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ABSTRACT

Aluminum parts in the aerospace industry require specific surface coatings that provide long-term
corrosion protection and facilitate bonding performance towards adhesives. These coatings are
known as bonding primers. For decades, strontium chromate was used as a corrosion inhibitor in
bonding primers to effectively protect aluminum alloys. Despite its outstanding anticorrosive
properties, its acute toxicity, carcinogenicity, and mutagenicity made it subject to regulatory
restrictions and usage bans (e.g. REACH). Therefore, the aerospace industry seeks for sustainable
and less toxic alternatives. This technical paper discusses the development of a waterborne,
chrome-free bonding primer based on epoxy chemistry.

The paper discloses the application characteristics, cure behavior and film formation on aluminum
surfaces. Surface characterization techniques such as SEM and GDOES were used to reveal the
interaction with aluminum surfaces and film adhesives. Chemical resistance and corrosion
protection performance are discussed by means of fluid immersion, wipe resistance and corrosion
testing techniques. Bonding properties were tested in conjunction with Henkel film adhesives.
The findings revealed that this novel chrome-free bonding primer can effectively protect aluminum
surfaces from corrosion and promote adhesion towards aerospace structural adhesives to replace
strontium chromate bonding primers.
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1. INTRODUCTION

Structural adhesive bonding of materials has become a common joining technology within the
aerospace industry replacing and/or supplementing other joining techniques to achieve weight
reductions and enabling new advanced designs.[1] Adhesive bonding in primary and secondary
structures of an aircraft creates permanent joints that must guarantee form, fit, and function over
the whole lifetime of an aircraft. Aluminum is widely used within primary structures due to its
light weight, strength, and durability.[2] However, high strength alloys like 2024 that are widely
used in the framework or inner structure of aircrafts are sensitive to corrosion due to its high copper
content.[3] To protect corrosion sensitive aluminum surfaces as well as to facilitate adhesive
bonding specific surface treatments in conjunction with anti-corrosion bonding primers are applied
on aluminum surfaces prior to adhesive bonding.[1] For decades hexavalent chromium containing
surface treatments and primers were used to effectively protect aluminum surface against
corrosion. Due to its acute toxicity, carcinogenicity, and mutagenicity and detrimental
environmental impact hexavalent chromium compounds are banned by the European REACH
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regulation or the use it merely authorized for an expiring period.[4] Strontium chromate is the most
prominent anti-corrosion inhibitor used in bonding primers with an authorization period granted
until January 2026.[5] Therefore, the development of strontium chromate-free bonding primers
has attracted a lot of attention in the aerospace industry.

Epoxy chemistry has proven to provide durable adhesive and primer formulations that can meet
the requirements of the aerospace industry in terms of compatibility to various materials,
mechanical strength, chemical resistance, and durability.[6,7,8] Epoxy bonding primers are
predominantly formulated as 1-part solvent-based systems in which resins, anti-corrosion
inhibitors, additives and hardeners are dissolved in a suitable solvent.[1] The liquid primer is
typically sprayed on the surface forming a consistent layer upon solvent evaporation (flash-off)
which is subsequently cured at elevated temperatures. Solvent-based primers contain high
concentrations of volatile organic compounds (VOC) that are released during application and
require stringent occupational safety and environmental protection measures.[9] To reduce the
concentration of VOCs, water-based primers have gained interest resulting in more sustainable
applications processes.[10,11] However, most epoxy resins and hardeners show extremely low
solubility in water making the formulation of latent waterborne epoxy resins challenging. As a
solution epoxy resins are dispersed or emulsified in water by means of emulsifiers and surfactants.

A novel chrome-free water-based bonding primer containing proprietary corrosion inhibitors and
self-emulsifying epoxy resins developed by Henkel Aerospace offers a sustainable alternative to
strontium chromate containing primers providing ease of use with common application techniques,
advanced corrosion protection on aluminum, and high mechanical strength in conjunction with
Henkel LOCTITE epoxy film adhesives.

