure 5: Typical Repair Options for Al 5456-H116 Stress Corrosion Cracking [1]
In order to minimize repair costs and reduce the amount of time that a cruiser is in port, temporary
repair options have been used to mitigate the urgency of permanent repairs. Such options include
the use of polysulfide, doubler plates, compression bolts, temporary cover plates, and

E-glass/epoxy (GFRP) composite patches [1, 4] (Figure 6).

I
I
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|
Identified Crack Drill Stop Crack | Identified Crack
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I

Weld Cover Plate I Composite Patch
Figure 6: Temporary Repair Options for Al 5456-H116 Stress Corrosion Cracking



However, each of these repair options do have drawbacks that limit the option’s effectiveness [4].
Polysulfide can be administered by Ship’s Force, but only reestablishes the watertight boundary
[4]. Doubler plates (welded and adhesive bonded types) can add residual stress (and new cracks)
around the new weld joint while the adhesive bonded plates reestablish water-tightness but do not
stop crack growth [4]. While effective when used on fatigue cracks to prevent additional crack
growth, compression bolts cannot be implemented when the cracks end in non-planar areas nor do
they reestablish the watertight boundary [4]. Installation of GFRP composite patches is expensive
and meticulous (beyond Ship’s Force capabilities) and the current GFRP resins cannot be stored
shipboard [4]. However, with some development, composite patching repair does have a lot of

potential as a temporary and permanent repair option.

Fiber-reinforced polymer composites, such as carbon-fiber (CFRP) or E-glass/epoxy (GFRP), offer
several advantages compared to isotropic metallic materials (such as aluminum or steel alloys) [5].
The tensile strength of composites can be comparable to or greatly exceed that of traditional metal
alloys but at a fraction of the weight (optimizing the strength-weight ratio) [5]. Fiber-reinforced
polymers have quickly grown in popularity as a structural material over the years and are widely

used in aerospace and automotive industries [5].

With some additional development and research, composite patches, made of fiber-reinforced
polymer composites, could be a long-lasting, cost-effective solution for repairing Al 5456-H116
superstructure cracks. Composite patches could be made flexible enough such that they are not
limited by a superstructure’s geometry and could be easily applied by Ship’s Force without
needing to return to port. Proper lamination of these composite patches could provide the necessary

structural support to prevent further crack growth (slowing or halting corrosion from a marine

5



environment) and provide a watertight boundary for Al 5456-H116 superstructures. This research
seeks to expand the development of composite patching by evaluating various aluminum alloys

with CFRP and GFRP composite laminates subjected to intense corrosion environments.

1.2 Research Objectives

The primary objective of this research was to determine the advantages and disadvantages of
various CFRP and GFRP composite laminated aluminum alloy samples [i.e., Al 1100-H14, Al
5456-H116 (non-sensitized), Al 5456-H116 (sensitized), and Al 7075-T6] when subjected to

accelerated corrosion. To properly evaluate these samples, several different methods were used.

The first method involved subjecting composite laminated aluminum alloy samples to a Singleton
Corporation E-710 Cyclic Corrosion Test Chamber (CCTC) in accordance with the GM-9540P
accelerated corrosion test procedure. This procedure changes the chamber environment for various
durations (oscillating from hot, dry conditions to wet, humid conditions) and periodically sprays
the samples with a salt solution containing 0.9% sodium chloride (NaCl), 0.1% calcium chloride
(CaCly), and 0.25% sodium bicarbonate (NaHCO3). The process is performed over the course of
24 hours (1 cycle). After various durations in the CCTC (i.e., 1 week, 2 weeks, and 3 weeks), the
samples were removed and visually inspected to evaluate the accelerated corrosion effects and then

subjected to additional testing.

After the composite laminated aluminum alloy samples were removed from the CCTC, the second
method used in this evaluation determined the remaining CFRP and GFRP composite laminate
adhesive strength to its respective aluminum alloy substrate using a PosiTest AT-A Adhesion

Tester. The data was compared to virgin composite laminated aluminum alloy samples.

6



Upon completion of all the adhesion testing, the third method used in this evaluation analyzed the
composite-aluminum interfaces of each alloy sample site (previously protected by the now
removed composite laminates) were analyzed by the Scanning Electron Microscope (SEM) and
Energy Dispersive X-ray (EDX) Analysis using INCA software. This analyzed the growth and
type of corrosion products found in the composite-aluminum interfaces (the previously protected

aluminum alloy substrate surfaces) formed during the CCTC experiment.

The final method involved setting-up a galvanic cell experiment by making electrodes from the
aluminum alloy substrates and CFRP composite laminate. The experiment used a horizontal
galvanic cell, 3.15 wt% NaCl solution (aerated and maintained at 25 °C), a reference electrode, and
a Zero Resistance Ammeter (ZRA). Aeration was achieved by sparging air through the solution at
a rate of approximately 330 cubic centimeters per minute. Each electrode pair (one CFRP
electrode, one aluminum alloy electrode) was submerged in the galvanic cell for 1 hour. Current

and voltage potentials were recorded every 10 minutes.

1.3 Thesis Format

A general literature review on the corrosion of aluminum alloys and protective coatings of
aluminum alloys is given in chapter 2. Fabrication of the composite laminated aluminum alloy
samples is discussed in chapter 3. The accelerated corrosion experiment with the Cyclic Corrosion
Test Chamber (CCTC), adhesion testing experiment, and galvanic coupling experiment is covered
in chapter 4. Scanning Electron Microscope (SEM) & Energy Dispersive X-ray (EDX) analysis of
the aluminum alloy samples (post-CCTC & adhesion testing) is covered in chapter 5. An overall

conclusion is given in chapter 6.



Chapter 2

LITERATURE SURVEY

2.1 Coated Aluminum Alloys Subjected to GM-9540P

The GM-9540P accelerated corrosion test procedure has been previously used to gage the
effectiveness of various protective coatings of aluminum alloys. In 2003, the US Army Research
Laboratory tested a selection of epoxy primer and polyurethane coated aluminum alloys (Al 2024-
T3, Al 2219-T87, Al 5083-H131, & Al 7075-T6) that were subjected to the GM-9540P [6]. These
aluminum alloy substrates were also varied by different pretreatments. The test subjected the
samples to 120 cycles with evaluations at every 20 cycles [6]. Al 2024-T3 coated with hexavalent
chromium bearing MIL-PRF-23377 & MIL-PRF-85285 coating system (regardless of aluminum

substrate pretreatments) performed the best after 120 cycles [6].

