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ABSTRACT 

Surface treatment of aluminum alloys based on wet chemical 
processes is subject to increasing regulations. The objective of the work 
described in this paper was to demonstrate the feasibility of applying a non- 
chemical technique to generate an aluminum oxide surface with adhesive 
bonding properties comparable to that generated with the traditional 
technique. This paper describes the use of ion beam enhanced deposition 
which meets the objective of this work. 

HH 

m 

m 

INTRODUCTION 

Adhesively bonded structures are being used extensively as 
structural components for both military and civilian aircraft. Proper surface 
hp th K IS essentia! in order t0 achieve a good bonding surface that can 
oe me basis for high strength adhesive bonds with good durability in 
D?nr°pSIVe e™ironments- Surface treatments based on wet chemical 
M ocesses have been shown to create excellent surfaces for adhesive 
uonoing and coating application. The most common surface treatments 
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used in the United States are: (1) the Forest Product Laboratory (FPL) 
process for pickling, and (2) the Phosphoric Acid Anodizing (PAA) process. 

The state-of-the-art surface pretreatments for adhesive bonding and 
organic coatings contribute to high strength and durable adhesive bonds. 
However, Environmental Protection Agency (EPA) regulations impose 
increasingly strict limitations on the wet chemical surface preparation 
processes. Particularly, surface treatment processes such as pickling and 
anodizing which rely on wet chemistry techniques and are large water 
users, are subject to regulations. 

In order to find replacements for the wet chemical surface treatment 
techniques, a research program was initiated to develop alternative non- 
chemical techniqu3s that do not pr.duce waste detrimental to health and 
environment, and are compliant with present and future EPA regulations. 
An important requirement for such a technique is that it produces surfaces 
that result in mechanical strength and durability equal to or better than 
those produced by the wet chemical methods. In order to achieve the 
objective of this research program, a physical coating technique based on 
ion implantation was applied. 

BACKGROUND 

Research into the area of surface treatment of aluminum alloy 
components for purposes of adhesive bonding appears to have started in 
the 1950's, where surface preparation methods were developed primarily 
through an empirical approach1. The main increase in research activity and 
development occurred in Europe and the United States during the 1970's 
and early 1980's, where researchers suggested that the macroscopic 
surface morphology, and surface oxide structure and composition are 
important for the bondability of aluminum alloys2"6. In the early 1970's, 
research was concentrated on mechanical strength and durability testing of 
adhesive bonds, and the relationship between adhesive bond strength and 
surface treatment. By the early 1980's, the technology of adhesive bonding 
was fairly well established, but research into the mechanism of adhesion 
and adhesive bond failure continued. 
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Aluminum Oxide Structure And Morphology 

Some of the significant features of aluminum oxides were recognized 
as early as 1953. Keller and coworkers1 described the basic structure of 
anodic aluminum oxide films as consisting of close-packed cells of oxide 
predominately hexagonal in shape, each of which contains a single pore' 
Much later in the 1970's and early 1980's, transmission electron microscopy 
(TEM) and scanning transmission electron microscopy (STEM)7'8 analyses 
were used to gain a better understanding of the surface oxide morphology 
and how the various morphological differences could affect bondability and 
durability of adhesive bonds of aluminum alloys. 

The r..„st common anodizing pretreatments for adhesive bonding of 
aluminum alloys used in the United States is phosphoric acid anodizing 
r »V*Venables and ^workers8 characterized the surface morphology of 

the PAA treated surface treatments using the STEM7"8. Figure 1 shows an 
isometric projection drawing depicting the PAA oxide morphology    The 
figure shows that the oxide consists of a dense barrier layer with a network 
of hollow well developed hexagonal pores, and whisker like protrusions 
The porous layer is approximately 4000A thick. The microscopic roughness 
o the ox.de film, i.e. whiskers, created by pickling is an essential feature in 
establishing the bondability of the surface to an adhesive or to a coating 
Chemically, the PAA oxide is amorphous Al203, with the equivalent of a 
monolayer of phosphate (AIPOJ incorporated into the surface film 8 When 

Channfnnhnt^r'^^1^^8"1' "*** Wi" adSOrb 0nt0 the ™<& film, cnanging both the chemical composition and morphology of the oxide. 

strnnn ^ morpholo9y of the aluminum surface has been shown to be a 
strong determining factor in the adhesive bond strength.   High surface 

dhes^r r°Vide \hiQh dePSity °f ,0Cati0ns where the Pr^er or 
enhandnn/HhJc°rmKmeCh,ar!;Cal inter,0cks with the surface> thereby 
telrp on,        ,°n bey°rd,that Provided by chemical adhesion. Surface 
h* currpnt £*   ?° **? ^ * hUndr8dS °f Än9Str0m) iS Pr0vided * 