2. EXPERIMENTATION
2.1 Materials

An experimental 1-part water-based epoxy bonding primer with a solids content of 14 %wt and a
VOC content of 14 %wt was used in this study. The primer was tested in conjunction with two
commercially available Henkel film adhesives.

Film adhesives LOCTITE EA 9696.030NW and LOCTITE EA 9658.100NWG designed for
distinct service temperatures were selected to investigate the compatibility and mechanical
performance at different temperatures. LOCTITE EA 9696.030NW for service temperatures up to
121 °C (250 °F) was used as a supported film configuration with a nylon non-woven scrim and a
specific mass of 0.146 kg/m? (0.030 1b/ft*). LOCTITE EA 9658 designed for service temperatures
up to 177 °C (350 °F) was used as a supported film configuration with a glass fiber non-woven
scrim and a specific mass of 0.488 kg/m? (0.100 Ib/ft?).

The primer was tested on 2024 T3 clad and bare aluminum rolled sheet material to evaluate
corrosion protection, chemical resistance, and mechanical performance.
2.2 Surface Treatment Method

Aluminum surfaces were treated following a three step surface treatment routine with subsequent
phosphoric acid anodization (PAA). The aluminum panels were cleaned for 20 min by dipping in



an agitated 15 %vol BONDERITE C-AK 6849 AERO alkaline cleaner bath at 60 °C (140 °F) and
spray rinsed with deionized water for 3 min. The sheets were etched in 45 g/L. (6 oz/gal)
BONDERITE C-AK ALUM ETCH 2 AERO alkaline etching solution without agitation at 40 °C
(104 °F) for 2 min followed by a second spray rinse with deionized water for 3 min. The panels
were afterwards desmutted in an agitated 20 %vol BONDERITE C-IC SMUTGO NC AERO
desmut solution at 23 °C (73 °F) for 5 min followed by a third spray rinse with deionized water
for 3 min. The sheets were anodized in an agitated 112 g/L (15 oz/gal) phosphoric acid solution at
25°C (77 °F) and 15 V DC for 30 min followed by a spray rinse with deionized water for 5 min
and subsequent drying in a ventilated oven at 60 °C (140 °F) for 30 min. All sheets were stored
for maximum 48 h prior to primer application.

2.3 Primer Application Method

The experimental epoxy bonding primer was homogenized prior to spray application on a roll
mixer for 30 min at 23 °C (73 °F). The primer was applied on PAA anodized sheet material by
spray application applying 6 box-coats to achieve the target primer thickness of 3 to 5 um (0.12 to
0.20 mils). A SATA minijet 4400 B HVLP gravity feed spray gun with a SATA 1.2 RP nozzle and
an 0.5 counter-clockwise opened fluid control was used. The inlet pressure was adjusted to 2 bars
(29 psi). The primer layers were allowed to flash off for 15 min at 23 °C (73 °F) prior to primer
cure at 140 °C (284 °F) for 1 h.

2.4 Bonding of Test Specimen

Test specimen were prepared by bonding anodized and primed panels with LOCTITE EA
9696.030NW film adhesive at 121 °C (250 °F) under a pressure of 3.1 bars (45 psi) in an autoclave
for 90 min or LOCTITE EA 9658.100NWG film adhesive at 177 °C (350 °F) under a pressure of
2.8 bars (40.6 psi) in an autoclave for 60 min.

2.5 Test Methods

Primer thicknesses were measured with an eddy-current thickness measurement device (Fischer
Dualscope FMP40) calibrated on unprimed anodized aluminum panels.

Scanning electron microscopy (SEM) was done with a Nova NanoSEM 450 device using a TLD
detector collecting backscattered electrons and secondary electrons. Samples were bent after
dipping into liquid nitrogen to initiate cracks into the primer and anodic layers to allow the
preparation of cross section images.