Al 5083-H131 was very stable due to its protective oxide layer and did not exhibit significant
corrosion regardless of pretreatment and protective coatings, even under the accelerated conditions
[6]. This is common for Al 5xxx series aluminum alloys (aluminum-magnesium alloys that have
high resistance to corrosion, especially seawater), such as why they are used extensively in marine
applications [3, 7]. Adhesion issues, such as blistering or dis-bonding of the protective coatings,
were noted for Al 5083-H131 samples but were much less than those seen Al 2024-T3 [6]. Al
alloys with high copper content, such as the Al 2219-T87 & Al 7075-T6, suffered heavy corrosion
that prevented most of the samples (regardless of pretreatment and chromate-free coating systems)

from enduring the full 120 cycles without early specimen group failure [6]. Since Al 7075-T6



contains zinc and copper (which gives it high-strength), the copper does weaken the corrosion
resistance of the alloy when it is subjected to galvanic couple [3]. It is among the most susceptible

to stress corrosion cracking (SCC) of all the aluminum alloys [3].

However, it was noted that Department of Defense (DOD) coating systems formulated with Cr*®

additives did have significantly higher corrosion resistance for the aluminum substrates compared
to coatings without Cr*® [6]. Samples pretreated with Alodine 5200 and coated with chromium-free

organic coatings did demonstrate good corrosion resistance as well [6].

2.2 Intergranular Stress Corrosion Cracking of Al 5456-H116

In 2012, Al 5456-H116 samples were sensitized at 175 °C for various durations and then subjected
to mechanical testing in salt water [8]. This research studied the behavior and progression of
intergranular stress corrosion cracking (IGSCC) [8]. Duel cantilever beam tests were used to
measure the growth rate of stress corrosion cracking (SCC) and cyclic fatigue tests were
accomplished to determine the behavior of the corrosion fatigue [8]. The degree of sensitization
(DOS), quantified by mass loss tests, was found to have increased as sensitization time increased
and the sensitization rates for Al 5456-H116 were higher than those found for Al 5083 [8]. Further
examination of the stress corrosion fracture surfaces showed that intergranular fracture paths were

present, which caused extensive cracking [8].



Chapter 3

FABRICATION OF SAMPLES

3.1 Manufacturing Process

3.1.1 Composite Laminated Aluminum Alloy Samples

Figure 7: GFRP (top) and CFRP (bottom) Laminated Al 5456-H Plate
The composite laminated aluminum alloy samples (shown by Figure 6 above) were manufactured
using composite wet lay-up and vacuum bagging techniques. The 1/8’ x 10” x 10” Al 5456-H116
plates were each covered with 10” x 10” carbon or glass fabrics, respectively. The sensitized Al
5456-H116 plates were heat treated at 150°C for 50 hrs for sensitization treatment prior to the
lamination process. A 12” x 15” metal base plate was used for the vacuum bagging and Teflon tape
covered the base plate, leaving about one-inch space along the border. The manufacturing process

used is as follows.

10



3.1.1.1 Surface Preparation

Initially, each 1/8” x 10” x 10” aluminum alloy [Al 1100-H14, Al 5456-H116 (non-sensitized), Al
5456-H116 (sensitized), and Al 7075-T6] plate surface was immersed in Alumiprep for one min
and then sanded with silicon-carbide 600 grit sandpaper. After sanding, the plates were rinsed and
cleaned with water and ultra-pure water. Finally, each plate was then carefully dried with paper
towel and a blow-dryer. Note: To eliminate the potential of any corrosion prior to the start of
accelerated corrosion testing, all of the aluminum alloy plates were kept inside the dry box (1%

RH) until needed for manufacturing.

3.1.1.2 Material Selection

The aluminum alloy composite laminates were made of plane weaved CFRP and GFRP fabrics.
These laminates were adhered to their respective aluminum alloy substrates using equal amounts of
Aeropoxy PH3660 resin and PH3636 hardener (weighed using an electronic balance). Peel ply,
vacuum bagging sheet, bleeder, sealant tape, thermal tape, Teflon tape and the vacuum valve were

all purchased from a local vendor.

3.1.1.3 Composite Lamination Process

After the Aeropoxy PH3660 resin and PH3636 hardener were thoroughly mixed for 5 minutes, it
was spread over a previously prepared 10” x 10” aluminum alloy plate with the help of a metal
spreader. Once the adhesive was uniformly distributed, a 10” x 10” CFRP or GFRP fabric was
carefully laid over it. Another layer of resin was spread uniformly over the first fabric layer with
the help of a metal spreader and second piece of 10” x 10 carbon or GFRP fabric was placed on

top.
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3.1.1.4 Vacuum Bagging Process

A 12” x 15” metal base plate was covered with Teflon tape and sealant tape along the borders. The
aluminum alloy plate, previously laminated with two layers of either CFRP or GFRP fabric, was
then placed on top of the base plate. This assembly was then fitted into the vacuum bagging
assembly which was then placed inside an oven. The vacuum bagging assembly was then
evacuated continuously for 4 hours at 125° F. After 24 hours of curing at ambient conditions, the
vacuum bagging was cut and removed. The composite laminated aluminum alloy plate was then

removed from the 12” x 15” base plate.

3.1.1.5 Water Jetting & Final Machining

Upon completion of vacuum bagging and curing, each 10” x 10” composite laminated aluminum
alloy plate was routed to a local machine shop for water jetting services. Each 10” x 10” plate was
water jet cut into nine triangular samples and then machined with a vertical mill to create three
evenly-spaced 20 mm diameter composite laminate reliefs. Figure 8 below refers. The electrical
resistance between the 20 -mm diameter carbon-fiber composite reliefs and the aluminum substrate

was generally less than approximately 50 ohms.

