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Project Summary 

Strength and durability of adhesive bonding of aluminum alloys structures are 
intrinsically determined by the surface microstructures and interfacial failure 
micromechanisms. The current project presents a multidisciplinary approach to 
addressing critical issues controlling the strength and durability of adhesive bonds of 
aluminum alloys. Three main thrust areas have been pursued: surface treatment 
technology development to achieve desirable surface microstructures; relationship 
between surface structure and properties of adhesive bonds; and failure mechanisms of 
adhesively bonded components. 

Reproducible adhesive bonding of aluminum alloys requires that a surface oxide 
film be grown in a controllable manner. To study the growth of this oxide, its 
microstructure, including composition, pore-size distribution, and thickness, must all be 
well-characterized. A unique experimental apparatus, Cylindrically-Rotating, Axially- 
Translating Electrochemical Reactor, has been developed to study the dependence of 
oxide film microstructure on processing parameters. Relationship between microstructure 
and durability of adhesive bonds has been examined under various mechanical, 
microstructural, and environmental conditions. The durability of epoxy/Al bond was 
determined using the conventional trilayer double cantilever beam, asymmetrical trilayer 
double cantilever beam, and flexural peel interface fracture mechanics specimens. The 
failure mechanisms of adhesively bonded structures have also been studied. The 
emphasis was on interfacial fracture due to surface porosity-induced cavitation. A model 
has been developed to evaluate the interfacial fracture toughness as a function of initial 
cavity size, cavity spacing and material parameters. 

I. Development of Surface Treatment Technology for Aluminum Alloys 

Oxide film microstructure can depend on temperature, electrolyte composition, 
applied potential, and mass transfer rate. To facilitate the study of how microstructure 
depends on these processing parameters, we have developed a Cylindrically-Rotating, 
Axially-Translating Electrochemical Reactor (CRATER), which allows for temporal 
variation of one processing parameter (in our case, applied potential) to be mapped into a 
spatial variation of oxide microstructure along the length of a single (cylindrical) working 
electrode. This allows for the parametric dependence of oxide microstructure to be 
studied in a single experiment, with surface analysis (SEM, XPS, etc.) performed on a 
single specimen, thus greatly simplifjfing the study of the process and how microstructure 
depends on process variables. 

The CRATER has been characterized as to mass transfer characteristics (purely 
azimuthal flow, stable Taylor vortices, and transition to wavy Taylor vortices), specimen 
translation uniformity, positioning and oxide formation reproducibility, and fluid level 
maintenance precision. Several presentations at national analytical chemistry and 
electrochemistry meetings have been made, some of which have also resulted in 



Proceedings publications. A full paper on the apparatus and its use to characterize 
electro-oxidation of A1 606 1 is nearing completion. 

To study the effect of potential on oxide film microstructure, we have used A1 
606 1 annular stock as the translating working electrode, and a platinized Ti inner cylinder 
as the counter electrode. The variation of mean pore size in the oxide was studied as a 
fbnction of applied potential, and the results obtained on the single working electrode 
were found to be in good agreement with previous results in which multiple specimens 
were each electro-oxidized at different potentials. We have shown that, over the range of 
mass transfer coefficients available in the CRATER, oxide growth on aluminum is 
kinetically limited. This means that electrical bias and time, not the rate of electrolyte 
transport to the metal or metalloxide surface, controls the structure of the oxide. 

We have also used the CRATER with a polysulfone annulus machined to accept 
planar coupons of aluminum sheet alloys suitable for adhesive bonding and mechanical 
testing. In the latter configuration, we have used a steady potential to develop a highly 
uniform oxide film that is most convenient for preparing A1 61 11 specimens of a size 
suitable for adhesive performance testing. Such testing has recently commenced. 

11. Structure-Property Relationship of Adhesive Bonds 

Using conventional and asymmetric tri-layer double cantilever beam specimens, 
the relationship between surface microstructures and adhesive bond properties has been 
studied. Both the crack growth mechanism and resistance were found to depend strongly 
on the crack tip loading condition. Elastoplastic finite element analysis showed that such 
dependence was consistent with roles of the crack tip plasticity manifested under various 
mechanical conditions. Several model microstructures of the adhesive bond were 
developed by using self-assembled monolayers and by controlling electrochemical 
oxidative sufface preparations. Self-assembled monolayers based on phosphonic acid and 
amine functional group were found to significantly enhance the durability of epoxy/Al 
bond in both air and aqueous environments. The surface preparation produced porous 
surfaces with pore dimensions ranging from ten nanometers to fractions of millimeter, 
resulting in significant differences in crack growth mechanism and durability of the 
adhesive bond. Experiments conducted in air and aqueous environments uncovered the 
first direct evidence of a stress corrosion-cracking plateau for the adhesive bond. 
Microscopic and spectroscopic analyses indicated that effects of the environment were 
related to the stability and morphology of the surface oxide in the test medium and to the 
ingression of the aggressive species along the interfacial crack. 