Elemental depth profiling was done by means of glow discharge optical emission spectroscopy
(GDOES) using a Spectruma GDA750 device with a detection area of 2.5 mm x 2.5 mm (0.1 inch
x 0.1 inch) and a continuous radio frequency excitation source with 700 V primary voltage that
allows to analyze non-conductive materials.

Corrosion protection and chemical resistance were evaluated on PAA anodized and primed 2024
T3 bare sheets with dimensions of 150 mm x 100 mm x 1.0 mm (5.91 inch x 3.94 inch x
0.04 inch).

Corrosion resistance was assessed after 1000 h and 3000 h exposure in neutral salt spray
atmosphere according to ISO 9227 with “X”-scribed panels.[12] The panels were scribed with a



0.5 mm (0.02 inch) blade Sikkens scratch tool into the substrates. The edges and the rear sides
were covered with a protective tape.

Initial adhesion and chemical resistance of PAA anodized and primed 2024 T3 bare panels were
evaluated by applying 100 double rubs with a 1 kg hammer wrapped with a methyl ethyl ketone
(VWR, >99 %) soaked cloth. Cross hatch testing was done according to ISO 2409 on
unconditioned panels (reference) and after immersion in deionized water at 40 °C (104 °F), tributyl
phosphate (Merck, >97 %) at 23 °C (73 °F), and a mixture of 70 % trimethyl pentane (VWR,
>98 %) / 30 % toluene (VWR, >99.5 %) at 23 °C (73 °F), respectively.[13]

Tensile lap shear testing was done according to DIN EN 2243-1 on 2024 T3 bare material.[14]
Anodized and primed panels were bonded with an overlap length of 12.5 mm (0.5 inch) and cut
into 25 mm (1 inch) wide test strips. Testing was conducted at 23 °C (73 °F), 80 °C (176 °F), and
177 °C (350 °F), respectively. 3 individual specimens were tested to calculate an average peel
strength per test temperature.

Floating roller peel testing was conducted according to DIN EN 2243-2 on 2024 T3 clad
material.[15] Anodized, primed, and bonded panels were cut into 25 mm (1 inch) wide peel
specimen and tested at 23 °C (73 °F) and -55 °C (-67 °F), respectively. The testing was done with
a crosshead speed of 50 mm/min (1,97 inch/min). 3 individual specimens were tested to calculate
an average peel strength per test temperature.

Wedge cleavage testing was done according to ASTM D 3762 on 2024 T3 bare material with a
thickness of 3 mm (1.18 inch).[16] Anodized, primed, and bonded panels were cut into 25 mm
(1 inch) wide specimen. A 25 mm wide and 3.2 mm (0.125 inch) thick wedge with a tip length of
6.4 mm (0.25 inch) was inserted in every single specimen. Crack propagation and failure modes
were evaluated after conditioning for 7 days at 60 °C (140 °F) and 100 % relative humidity.

3. RESULTS
3.1 Surface Analysis

Consistent and smooth primer layers were observed on PAA anodized 2024 aluminum surfaces
after spray application. The primer layers were completely tack-free after 3 min flash-off time
showing no fingerprints or primer residues on gloves after touching the surface prior to primer
cure (figure 1).




Figure 1. Tack-free primed surface after 3 min flash-off time at 23 °C (73 °F)

To assess the leveling behavior during primer cure primed surfaces were scratched with a wooden
spatula prior to primer cure for 1 h at 140 °C (284 °F). After primer cure no scratch marks were
visible on the primed surface revealing excellent leveling properties (figure 2). Upon cure the color
of the primer changes from reddish to golden color indicating fully cure after 1 h at 140 °C
(284 °F).

Primer
Cure

Figure 2. Leveling of the primer layer during primer cure for 1 h at 140 °C (284 °F).

3.1.1 Scanning electron microscopy

Scanning electron micrographs of cross sections were done to characterize the structure and layer
thicknesses of unprimed and primed PAA anodic layers on 2024 T3 clad panels. Figure 3 shows
an unprimed PAA anodic layer characterized by a highly porous structure with a layer thickness
of ~0.8 um (0.03 mils) that allows mechanical interaction with adhesives and coatings. Figure 4 is
showing a primed PAA anodized surface fully penetrated by the experimental bonding primer
resulting in filled pores down to the substrate.