1.8cm
P

Figure 8: Triangular-Shaped Composite Laminated Aluminum Alloy Sample
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3.1.2 CCTC Steel Coupons

The steel coupons used for the CCTC experiment were made in accordance with the GM-9540P
test procedure. The steel coupons were made of 25.4 mm x 50.8 mm x 0.79 mm AISI 1009-1010

steel and were stored in the dry box until needed.
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Chapter 4

LABORATORY EXPERIMENTS

4.1 Accelerated Corrosion Experiment

4.1.1 General Background

Accelerated corrosion of the Al 1100-H14, Al 5456-H116 sensitized, Al 5456-H116 non-
sensitized, and Al 7075-T6 CFRP and GFRP laminated alloys in accordance with the GM-9540P
test procedure helped identify corrosion product trends that could later be compared to future
outdoor site corrosion experiments. By subjecting the samples to intense corrosive conditions, the
resiliency of the composite laminate bonding to the aluminum substrates could be more easily

evaluated as well.

4.1.2 Preparation of Samples

The CFRP and GFRP composite laminated aluminum alloys [i.e., Al 1100, Al 5456-H116
sensitized, Al 5456-H116 non-sensitized, and Al 7075-T6] were individually labeled and mounted

to a powder-coated Al 6061-T6 mounting plate with nylon bushings, screws, and nuts (Figure 9).

Figure 9: Samples Secured to Mounting Plate for CCTC Experiment
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4.1.3 Experiment Procedure, Conditions, & Set-up

This experiment was set-up in accordance with the GM-9540P test procedure. Before the
previously mounted samples and steel coupons were installed into the CCTC, the CCTC was
drained and then filled with the specified salt spray solution [containing 0.9% sodium chloride
(NaCl), 0.1% calcium chloride (CaCl,), and 0.25% sodium bicarbonate (NaHCOs)] and

programmed to operate in accordance with the GM-9540P test procedure (see Figure 11 below) for

Figure 10: Singleton Corporation E-710 Cyclic Corrosion Test Chamber (CCTC)

1 cycle (24 hrs) to normalize the test chamber.
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Figure 11: Typical GM-9540P Test Procedure Temperature & Humidity Cycle Graph
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Figure 12: Composite Laminated Al Alloy Samples & Steel Coupons Mounted in the CCTC.

Once the composite laminated aluminum alloy samples and steel coupons were fully installed and
the CCTC spray nozzles were adjusted accordingly, the CCTC was programmed to operate in
accordance with the GM-9540P test procedure for an overall duration of 21 cycles (3 weeks). At
each specified interval (i.e., 1 week, 2 weeks, and 3 weeks), the chamber was temporarily opened
and the required samples of each alloy (CFRP laminated and GFRP laminated) were removed and
inspected. A steel coupon was also removed, sand-blasted, and weighed to ensure that the
accelerated corrosion process was within the GM-9540 test procedure tolerances. All of the

removed samples were stored in the dry box.
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4.1.4 Results

Upon visual inspection and comparison of the composite laminated aluminum samples, it was
noticed that most of the GFRP laminated samples that were subjected to 7, 14, & 21 cycles (1, 2, &
3 week durations) had relatively minor corrosion. Despite the intense corrosion environment, none
of these samples (regardless of aluminum alloy substrate) exhibited significant loss of adhesion
between the GFRP laminate and its respective aluminum alloy substrate. However, the CFRP

laminated samples varied significantly.

While most of the CFRP laminated aluminum alloy samples for weeks 1 & 2 looked identical,
samples subjected to 3 weeks showed significant changes that varied by the aluminum alloy
substrate. The Al 1100-H14 CFRP laminated sample had slightly more corrosion than the Al 5456-
H116 (non-sensitized) and Al 5456-H116 (sensitized) CFRP laminated samples, but the composite
laminate was still uniform and well-adhered to the respective aluminum alloy substrate even after 3
weeks. However, this was not the same for Al 7075-T6 CFRP laminated samples. The Al 7075-T6
CFRP laminated samples suffered heavy corrosion and dis-bonding was apparent even after just 1
week in the CCTC. By 3 weeks, the entire Al 7075-T6 CFRP laminate had mostly dis-bonded,
revealing significant corrosion product growth in the composite-aluminum interface. Figure 13

refers.
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e.) ' PSSR

Figure 13: a.) Virgin Composite Laminated Aluminum Alloy Samples, b.) Al 1100-H14 (21
Cycles), c.) Al 5456-H116 Non-Sensitized (21 Cycles), d.) Al 5456-H116 Sensitized (21

Cycles), & e.) Al 7075-T6 (21 Cycles).
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4.2 Adhesion Testing Experiment

4.2.1 General Background

After the composite laminated aluminum alloys had been subjected to accelerated corrosion
conditions from the CCTC, each sample was individually prepared to determine the remaining
adhesion strength between the composite laminate and its respective aluminum alloy substrate. By
removing the 20 mm diameter composite laminate reliefs from the aluminum substrate with the
adhesion tester, further analysis of corrosion products in the interface could be accomplished. This
allowed for the development of a trend between corrosion product growth and composite laminate

adhesion.

4.2.2 Preparation of Samples

The mating surfaces of the composite laminated aluminum alloy samples and 20 mm diameter
aluminum dollies were lightly etched with a Dremel rotary tool (Figure 14). The process ensured
that the adhesive used to bond the aluminum dollies to the composite samples would be well-

adhered to the respective surfaces and not detach during adhesion testing.

Figure 14: 20 mm Diameter Dollies Undergoing Surface Preparation.
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After all of the mating surfaces had been textured and cleaned, a 20 mm dolly was adhered to each

of the composite laminated aluminum alloy sample sites (Figure 15). Several different dolly

adhesives were attempted during the experiment (see Table 1 below), but the most effective dolly

adhesive (least likely to fail prior to removing composite laminate from its aluminum substrate)

was the 3M Scotch-Weld Epoxy Adhesive 1838 B/A. After the dollies were positioned onto the

samples, the samples were placed into an oven set at 140 °F for 2 hours. This ensured that the dolly

adhesive was fully cured prior to the start of adhesion testing.