2.1 Dependence on Crack Tip Mechanics 

Crack Dath selection. The crack path selection in the trilayered double cantilever beam 
(DCB) specimens was examined under monotonic and cyclic loading conditions. Under 
both monotonic and cyclic loading, the crack propagation path zigzaged from one 
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interface to the other through the polymer interlayer, alternating frequently between the 
two interfaces. The development of this alternating crack path was found to result from 
simultaneous crack formation on both interfaces and the subsequent coalescence of these 
separate interface cracks through the polymer layer, rather than from continuous kinking 
of a single crack as previously suggested for a brittle adhesive. The simultaneous crack 
formation on both interfaces is shown to be consistent with the favorable stress condition 
along the other interface, set up by the crack along one interface in the layered DCB 
specimen. 

Suppression of alternating crack path. Experiments were conducted to substantiate the 
finite element calculations that pointed to the unique crack tip stress distribution as the 
potential cause of the alternating crack path. For this purpose, two types of specimens 
were used: asymmetrical double cantilever beam (a-DCB) and flexural peel specimens. In 
the a-DCB specimen, the geometry and thus the mechanics condition of the DCB 
specimen was maintained, but the two interfaces were made uneven. The precrack was 
introduced on the weaker of the two interfaces. Under the same loading condition as used 
in the conventional DCB specimen, subsequent crack propagation was confined to the 
weaker interface. The second specimen, the flexural peel, was similar to the trilayer DCB 
specimen but only one beam was loaded while the other beam stood free with the end 
fixed. This asymmetric loading reduced the stress on the other interface ahead of an 
interfacial crack, resulting again in crack path along only one interface. 

Dependence of interfacial crack resistance on crack path. The effect of crack path 
selection on the toughness and fatigue crack growth resistance in sandwich specimens 
was investigated experimentally. Under monotonic loading, the load-displacement 
response of the specimen was non-linear when the crack path alternated between the two 
interfaces in the conventional DCB specimen. By contrast, the load-displacement 
diagram was linear up to the point of fracture for the a-DCB specimen where the crack 
was confined only to one interface. Consequently, the apparent fracture toughness 
obtained fiom the conventional DCB specimen was more than fifty percent higher than 
the interface toughness measured fiom the a-DCB specimen. Similarly, crack growth rate 
in the conventional DCB specimen was era1 orders of magnitude faster and showed 
much larger scatter. When the crack stance under different load mixities was 
compared using the data obtained fiom the conventional DCB specimen, the mode-I 
toughness was much higher than mixed Mode-VI1 toughness. However, when the 
comparison was made with the data fiom the a-DCB specimen, the interface crack 
resistance increased steadily with the phase angle. The difference was explained in terms 
of the crack tip shielding by uncracke 

Effect of bond thickness. The effect of adhesive layer thickness on fatigue crack growth 
along polymer/metal interface was examined by conducting fatigue experiments on the 
flexural peel specimens and by performing elastoplastic finite element analysis of the 
interfacial crack tip field. The crack growth rate along the polymer/metal interface was 
correlated with the total strain energy release rate, G, and obeyed the Paris law at the 
intermediate growth rates. The fatigue crack growth threshold was found to decrease 
gradually with increasing adhesive thickness for large thicknesses. However, below a 

ts in the conventional DCB specimen. 
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certain bond thickness, the fatigue threshold dropped suddenly. Elastoplastic analysis of 
crack tip field and microscopic examination of failure mechanism indicated that the 
thickness dependence of interfacial fatigue threshold could be explained by the variation 
in the crack tip loading condition and in fracture mechanism with adhesive thickness. 

Temperature dependence. The dependence of the crack resistance on temperature was 
examined by using a layer-bonded Gend specimen. The sandwich specimen was first cut 
to have an edge precrack along polymer/metal interface, and then loaded in three-point 
bending mode under impact. Finite element analysis was used to correlate the fiacture 
energy with impact energy for this specimen. The experiments were conducted in the 
temperature range between -300 to lOOOC to investigate impact sensitivity of the 
adhesive layer. Fracture energy of the adhesive bond was found to increase with 
temperature below a certain temperature, beyond which the opposite trend was observed. 
The peak toughness was obtained at a temperature close to the glass transition 
temperature as determined from the dynamic mechanical analyzer. The temperature 
dependence was explained in terms of the crack tip plasticity at different temperatures. 

2.2 Microstructural Effects 

Role of ordered monolayers. Fatigue crack growth study was performed in air and 
sodium chloride solution on the epoxy-aluminum interface prepared by the Forest 
Products Laboratory (FPL) procedure with and without modification by the self 
assembled monolayers of alkyl phosphonic acid. With surface modification by self 
assembled monolayer of a,o metal bisphosphonate, the fatigue threzhold was increased 
by 2-3 times; but the fracture resistance of the interface was weakened. Scanning 
electron microscopy and X-ray photoelectron spectrometer were used to characterize the 
morphology and chemistry of the crack surface. X P S  results showed that bisphosphonic 
acid chemcially reacted with aluminum surface and altered the crack path partly to 
aluminum oxide. 