Figure 4. 2024 T3 clad, PAA anodized, primed surface



3.1.2 Glow Discharge Optical Emission Spectroscopy

Glow discharge optical emission spectroscopy (GDOES) was used to characterize the interaction
between the primer layer and the porous anodic layer in detail. Depth profiling was conducted to
reveal the elemental composition of the interface between primer and aluminum substrate. Figure
5 shows a depth profile of a PAA anodized and unprimed 2024 T3 clad panel with distinct
aluminum and oxygen signals at the surface indicating the anodic oxide layer. With progressing
sputtering depth, the oxygen signal decreases while the aluminum signal increases reaching a
maximum at ~0.8 um (0.03 inch) sputtering depth. Carbon and nitrogen signal show low intensity.
Figure 6 shows a depth profile of a PAA anodized and primed 2024 T3 clad panel. At the very
surface carbon, oxygen and nitrogen signals representing the organic matrix of the epoxy primer
layer dominate showing constant signal ratios over the entire sputtering depth. With progressing
sputtering depth carbon, oxygen, and nitrogen signals decrease while the aluminum signal
increases. The steady decrease of the intensities indicates deep intrusion of the primer in the porous
anodic layer ensuring mechanical interaction between oxide and primer.
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Figure 5. GDEOS depth profile of a PAA Figure 6. GDEOS depth profile of a PAA
anodized and unprimed 2024 T3 clad panel. anodized and primed 2024 T3 clad panel.

3.2 Adhesion and chemical resistance
3.2.1 Adhesion prior to and after fluid immersion testing

Strong adhesion of a primer layer is substantial to provide corrosion protection as well as to
promote adhesion towards adhesives. The adhesion of the cured primer layer was investigated by
cross hatch testing of PAA anodized and primed 2024 T3 bare panels. Table 1 shows the visual
inspection and cross hatch testing results after exposure to different test fluids. Sets of 3 panels
were exposed per test fluid. Cross hatches were introduced immediately after fluid immersion
testing. An unconditioned panel was tested as a reference.

Table 1. Results of fluid immersion testing



Test fluid Immersion | i, 1 Inspection Cross hatch test
time (days) result

- - No loss in adhesion or blistering | GT 0

Deionized water 30 No loss in adhesion or blistering | GT 0
7 No loss in adhesion or blistering | GT 0
Tributyl phosphate
30 No loss in adhesion or blistering | GT 0
7 No loss in adhesion or blistering | GT 0

Mixture of 70 % trimethyl

pentane and 30 % toluene 30 No loss in adhesion or blistering | GT 0

GT 0 =The edges of the cuts are completely smooth; none of the squares of the lattice is detached.

Figure 7 shows representative cross hatch scribe marks of the unconditioned reference panel (a)
and after 30 days fluid immersion testing in different test fluids (b, c, d). Neither detachment of
the primer layer or blistering was observed.

Figure 7. Cross hatch scribe marks of unconditioned reference (a) and after immersion for 30 days
in deionized water (b), tributyl phosphate (c), and a 70 % trimethyl pentane / 30 % toluene (d)

3.2.2 Methyl ethyl ketone double rub resistance

Methyl ethyl ketone (MEK) resistance was investigated by applying 100 double rubs on PAA
anodized and primed surfaces. Figure 8 shows test coupons tested prior to (a) and after primer cure
(b), respectively. Uncured primer can be easily removed by methyl ethyl ketone allowing rework
of parts. A blank surface was obtained after 5 double rubs. In contrast, no delamination or
discoloration was observed after primer cure revealing chemical resistance against MEK due to a
highly crosslinked epoxy resin network.



L

Figure 8. MEK wipe resistance prior to (a) and after primer cure (b) for 1 h at 140 °C (284 °F).