Figure 15: 20 mm Dia Dollies Adhered to Composite Laminated Aluminum Alloy Samples

Table 1: Adhesion Testing 20 mm Dolly Adhesives Used

Composition*

Adhesive Type Worklife Curing (Atomic %)
Loctite 9.07 Hysol Two-Part . 3 -days or 2 hours 75.43% Carbon,
(Epoxi-Patch Epoxy | 20 Minutes at 140 deg C 23.63% Oxygen
Adhesive) poxy g 0370 XYY
71.19% Carbon,
Gorilla Epoxy T\I/Evo(;)F:art 5 minutes Clmﬁjgsso 28.30% Oxygen, 0.43%
poxy Sulfur, 0.07% Bromine
3M Scotch-Weld Two-Part Overniaht or 2 78.15% Carbon,
Epoxy Adhesive 1838 Enox 60 minutes hours at 1940 deq C 21.45% Oxygen, 0.22%
B/A poxy g Silicon, 0.19% Bromine
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4.2.3 Experiment Procedure, Conditions, & Set-up

Once the 20 mm diameter dollies were fully adhered to the composited laminated aluminum
sample sites, each individual dolly and sample site location was labeled and match-marked with a
yellow paint pen prior to adhesive testing. Since it sometimes took multiple attempts to remove the
composite laminate from its aluminum substrate, this process prevented any confusion regarding

which site had been tested and which dolly had been used during testing.

The adhesion tester was set for 20 mm dollies and the pull-rate was set to 20 psi/second rate (the
slowest setting for 20 mm dollies). While more time consuming, this slower rate of pull ensured a
more gradual, uniform pull on the dolly and thus reduced the likelihood of dolly adhesion failure.
The adhesion tester was then connected to each dolly using the adhesion tester quick coupling

(Figure 16).

- w w9 -
.‘, i

o i

-

Figure 16: Composite Laminated Aluminum Alloy Samples Undergoing Adhesion Testing
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Upon each adhesion testing removal attempt of the composite laminated aluminum alloy sample’s
20 mm diameter relief site, the psig was recorded and any observations were documented (i.e.
laminate removed fully, partially, or not at all). Occasionally, the composite laminate did not
detach uniformly and required additional removal attempts to fully remove the composite laminate
from its respective aluminum alloy substrate. Figure 17 shows a CFRP laminated aluminum
sample site that was removed after adhesion testing. Figure 18 shows a GFRP laminated aluminum
sample site that was only partially removed after adhesion testing. After all adhesion testing, the
highest recorded values for each sample were averaged and the average composite adhesive

strength was then determined.

Figure 17: Post-Adhesion Testing of CFRP Laminated Aluminum Alloy Sample

Figure 18: Post-Adhesion Testing of GFRP Laminated Aluminum Alloy Sample
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4.2.4 Results

The data collected from the adhesion testing showed significant differences between not only the
CFRP laminated and GFRP laminated samples, but also between the aluminum alloys. While the
GFRP laminated samples were the most resilient (showing little change in adhesion strength for
the various durations in the CCTC) regardless of mating aluminum alloy, the CFRP laminated
samples varied significantly. Tables 2 through 5 and Figures 19 through 23 refer.

Table 2: Adhesion Testing Results (Virgin Samples: 0 Cycles)

Al Alloy Composite AV(_erage Composite fStgndard
Laminate | Adhesive Strength (PSIG) | Deviation (PSIG)

1100-H14 CFRP 1268.0 68.8
1100-H14 GFRP 1088.7 131.8
5456-H116 (Sens) CFRP 1309.7 25.4
5456-H116 (Sens) GFRP 1128.3 204.0
5456-H116 (Non-Sens) CFRP 1114.0 93.0
5456-H116 (Non-Sens) GFRP 1197.7 56.1
7075-T6 CFRP 1154.7 158.4
7075-T6 GFRP 1067.7 188.5

*Standard deviation based on three samples.

Table 3: Adhesion Testing Results (After 7 Cycles)

Al Alloy Composite Avgrage Composite ’fSt_andard
Laminate | Adhesive Strength (PSIG) | Deviation (PSIG)

1100-H14 CFRP 928.7 122.3
1100-H14 GFRP 1255.7 126.1
5456-H116 (Sens) CFRP 1330.0 71.1
5456-H116 (Sens) GFRP 1521.0 134.5
5456-H116 (Non-Sens) CFRP 1037.7 260.1
5456-H116 (Non-Sens) GFRP 1400.3 243.7
7075-T6 CFRP 443.7 128.2
7075-T6 GFRP 1238.3 231.6

*Standard deviation based on three samples.
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Table 4: Adhesion Testing Results (After 14 Cycles)

Al Alloy Composite Avgrage Composite *_Stfemdard
Laminate Adhesive Strength (PSIG) Deviation (PSIG)

1100-H14 CFRP 510.7 169.7
1100-H14 GFRP 1373.7 73.9
5456-H116 (Sens) CFRP 1054.3 83.1
5456-H116 (Sens) GFRP 1266.0 90.0
5456-H116 (Non-Sens) CFRP 996.7 75.9
5456-H116 (Non-Sens) GFRP 1321.3 211.5
7075-T6 CFRP 146.3 103.1
7075-T6 GFRP 1348.3 203.1

*Standard deviation based on three samples.

Table 5: Adhesion Testing Results (After 21 Cycles)

Al Alloy Composite Avc_arage Composite ’fStgndard
Laminate Adhesive Strength (PSIG) Deviation (PSIG)
1100-H14 CFRP 298 75.0
1100-H14 GFRP 1179 225.9
5456-H116 (Sens) CFRP 1259.3 193.1
5456-H116 (Sens) GFRP 1311.0 355
5456-H116 (Non-Sens) CFRP 1065.7 306.6
5456-H116 (Non-Sens) GFRP 1260.3 153.1
7075-T6 CFRP 88.0 **NA
7075-T6 GFRP 1238.7 113.1

*Standard deviation based on three samples.
**Due to severe delamination, only one sample site remained for adhesion testing.