Tcale finp c?   frat,0n °f r Chemical techniques.   Similar microscopic 

"eposto ttchntee"n *° * ^^^ i0n beam S^* and 
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Ion Beam Enhanced Deposition Process 

The IBED process is implemented as shown schematically in Figure 
2. The process is carried put in a working chamber held at a vacuum in the 
1x10'6Torr range. The flux of atoms of the material to be deposited is 
produced by vacuum evaporation in an electron gun evaporator which is 
contained within the working chamber. The substrate to be coated is 
positioned such that it intercepts the flux of filming materials produced by 
the electron gun evaporator. A broad beam ion source generates a flux of 
inert atoms, usually Argon, which is directly aimed at the surface to be 
coated. Thus, the flux of filming atoms plus the secondary flux of Argon 
atoms strike the substrate surface simultaneously. The two x!uxes of atoms 
can be controlled independently allowing a wide 'atitude in the ratios of 
atom arrival rates and energies. This allows complete control of the film 
deposition and growth environment, and therefore a high degree of control 
over the morphology of the deposited film. 

During the initial phases of film growth, the film atoms can be 
mechanically mixed into the substrate surface, thereby significantly 
improving the film adhesion to the substrate. After the substrate surface is 
sufficiently doped with the film atoms to effect excellent adhesion, a 
contiguous film can then be grown from the substrate surface. The 
morphology of this film can be determined by controlling the energies of the 
respective film and augmenting ion fluxes. 

Based on the present knowledge of required surface structure and 
morphology for good adhesion, namely a large surface area for mechanical 
anchoring and physical/chemical adhesion, the aluminum alloy surfaces 
were cleaned and coated using the IBED process. Test specimens were 
prepared similar to those prepared with pickling and anodizing, and 
subjected to mechanical testing. Durability tests were conducted after 
iterative testing to determine the resistance of the oxide surface film to 
corrosive environments. 

EXPERIMENTAL PROCEDURES 

In the first section, the non chemical technique (IBED) to pretrea* 
aluminum alloy 2024-T3 for adhesive bonding is described. In the following 
sections the test procedures comparing IBED with the standard chemical 
pickling and anodizing (PAA) process are presented. 
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Ion Beam Enhanced Deposition 

The oxide films formed on the surfaces of aluminum alloys must 
satisfy three criteria in order to promote strong adhesive bonding. These 
criteria are as follows: 

1) The oxide films must adhere well to the aluminum alloy 
substrate, 

2) The oxide films must be water and corrosion resistant, and 
3) The outermost layers of the surface films must have a 

morphology that promotes adhesive bonding. 

Two different types of IBED oxide film structures were deposited on 
aluminum Jloy 2024-T3 substrates and examined. In both structures, the 
oxide films were initially ion beam mixed into the alloy substrate to promote 
strong oxide-substrate adhesion. In both structures, the bulk of the 
aluminum oxide (a Al203) film deposited was grown under the influence of 
a high energy inert (Argon) augmenting ion flux. This produced a dense 
microcrystalline (amorphous) oxide film, with good corrosion resistance . 
In the first type of structure the outer surface was designed to retain the 
morphology of the bulk oxide itself. This outer surface, which is micro- 
crystalline or amorphous, may be smooth and may not have the micro 
roughness necessary for good adhesive bonding. 

A second type of IBED oxide film structure was designed and 
deposited such that the outer surface presented a larger grained crystalline 
surface, in this case, the last few layers grew as larger grained alumina 
(a Al203), and presented a surface for adhesive bonding that has a 
crystalline, as opposed to a mostly amorphous structure. 

Adhesive Bonding and Testing 

Immediately following the various surface treatments, the surfaces 
were primed with the epoxy polyamide primer Cyanamid BR 127, and were 
adhesively bonded with the epoxy polyamide adhesive Cyanamid FM 73. 
Per manufacturer's instructions, the adhesive bonding was accomplished at 
a pressure of 40 psi and a temperature of 120°C. Adhesive bonding was 
accomplished over a period of 75 minutes. 
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Mechanical Testing 

In order to assess the initial mechanical strength of the adhesive 
bonds, standard peel tests were conducted. 