3.3 Corrosion Resistance

Anodized and primed 2024 T3 bare panels were scribed and exposed to neutral salt spray
atmosphere for 3000 h. A set of 2 panels with different primer thicknesses was exposed to evaluate
the corrosion protection capability. Figure 9 shows images of the exposed coupons after 1000 h
and 3000 h exposure, respectively. The coupons did not show pitting or areal corrosion.
Discoloration and corrosion products were limited to the scribe mark. However, sharp edges of the
scribe marks indicate no creepage undermining the intact primer layer after 3000 h exposure.

Figure 9. Test coupons after exposure to neutral salt spray atmosphere for 1000 h (a,b) and 3000 h
(c,d) with primer thicknesses of (a,c) 3.2 um (0.13 mils) and (b,d) 4.6 um (0.18 mils).

3.4 Mechanical Performance
3.4.1 Tensile Lap Shear Strength

Tensile lap shear (TLS) testing is a common test method to evaluate the adhesion strength of
structural adhesives. Table 2 lists the lab shear strengths and failure modes in conjunction with
two film adhesives, LOCTITE EA 9696.030NW and LOCTITE EA 9658.100NWG, tested at
23 °C (73 °F) and elevated temperatures. TLS specimen bonded with LOCTITE EA 9696.030NW
show high tensile lap shear strength comparable to control data with a chromated state of the art
corrosion inhibiting primer. In combination with LOCTITE EA 9658.100NWG some decrease in



tensile lap shear strength was observed compared to control data with a chromated state of the art
corrosion inhibiting primer. Images of the failure modes are illustrated in figures 10 and 11
showing mainly cohesion failure in the film adhesives. Specimen bonded with LOCTITE EA
9658.100NWG show some level of cohesion failure in the primer layer as well as some adhesion
failure between oxide and primer at 177 °C (350 °F) test temperature.

Table 2. Tensile lab shear strength and failure modes of PAA anodized, primed, and bonded 2024
T3 bare panels.

Test Tensile Lab
Film adhesive T f Failure Mode
emperature Shear Strength

23°C (73 °F) |40.1 MPa (5816 psi) |CFA
LOCTITE EA 9696.030NW

80 °C (176 °F) | 30.1 MPa (4365 psi) | CFA

23°C (73 °F) |28.4MPa (4119 psi) |CFA + CFP

LOCTITE EA 9658.100NWG 177 °C

(350 °F) 10.1 MPa (1465 psi) | CFA + CFP + AFP

CFA = Cohesion Failure Adhesive, CFP = Cohesion Failure Primer, AFP = Adhesion Failure
Primer

23 °C (73 °F) 80 °C (176 °F)

Figure 10. Tensile lab shear failure modes of PAA anodized and primed 2024 T3 bare aluminum
bonded with LOCTITE EA 9696.030NW




Figure 11. Tensile lab shear failure modes of PAA anodized and primed 2024 T3 bare aluminum
bonded with LOCTITE EA 9658.100NWG

3.4.2 Floating Roller Peel Strength

Bonded joints in an aircraft must withstand heavy loads at various climatic conditions. Peel forces
represent the most demanding type of mechanical strain that induce highly localized stresses along
the crack growth path. Therefore, floating roller peel testing was done to evaluate the peel strength
in conjunction with LOCTITE EA 9696.030NW film adhesive that provides high toughness at low
temperatures up to 121 °C (250 °F).

Table 3. Floating roller peel strength and failure modes of PAA anodized and primed 2024 T3 clad
aluminum bonded with LOCTITE EA 9696.030NW film adhesive

Test Tensile Lab
Film adhesive T t Failure Mode
CMpErature | ghear Strength

23°C (73 °F) |308 N/25mm (70.4 pli) |CFA
LOCTITE EA 9696.030NW

-55°C (-67 °F) | 200 N/25mm (45.6 pli) | CFA + CFP

CFA = Cohesion Failure Adhesive, CFP = Cohesion Failure Primer

Failure modes of test specimen tested at 23 °C (73 °F) and -55 °C (-67 °F) are illustrated in figure
12. Specimens tested at 23 °C (73 °F) show mainly cohesion failure in the film adhesive while
at-55 °C (-67 °F) mixed failure modes with cohesion failure in the adhesives as well as within the
primer layer were observed.