24



Average Adhesion Strength (Psig)

1600.0

1200.0 :

1000.0

[N
~
o
©
o

800.0
600.0

400.0

N
o
o
o

o
o

Al 1100-H14 CF & GF
Adhesion Strength

=)

$
¢ Al 1100 GF

M Al 1100 CF

——Expon. (Al 1100 CF)
y = 1365.5e 0071

o

Cycles

Figure 19: Al 1100-H14 CF & GF Adhesion Strength Testing Results
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Figure 20: Al 5456-H116 (Sensitized) CF & GF Adhesion Strength Testing Results
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Figure 21: Al 5456-H116 (Non-Sensitized) CF & GF Adhesion Strength Testing Results
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Figure 22: Al 7075-T6 CF & GF Adhesion Strength Testing Results
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Figure 23: Summary of Adhesion Testing Results
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The CFRP laminated aluminum alloy samples for Al 5456-H116 (sensitized & non-sensitized)

were the most robust in adhesion strength retention (very similar to the performance of the GFRP
laminated aluminum alloy samples). However, the CFRP laminated Al 1100-H14 & Al 7075-T6
samples both showed a nearly exponential reduction in composite laminate adhesion strength the

longer the samples were in the CCTC. The overall adhesion strength reduction is shown by Tables

6 & 7 below.
Table 6: CFRP Composite Laminate Adhesion Strength Reduction
Al Alloy Average Strength Lost E_xponEtntiaI [_)ecay
0 Cycles to 21 Cycles (%) | (A = Ase") Variable, K.
1100-H14 76.5 -0.069
5456-H116 (Sensitized) 3.8 -0.0018
5456-H116 (Non-Sensitized) 4.3 -0.0021
7075-T6 92.4 -0.123
Table 7: GFRP Composite Laminate Adhesion Strength Reduction
Average Strength Lost
Al Alloy 0 Cycleg to 21 C%/cles (%)
1100-H14 -2.5
5456-H116 (Sensitized) -5.3
5456-H116 (Non-Sensitized) -5.2
7075-T6 -5.5

Upon removal of the composite laminates, the now exposed composite-aluminum interfaces
showed varied results depending on the composite laminate and the aluminum alloy substrate.
While significant amounts of corrosion product had formed in the interface for CFRP laminated Al
1100-H14 & Al 7075-T6, very little corrosion product for formed for CFRP laminated Al 5456-
H116 (sensitized & non-sensitized). For the GFRP laminated aluminum alloy samples, no
corrosion products were observed in the interfaces at all (the composite laminate adhesive was

completely intact). Figures 24 through 26 refer.
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Figure 24: Specimens After Adhesion Testing a.) Al 7075-T6 (7 Cycles), b.) Al 1100-H14 (7
Cycles), c.) Al 5456-H116 Non-Sensitized (7 Cycles), & d.) Al 5456-H116 Sensitized (7 Cycles)
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Figure 25: Specimens After Adhesion Testing a.) Al 7075-T6 (14 Cycles), b.) Al 1100-H14
(14 Cycles), c.) Al 5456-H116 Non-Sensitized (14 Cycles), & d.) Al 5456-H116 Sensitized
(14 Cycles)
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Figure 26: Specimens After Adhesion Testing a.) Al 7075-T6 (21 Cycles), b.) Al 1100-H14

(21 Cycles), c.) Al 5456-H116 Non-Sensitized (21 Cycles), & d.) Al 5456-H116 Sensitized
(21 Cycles)
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4.3 Galvanic Coupling Experiment

4.3.1 General Background

Since aluminum alloys are prone to anodic dissolution through galvanic coupling, it was important
to determine if galvanic coupling may have been accelerating the corrosion product rate of CFRP
laminated aluminum alloy samples during the CCTC experiment. By determining if a current was
indeed being generated due to cathodic tendencies of the CFRPs and the anodic tendencies of the
mating aluminum substrate, the differences in the corrosion rates between CFRP and GFRP

laminated aluminum alloy samples could be more readily explained.

4.3.2 Preparation of Samples

Aluminum alloy electrodes [i.e., Al 1100-H14, Al 5456-H116 (non-sensitized), Al 5456-H116
(sensitized), and Al 7075-T6] were manufactured from virgin aluminum substrate samples that
were ground / polished to a 1.0 micron finish. For consistency, the polished electrode surface for
each electrode measured 1 cm x 1 cm. Glass tubing, copper wire, silver paint, and two-part epoxy

adhesive were also used for the electrodes (Figure 27).

Figure 27: Polished Aluminum Alloy Electrode Surfaces (1 cm x 1 cm)

In order to best replicate the suspected galvanic coupling taking place between the CFRP laminate
and its respective aluminum substrate, a CFRP electrode was manufactured from the same CFRP
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laminate used on the aluminum alloy samples. The electrode surface was ground with 600 grit
silicon-carbide sandpaper. Like the aluminum substrate electrodes, glass tubing, copper wire, silver
paint, and two-part epoxy adhesive were also used during the construction of the CFRP electrode
(Figure 28). The conductive surface of the carbon-fiber electrode was primarily the perimeter
region where bare CFRPs were exposed. Bare CFRPs are generally not exposed on the front and
back planar surfaces of the CFRP laminate due to a thin layer of epoxy that envelops the fibers. To
make electrical contact with the CFRPs, the central region of the back planar surface was ground to
expose bare fibers. The copper wire was then electrically connected to the CFRP disk with the
conductive silver paint. The copper wire, silver paint, and exposed CFRP connection point was
then sealed with epoxy patch to ensure that the only region of the electrodes with bare exposed

fibers is the perimeter.

Figure 28: CFRP Electrode Surface (21 mm dia x 0.5mm thick)

4.3.3 Experiment Procedure, Conditions, & Set-up

The experiment used a horizontal cell, a zero resistance ammeter (ZRA), a reference electrode, and
two electrodes (a CFRP cathode and an aluminum substrate anode). The horizontal cell’s

electrolyte solution, 1.75 L of 3.15 wt% sodium chloride (NaCl), was aerated with compressed air
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(to ensure sufficient oxygen was available in the solution during the experiment and that the
solution was thoroughly mixed) and kept at constant 25 degrees Celsius through the use of a water
jacket and a recirculating water pump (Figure 29). The air was sparged in the solution at a

volumetric rate of approximately 330 cubic centimeters per minute.