Peel Testing 

The floating roller peel test (ASTM D 3167)11 is intended to determine 
the relative peel resistance of adhesive bonds between one rigid adherend 
and one flexible adherend. Due to the nature of the specimen configuration 
and loading procedure the highest stresses are exerted on the interface 
between the flexible adherend and the adhesive which makes this test well 
suited to evaluate the quality of surface t.eatrnents. Ir this program, the 
flexible adherend was 0.025 inch thick 2024-T3 sheet with the various 
surface treatments, whereas the rigid adherend was the same for all tests 
namely, 0.063 inch thick 2024-T3 sheet with HN03-HF pickling treatment' 

Durability Testing 

In order to evaluate the effect of aggressive environments on the 
durability of the surface oxides, various coated and uncoated test coupons 
were exposed to a 100% relative humidity (RH) water fog and a 5% NaCI 
salt fog environment (ASTM B-117)12. These environments were selected 
because of their different effects on the oxide film. Specifically, water is 
known to have a potential detrimental effect on aluminum oxide by hydration 
resulting in disbonding and subsequent adhesive failure, with no or very 
little contribution of corrosion to the failure. Salt condensate, on the other 
hand, is extremely corrosive, and the failure mode of bonded or coated 
structures exposed to such an environment will be corrosion of the 
adherend or substrate. 

Bare coupons were exposed to the water fog and NaCI salt fog 
environments in order to determine the resistance of HN03-HF pickled, PAA 
treated and IBED treated test coupons to water and chloride salts' The 
coupons were inspected and photographed at 24 hour intervals. The bare 
treated coupons were exposed to the salt fog for 48 hours and to the water 
fog for 288 hours. 

In addition to exposure of the treated bare coupons, primer coated 
and scribed coupons were exposed to the two environments. The PAA and 
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IBED treated panels were coated with BR 127 primer, which was applied 
with a soft brush. After curing of the primer, the coupons were scribed 
diagonally with a scalpel according to ASTM D 165413. The scribed 
coupons were inspected and photographed at 24 or 48 hour intervals up to 
a total exposure time of 336 hours. 

RESULTS 

The results of this investigation are divided into two separate 
sections: (1) the effect of surface treatments on the initial mechanical 
strength, and (2) the durability of some selected surface trea^ents. 

UP mm 

Mechanical Strength 

Aluminum alloy panels were pickled, using the HN03 - HF and the 
FPL processes, and phosphoric acid anodized. The results of mechanical 
strength tests of the chemically treated panels served as reference for the 
mechanical strength of ion beam cleaned, and IBED treated panels. The 
results of the mechanical strength testing of aluminum 2024-T3 panel with 
these treatments are presented in the following sections. 

Pickling And Phosphoric Acid Anodizing 

The peel strength of the pickled surfaces show relatively low peel 
values for the HN03 HF treated surfaces vith an average peel strength of 
around 25 lbs/inch, with FPL etched specimens yielding higher peel 
strengths, ranging from about 25 to 45 lbs/inch. High peel strengths were 
obtained on PAA treated specimens. Figure 3 which shows a typical peel 
diagram, indicates peel strengths of phosphoric acid anodized specimens 
in the range of 70-90 lbs/inch. These values are well above the minimum 
peel strength specified by the manufacturer for the FM 73 adhesive. 

Ion Beam Enhanced Deposition 

The IBED film with a dense microcrystalline (amorphous) morphology 
had a very smooth outer surface and provided little mechanical anchoring 
for adhesive bonding. Thus, the peel tests resulted in relatively low peel 
strength value.    The IBED film with the larger grained crystalline outer 
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surface was much rougher allowing more mechanical anchoring.   This 
treatment resulted in high peel strengths as shown in Figure 4. 

Durability 

The durability of an adhesive bond or organic coating interface is an 
essential characteristic of an adhesively bonded or painted structure. In 
order to assess the corrosion resistance of the different ox.de films and the 
durab Sy of adhesive/organic primer - aluminum oxide interface, testing .n 
a water fog and a 5% NaCI salt fog environment was performed. 

PAA and IBED treated, uncoated coupons and PAA and IBED 
treated coupons, coated with BR 127 primer and sc, bed, were exposed to 
the water and salt fog environments. 

Uncoated Coupons 

The treated, uncoated specimens exposed to the water fog were 
inspected and photographed at frequent intervals. As indicated in Figure 
5 the PAA treated surface is not resistant to the wet environment P.ttng 
aitack was observed after as little as 48 hours of exposure. On the other 
hand IBED treated surfaces (both with the 2000 Angstrom and 5000 
Anqstrom thick oxide film) resisted the wet environment much longer, and 
only after 120 hours of exposure some signs of pitting was observed. 

Similar specimens were exposed to the 5% NaCI salt fog. The 
photographs in Figure 6 clearly indicate pitting of the pickled and anodized 
surfaces after only 5 hours. After 48 hours corrosion was widespread on 
these surfaces. The IBED treated surfaces showed much higher resistance 
to the salt fog with some minor attack occurring after 24 hours. Even after 
an exposure time of 48 hours, pitting corrosion on the IBED surfaces was 
relatively light. 