Figure 12. Floating roller peel failure modes of PAA anodized, primed and LOCTITE EA
9696.030NW bonded 2024 T3 clad specimen tested at (a) 23 °C (73 °F) and (b) -55 °C (-67 °F).

The obtained peel strengths and failure modes prove that the primer can tolerate high peel forces
that are critical to structural bonding in aerospace applications without any adhesion failure
between metal substrate and primer or primer and adhesive.

3.4.3 Wedge Crack Testing

The durability of PAA anodized, primed, and bonded joints was tested by a wedge cleavage test.
Figure 13 shows the crack propagation and failure modes of specimens bonded with LOCTITE
EA 9696.030NW after 7 days conditioning at 60 °C (140 °F) and 100 % relative humidity.

0.142" 0.165" 0.136" 0.089" 0.101"
3.6 mm 4.2 mm 3.5 mm 2.2 mm 2.6 mm

Figure 13. Wedge cleavage test failure modes of PAA anodized, primed and LOCTITE EA
9696.030NW bonded 2024 T3 specimens after 7 days exposure to 60 °C (140 °F) and 100 %
relative humidity.

All specimens show low crack propagation after 7 days with maximum crack extension of 4.2 mm
(0.165 inch). The failure modes show mainly cohesion failure in the film adhesive with few spots
of cohesion failure in the primer layer just beyond the crack tip.

4. CONCLUSIONS

Due to regulatory pressure and the industry’s endeavors to enhance the environmental
sustainability within the whole manufacturing process of an aircraft alternatives for solvent-based
strontium chromate containing bonding primers are of high interest to the aerospace industry.
However, water-based hexavalent chrome free alternatives often show insufficient corrosion



performance on corrosion sensitive metals and poor application properties limiting the wider use
of such materials in aerospace applications.

In this study a novel water-based chrome-free bonding primer was investigated to evaluate the
application properties, corrosion protection, and mechanical performance on aluminum surfaces.
In this regard, surface characterization techniques were used to examine the application properties
and the interaction between primer and anodized aluminum surfaces. Neutral salt spray testing and
fluid immersion testing were conducted to assess corrosion protection, adhesion, and chemical
resistance against selected test fluids. The mechanical performance was evaluated in combination
with two aerospace film adhesives representing different operating temperature scenarios.

Surface characterization by means of SEM and GDOES analyses revealed that the cured primer
shows full penetration of PAA anodic layers using common spray equipment resulting in excellent
adhesion on aluminum. Fluid immersion testing and chemical resistance testing proved resistance
to organic solvents due to the formation of a highly crosslinked epoxy resin barrier film. Neutral
corrosion testing disclosed effective corrosion protection on corrosion sensitive 2024 T3 bare
material without any pitting, creepage or blistering after 3000 h exposure.

Compeatibility to selected Henkel film adhesives was tested by means of tensile lap shear and
floating roller peel testing with LOCTITE EA 9696.030NW and LOCTITE EA 9658.100NWG
film adhesives. High strength bond couples were received with LOCTITE EA9696.030NW while
bonding to LOCTITE EA9658.100NWG revealed lower strength compared to control data with a
chromated state of the art bonding primer. Wedge cleavage testing revealed durable metal to metal
bond joints with LOCTITE EA9696.030NW.

In conclusion, this novel water-based non-chrome bonding primer offers a suitable alternative to
chromated primers in terms of corrosion protection effectiveness on aluminum as well as bonding
performance and durability in conjunction with LOCTITE EA9696.030NW film adhesive.
However, compared to control data some limitations with LOCTITE EA 9658.100NWG were
detected identifying potential for further optimization.
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