Figure 29: Horizontal Cell with Zero Resistance Ammeter

For each aluminum substrate electrode, the experiment was performed for 1 hour. During that time,
the current and voltage potential displayed by the ZRA was recorded every 10 minutes. At the end
of each hour, the electrolyte solution was drained and refilled and allowed to stabilize for
approximately 40 minutes prior to starting the experiment again with a different aluminum
substrate electrode. The cathode electrode surface was refreshed after each experiment by wet-

grinding with 600 grit silicon-carbide sandpaper and then rinsed with ultrapure water.
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4.3.4 Results

The current and voltage potential values found for each of the aluminum alloys [i.e., Al 1100-H14,
Al 5456-H116 (non-sensitized), Al 5456-H116 (sensitized), and Al 7075-T6] were fairly

comparable to each other and did show that galvanic coupling was taking place (Figures 30 & 31).

Al 1100-H14 Current vs Time Al 5456-H116 Non-Sens Current vs Time
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Figure 30: Current vs Time for Al 1100-H14, Al 5456-H116 (non-sensitized),
Al 5456-H116 (sensitized), and Al 7075-T6.
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Al 1100-H14 Potential vs Time
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Figure 31: Voltage Potential vs Time for Al 1100-H14, Al 5456-H116 (non-sensitized),
Al 5456-H116 (sensitized), and Al 7075-T6.
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4.4 Discussions

4.4.1 Discussion — Accelerated Corrosion Experiment

The accelerated corrosion experiment results showed that the type of composite laminate used had
a significant impact on the interfacial corrosion resistance of the aluminum alloy while in the
CCTC. The various durations (i.e., 1 week, 2 weeks, and 3 weeks) in the CCTC also caused the
corrosion product growth to increase at an exponential rate for several of the carbon laminated

samples.

While the GFRP laminated samples showed few signs of interfacial corrosion for all of the
aluminum alloy substrates, the CFRP laminated samples showed significant signs of corrosion
product growth in the composite-aluminum interface and adhesion failure. This was likely due to
the electrical conductivity of the CFRP, which serves as an efficient cathode, and induces galvanic
corrosion with the aluminum substrate. The GFRP is electrically insulative and cannot induce

galvanic corrosion with the aluminum substrate.

Despite the sensitization, both Al 5456-H116 (non-sensitized) & Al 5456-H116 (sensitized)
showed few differences in corrosion product growth and were the best aluminum alloy substrates
for the CFRP laminated samples. The copper-containing Al 1100-H14 (0.05 — 0.20 wt% Cu) & Al
7075-T6 (1.2 — 2.0 wt% Cu) aluminum alloy substrates suffered significantly more, sometimes to
the point of complete composite laminate adhesion failure (as observed with the Al 7075-T6
sample at 21 cycles). Such observations were consistent with those found during GM-9540P

testing of epoxy / polyurethane coated Al 7075-T6 samples by the US Army Research Laboratory

[6].
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4.4.2 Discussion — Adhesion Test

The adhesion testing results showed that there was evidence of a relationship between the amount
of time a composite laminated aluminum alloy sample spent in the CCTC and the reduction in
adhesion strength between the composite laminate and its respective aluminum alloy substrate.
While corrosion product growth was not uniformly observed for all composite laminated
aluminum alloys, its presence in the composite-aluminum interface did appear to weaken the

respective composite laminate.

While the GFRP laminated aluminum alloy samples exhibit nearly negligible differences in
adhesion strength regardless of aluminum alloy substrate, the CFRP laminated aluminum alloy
samples proved far more varied. As previously observed in the accelerated corrosion experiment,
the CFRP laminated Al 5456-H116 (non-sensitized) and Al 5456-H116 (sensitized) alloys did not
show significant differences in adhesion strength despite sensitization nor were there significant
differences in the concentrations of corrosion product growth in the composite-aluminum interface
(as observed through visual inspection). Both alloys yielded adhesion strength retention that was
comparable to those recorded from the GFRP laminated aluminum alloy samples. However, the
CFRP laminated Al 1100-H14 & Al 7075-T6 sample sets (1 week, 2 weeks, & 3 weeks) both
demonstrated exponential composite laminate adhesion strength reduction, suggesting that the
presence of copper, zinc, or iron in these alloys were in fact contributing to corrosion product

growth.
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4.4.3 Discussion — Galvanic Coupling Experiment

The galvanic coupling experiment results showed that there was a galvanic coupling effect taking
place between the CFRP and the aluminum alloy substrate. While, the galvanic coupling effect was
found on all of the aluminum alloy substrates (including those that did not contain copper, zinc, or
iron containing precipitates), the additional number of localized cathodic and anodic sites (created
by the presence of copper, zinc, or iron containing precipitates within the respective alloy’s

composition) likely increased the corrosion product growth rate.
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Chapter 5

ANALYSIS OF SAMPLES

5.1 SEM & EDX Analysis

5.1.1 General Background

Upon completion of all adhesion testing, the composite laminated aluminum alloy samples were
analyzed using the Scanning Electron Microscope (SEM) and Energy Dispersive

X-ray (EDX) system. This process determined the presence and type of corrosion products that
formed in the composite-aluminum interface from the accelerated corrosion experiment. The data
collected from this analysis would better demonstrate the corrosion trends found between

composite laminates and the mating aluminum alloy substrates.

5.1.2 Preparation of Samples

After carefully evaluating all of the composite laminated aluminum alloy samples subsequent to
adhesion testing, a site location that best showed a demarcation boundary between a corroded
interfacial region and an uncorroded interfacial region was chosen from each sample group for
analysis. Small strips of copper were placed on the samples to not only optimize the INCA
software for corrosion product analysis, but also to serve as reference points as the corrosion

boundary was evaluated (Figure 32).
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Figure 32: Composite Laminated Aluminum Alloy Sample Site Location Prepared for Analysis

5.1.3 Procedure, Conditions, & Set-up

Figure 33: SEM & EDX with Mounted Composite Laminated Aluminum Sampl
After each sample was marked and mounted for analysis (See Figure 33 above), the SEM was set
to 15.0 kv and positioned approximately 10 mm away from the sample site surface. Following the
path laid out by the thin copper strips, photos were taken at approximately 200x magnification.
After a photo was taken at the respective area, the EDX analyzer using INCA software was then

used to evaluate grid points of the surface composition (by atomic %).
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5.1.4 Results

SEM & EDX analysis showed that, depending on the aluminum alloy and specific site location, the
presence and concentration of corrosion product in the interface varied dramatically. The corrosion
product density was greatest at edge of the circular site location for most composite laminated
aluminum alloy samples, but the amount of corrosion product infiltration towards the center of the

site location changed based on the composite laminate and the aluminum alloy substrate.