Coated Coupons 

Treated test coupons were coated with the epoxy polyamide primer 
BR 127 After curing, they were scribed with a sharp instrument such that 
the substrate metal was exposed. This test provides a good indication of 
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the quality of adhesion between the aluminum oxide and the primer Fiaure 
7, which show photographs of IBED treated and anodized coupons exposed 
to water and salt fog, demonstrate that the IBED treated coupons restart the 
wet environment much longer than the anodized coupon. Corrosion 
anodized panel started only after 24 hours and spread rapidly under he 
coating    Corrosion was also found in the grooves of the IBED ireated 

21 etours Underfi'm COrrOSi0n WaS °bSerVed °n,y after an exposure time of 

DISCUSSION 

The results of this vork have clearly demonstrated th »feasibilitv of 
Ion Beam Enhanced Deposition (IBED) as a non chemical aterna ive to 
Phosphonc Acid Anodizing (PAA) as pretreatment for adhesive tondinq 
The program has succeeded in developing a surface that has hTqh 
mechanical strength,Le. peel strength, which is equivalent to that obtained 
by PAA Moreover, the corrosion resistance of the IBED treated surface 
exceeded that of the PAA treated surface. 

The parameters that are essential for good adhesion and bond linp 
durability were defined. The IBED process allowed the formatter?<5a highly 
dense amorphous aluminum oxide with no distinct interface betwLn the 
aluminum alloy substrate and the aluminum oxide which resuT i™ 
strong bonding between the alloy and the oxide. In orde to achieve a 
surface that would provide mechanical anchoring along with durabi'y the 
IBED aluminum oxide film was deposited with a large grained ^vstallne 
outer surface thus providing good mechanical anchoring features The oxide 
deposition and growth parameters used to achieve good adhesive and 
durability properties, were as follows: «wnesive ana 

1) 

2) 

3) 

Clean the surface with a degreasing medium as good as or 
better than acetone-methanol. 

Apply a 5000 Ängstrom thick aluminum oxide film directly onto 

surface        SUrfaC6, haVin9 a 'arge 9rained crystal,in9 outer 

is Following the IBED treatment, the vacuum chamber ia 

backfilled with dry nitrogen gas, followed immediately with 
priming of the surface. 

mm 

mm 
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aiSjä-äa^'.'^^tJ 



It was suspected that the above described surface was susceptible 
to water uptake and subsequent hydration, which could destroy the 
anchoring features of the surface. To minimize exposure of the oxide 
surface to humid air, the processing chamber was back filled with dry 
nitrogen, after which the part surface was immediately primed with the 
epoxy polyamide primer. Once the surface was primed, no effect of 
humidity or water on the bondability of the surface was found. 

Although the IBED process was proven feasible, the process 
parameters need to be refined, and a mechanistic understanding of the 
growth of both the amorphous barrier layer and the crystalline top layer is 
require"1 to implement this procedure with a high level of confidence. Also, 
the parameters for scaling up the procpss such that full scale aircraft 
components can be treated, need to be defined such that implementation 
of the process can proceed at as low a risk as possible. 
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Figure l.       Schematic Representation of Oxide Morphology on a Al Surface 
After Phosphoric Acid Anodizing 

Figure 2. 
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Schematic Drawing of Ion  Beam  Enhanced  Deposition  (IBED 
Process) 
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Figure 3.       Peel Strength Diagram of Aluminum Alloy 2024-T3 with PAA Treated 
Surface 
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Figure 4. Peel Strength Diagram of Aluminum Alloy 2024-T3 with a 4000A 
IBED Barrier Film and a 1000Ä Crystalline Top Film (After the 
Treatment the Vacuum Chamber was Backfilled with Dry N2 Gas and 
the Surface was Primed Immediately) 
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*gure 5. Photographs Of PAA And IBED Treated Aluminum Alloy 2024- 
T3 Exposed To Water Fog For 48 Hours And 120 Hours, 
Respectively 
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Figure 6. Photographs Of PAA And IBED Treated Aluminum Alloy 2024-: 
T3 Exposed To A 5% NaCI Fog For 48 Hours 

lb 



;!t;- .-A3 

&. B'. l'5f>ft: % »virago 

4 f. 

mim 
I' iSSK 

PAA Water 

iS;jr^sa/'#i;fe ?■■■  i X*!*-^^*.. 

■F,. 

'KÄ* '. 
*. »JWt ^  t    , / » \ hair JHJ 

'.■''•    *     W},.      ' -.. 

mm ml i>W£i v • l%* 

'» i 

* '. «si  .'» 

PAA - 5% NaCI 

Figure 7.  Photographs Of PAA Treated Aluminum Alloy 2024-T4 
Coated With BR127 Primer And Scribed After 216 Hour 
Exposure To Water And Salt Fog, Respectively 
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Figure 7, Continued. 
Photographs Of IBED Treated Aluminum Alloy 2024-T4 
Coated With BR127 Primer And Scribed After 216 Hour 
Exposure To Water And Salt Fog, Respectively 
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