For all of the GFRP laminated aluminum alloy samples, no corrosion products were found in the
composite-aluminum interface. The composite adhesive was completely preserved regardless of
the aluminum alloy substrate. This confirmed earlier visual inspection findings upon completion of

adhesive testing.

However, the CFRP laminated aluminum alloy samples showed significant corrosion product
growth in the composite-aluminum interface. Depending on the site location, the density and
spread of the corrosion product varied significantly. Some portions of the selected site locations
showed low density or high density corrosion product growth while others revealed no corrosion
product growth at all (showing only small scratches from the previously surface-prepped
aluminum alloy substrate). Corrosion product boundaries, where the corrosion product growth
within the composite-aluminum interface had stopped, were easily observed at the selected

magnification and were noted on each sample for reference (Figures 34 & 35).

42



G s LR o bt .y
15.0kV 10.4mm x200 SE 15.0kV 10.5mm x200 SE 200um

Figure 34: Al 1100-H14 (14 Cycles) Composite-Aluminum Interface Region Low Density
Al,O3 Corrosion Product (Left) & Al 7075-T6 (14 Cycles) Previously Protected Composite-
Aluminum Interface Region (Right)

15.0kV 10.5mm x200 SE 7 15.0kV 10.3mm x200 SE

Figure 35: Al 7075-T6 (14 Cycles) Composite-Aluminum Interface Region High Density
Al,0, Corrosion Product (Left) & Al 7075-T6 (21 Cycles) Composite-Aluminum Interface
Corrosion Boundary (Right)
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5.1.4.1 CFRP Laminated Al 1100-H14 Aluminum Alloy Sample (21 cycles) Results

For the selected site location of the CFRP laminated Al 1100-H14 aluminum alloy sample (21
cycles), the corrosion product growth (consisting mostly of Al,O3) had infiltrated most of the
composite-aluminum interface. Only small portions of the preserved aluminum alloy substrate

could be readily observed.

EDX analysis showed higher concentrations of oxygen, aluminum, and chlorine and almost no
sodium towards the center of the site location. The concentration of oxygen and chlorine drops
dramatically once it reaches the previously determined corrosion product boundary. The sodium

concentration was relatively low across the entire interface (Figures 36 & 37).

5.1.4.2 CFRP Laminated Al 7075-T6 Aluminum Alloy Sample (7 cycles) Results

For the selected site location of the CFRP laminated Al 7075-T6 aluminum alloy sample (7
cycles), the corrosion product growth (consisting mostly of Al,O3) had evenly infiltrated a
medium-sized portion of the composite-aluminum interface. A medium-sized circular portion of

the preserved aluminum alloy substrate could be readily observed.

EDX analysis showed higher concentrations of oxygen, aluminum, and chlorine, and relatively
lower concentration of sodium towards the center of the site location. The concentration of oxygen,
chlorine, and sodium drops dramatically once it reaches the previously determined corrosion

product boundary (Figures 38 & 39).
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Figure 36: CFRP Laminated Al 1100-H14 Aluminum Alloy Sample (21 Cycles) Site Location
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Figure 37: CFRP Laminated Al 1100-H14 Aluminum Alloy Sample (21 Cycles) Composition Across the
Composite-Aluminum Interface Site Location
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Figure 38: CFRP Laminated Al 7075-T6 Aluminum Alloy Sample (7 Cycles) Site Location
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Figure 39: CFRP Laminated Al 7075-T6 Aluminum Alloy Sample (7 Cycles) Composition Across the
Composite-Aluminum Interface Site Location
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5.1.4.3 CFRP Laminated Al 5456-H116 (Non-Sensitized) Aluminum Alloy Sample (21 cycles)
Results

For the selected site location of the CFRP laminated Al 5456-H116 (Non-Sensitized) aluminum
alloy sample (21 cycles), the corrosion product growth (consisting mostly of Al,O3) had infiltrated
small portions of the composite-aluminum interface (not as uniformly as the Al 1110-H14 or Al
7075-T6). Large portions of the preserved aluminum alloy substrate could be readily observed.
EDX analysis showed high concentrations of oxygen, aluminum, and chlorine, and relatively low
concentration of sodium towards the center of the site location. The concentration of oxygen,
chlorine, and sodium drops dramatically once it reaches the previously determined corrosion
product boundary (Figures 40 & 41).

5.1.4.4 CFRP Laminated Al 5456-H116 (Sensitized) Aluminum Alloy Sample

(14 cycles) Results

For the selected site location of the CFRP laminated Al 5456-H116 (Sensitized) aluminum alloy
sample (12 cycles), the corrosion product growth (consisting mostly of Al,O3) had infiltrated small
portions of the composite-aluminum interface (not as uniformly as the Al 1110-H14 or Al 7075-
T6). Large portions of the preserved aluminum alloy substrate could be readily observed.

EDX analysis showed higher concentrations of oxygen, aluminum, and chlorine, and relatively low
concentration of sodium towards the center of the site location. The concentration of oxygen,
chlorine, and sodium drops dramatically once it reaches the previously determined corrosion

product boundary (Figures 42 & 43).
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Figure 40: CFRP Laminated Al 5456-H116 (Non-Sensitized) Aluminum Alloy Sample
(21 Cycles) Site Location
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Figure 41: CFRP Laminated Al 5456-H116 (Non-Sensitized) Aluminum Alloy Sample (21 Cycles)

Composition Across the Composite-Aluminum Interface Site Location
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Figure 42: CFRP Laminated Al 5456-H116 (Sensitized) Aluminum Alloy Sample
(14 Cycles) Site Location
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Figure 43: CFRP Laminated Al 5456-H116 (Sensitized) Aluminum Alloy Sample (14 Cycles) Composition

Across the Composite-Aluminum Interface Site Location
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5.1.5 Discussion

The SEM & EDX analysis supports what has already been generally found and discussed after the
accelerated corrosion experiment, adhesion testing, and galvanic coupling experiment. CFRP
composite laminated aluminum samples were subjected to galvanic coupling due to the presence of
carbon (which acted as a cathode) and induced crevice corrosion, leading to the delamination of the
composite with the aluminum substrate. GFRP composite laminated aluminum samples were not

subject to galvanic coupling since the GFRPs are electrically insulative.

The reaction that is taking place is common for aluminum in a salt solution. The exposed
aluminum substrate releases aluminum ions, Al*3, and electrons. On the aluminum substrate, the
electrons bond with oxygen, O, and water molecules, H,O, in the sodium chloride, NaCl, solution,
which creates hydroxide ions, OH™ [9]. These OH" ions or H,O can react with Al*> and create the
aluminum hydroxide, AI(OH)s, corrosion product (which later transforms into aluminum oxide,
Al,O3) [9]. This is because AI(OH) is a gel that is not stable and eventually crystallizes into the

stable form of aluminum oxide, Al,O_-H_O [9]. This process is known as “ageing” [9].

The exposed aluminum substrate becomes surrounded by increasingly acidic solution and begins to

dissolve and form crevices around and under the CFRP composite laminate (Figure 44).
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Figure 44: CFRP Laminated Aluminum Substrate (Al 1100 & Al 5456) in Alkaline Solution

55



With so many additional cathodic sites created by the higher copper content, the Al 7075-T6 CFRP
laminated samples undergo a similar, yet significantly accelerated, corrosion product growth
process. This stands in contrast to the GFRP laminated aluminum alloy samples. While similar to
the behavior of the CFRP laminated aluminum alloys, the GFRP composite does not act as a
cathodic site and thus does not take part in the corrosion process. Only the localized cathodic sites,

such as those created by copper, take part in the corrosion process (Figures 45 & 46).

Al(OH), 0, H,O + NaCl
e

ey

Aluminum Substrate (e.g. Al 7075)
Figure 45: CFRP Laminated Aluminum Substrate (Al 7075) in Alkaline Solution

0

H,O + NaCl

Glass Fiber Composite

—

Copper Cathodic Sites
e~
Aluminum Substrate (e.g. Al 1100, Al 5456, & Al 7075)

Figure 46: CFRP Laminated Aluminum Substrate (Al 1100, Al 5456, Al 7075)
in Alkaline Solution
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Both of the CFRP laminated Al 1100-H14 & Al 5456-H116 (sensitized and non-sensitized)
aluminum alloy samples had significantly less sodium concentrations in the composite-aluminum
interface than Al 7075-T6. This may have been due to the composition of the aluminum substrates.
Since the cathodic CFRP PMC resides outside of the crevice, and for alloys that have relatively
few cathodic sites (e.g., Al 1100-H14 and Al 5456-H116), the predominant anodic process in the
crevice will result in excess positive ionic charge that will cause the inward migration of anions
(e.g., CI") and outward repulsion of cations (e.g., Na") to preserve charge neutrality in the

electrolyte (Figure 47).

The perimeter of the CF PMC with
exposed CFRPs serve as the cathodic
site in the galvanic couple.

\ Carbon Fiber Composite
I

- G
Tttt ++t++++ Na

Aluminum Substrate (Mostly Al;e.g. A1 1100 & Al 5456)

Figure 47: Possible Interface Interactions Due to Fewer Cathodic Sites
Since Al 7075-T6 contains a significant amount of copper that can act as cathodic sites, both
cathodic and anodic reactions likely occur in the crevice; hence, the propensity for the inward
migration of anions (e.g., Cl-) and outward migration of cations (e.g., Na+) to preserve charge
neutrality in the electrolyte is likely less than that for the Al 1100-H14 and Al 5456-H116 alloys

(Figure 48).
Carbon — Fiber Composite
- Na*
L

Aluminum Substrate (Al with Cu, Mg, & Zn)

Figure 48: Possible Interface Interactions Due to Numerous Cathodic Sites
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Chapter 6

CONCLUSIONS

6.1 Corrosion Resistance Summary

In summary, the GFRP composite laminate used on all of the aluminum alloy substrates was
determined to be the best in adhesion strength retention as well as in protecting all of the aluminum
alloy substrates from corrosion product growth during the various durations (i.e., 1 week, 2 weeks,
and 3 weeks) of the GM-9540P accelerated corrosion test procedure. The CFRP composite
laminate, which was verified to have induced galvanic coupling on all of the aluminum substrates
it was bonded to, was less effective at preventing corrosion product growth (particularly in the
composite-aluminum interface) and weakened the corrosion resistance of the more copper-
containing aluminum alloys, Al 1100-H14 & Al 7075-T6. The intrusion of corrosion products in
the composite-aluminum interfaces was caused primarily through crevice corrosion and a form of
wedging that “lifted” the composite laminate away from its respective aluminum alloy substrate,

exposing the previously preserved aluminum alloy substrate to corrosion.

Al 5456-H116 (sensitized) and Al 5456-H116 (non-sensitized) aluminum alloy substrates showed
little if any difference in performance between each other regarding corrosion resistance and were
the best of the aluminum alloys tested regardless of the composite laminate applied. The CFRP
laminated Al 7075-T6 aluminum alloy samples had high concentrations of corrosion product
growth in the composite-aluminum interface that significantly weakened the composite laminate’s

adhesion to its aluminum alloy substrate the longer it was in the CCTC. While slightly better, the
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CFRP laminated Al 1100-H14 aluminum alloy samples were also prone to exponential adhesion
strength reduction the longer they were subjected to accelerated corrosion conditions. Localized
cathodic and anodic sites, created by these alloys’ greater quantity of copper, zinc, or iron, are

suspected of acting as catalysts to the corrosion product growth rate.
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