Effect of surface preparation. Fatigue crack growth experiments were conducted on the 
polymer-metal interfaces formed using three different surface preparations, acid etching, 
sulfuric acid anodizing and phosphorous acid anodizing. The fatigue threshold of the 
interface was found to differ significantly for three surface preparations. The acid etching 
resulted on the lowest fatigue threshold while phosphorous acid anodizing the highest 
threshold. The difference in the fatigue resistance was even more pronounced in water 
than air, and was attributed to the interfacial morphology. 

2.3 Enviromental Effects 

Structural applications of adhesive bonding are largely limited by the durability of 
polymer-metal interface in aqueous environment, Fatigue crack growth and slow crack 
growth studies were performed in sodium chloride solution on the epoxy-aluminum 
interface prepared by the Forest Products Laboratory (FPL) procedure. Compared to the 



interfacial fatigue behavior in the room air, the fatigue crack growth rates in the aqueous 
environments were increased by several orders of magnitude and the fatigue threshold 
decreased by a factor of 10. In the aqueous environments, fatigue crack curves exhibited 
distinct. plateau, characteristic of stress corrosion cracking process. Atomic force 
microscopy, Fourier transform infrared spectroscopy, X-ray photoelectron spectroscopy 
and scanning electron microscopy studies of crack surfaces were used to characterize the 
morphology and chemistry of the FPL treated fresh surface and crack surface. The results 
showed that the chemistry of the surface oxide was altered by hydration to produce a 
hydroxide with poor adhesion strength to the substrate metal. The loss of adhesion in 
aqueous environment was related to the stability of interfacial microstructure. 

fracture 'resistance due to cavitation in a thin ductile layer. Solutions of fluid flow field 
are used to approximate the plastic deformation field in the corresponding solid body 
with a cavity. Equilibrium condition is satisfied by using the principle'of virtual work. 
Stress-separation curves due to cavitation in the thin layer can thus be obtained. The 
method is validated by re-evaluating the 1-D problem of cavity growth in a sphere - a 
problem for which an exact, analytical solution exists. A 2-D, plane strain cavitation 



Publications 

1. Z. Zhang and J. K. Shang, “Flexural Peel Technique for Interface Crack Growth 
Studies”, Roc. of 21’‘ Annual Meeting, Adhesion Society, 1998. 

2. Z. Zhang, A. Schwab, and J. K. Shang, “Impact Adhesion Test: Analysis and 
Applications”, Roc. of 21“ Annual Meeting, Adhesion Society, 1998. 

3. Z. Zhang and J. K. Shang, ‘‘ Subcritical Crack Growth along Polymer-Metal 
Interfaces”, Roc. of 21“ Annual Meeting, Adhesion Society, 1998. 

4. Z. Zhang, J. Ryan, and J. K. Shang, “Morphological Effects in Adhesive Debonding”, 
Proc. of 21“ Annual Meeting, Adhesion Society, 1998. 

5. Jian Ku Shang, Zhiqiang Xing, Tianbao Du, Shuju Huang, and Zhehua Zhang, 
“Environment-Assisted Fatigue Crack Growth along A1-606 1Epoxy Interface”, in 
“Fatigue’gY, Eds., X. Wu and 2. Wang, Engineering Materials Advisory Services 
Ltd, 1999. 

6. Jian-Ku Shang, Tianbao Du, and John G. Van Alsten, “Mitigation of Interfacial 
Stress Corrosion Cracking in Adhesive Bonding by Self Assembled Monolayers”, 
ACS Preprint, 1999. 

7. H. Gao, A. Scheeline, and A. J. Pearlstein, “Demonstration of a Novel Rotating 
Cylindrical Electrode in Growth of Oxide Films with Spatially Controlled 
Microstructural Variation on A1 606 1 ,” in Proceedings of the International 
Symposium on New Directions in Electroanalytical Chemistry 11, 1999, J. Leddy, P. 
Vanysek, and M. D. Porter, eds. The Electrochemical Society, Inc., Pennington, NJ, 
pp. 109-115. 

8. H. Gao, A. Scheeline, and A. J. Pearlstein, “Early Stages of Pattern Evolution in 
Anodic Porous Oxide Film on A1 6061,” in Fundamental Aspects of Electrochemical 
Deposition and Dissolution, Electrochemical Society Proceedings Volume 99-33, 
1999, M. Matlosz, D. Landolt, R. Aogaki, Y. Sato, and J. B. Talbot, eds., pp. 101- 
109. 

9. S. Zhang and K.J. Hsia, “Modeling the Fracture of a Sandwich Structure due to 
Cavitation in a Ductile Adhesive Layer,” Journal of Applied Mechanics, in press. 

10. S. Zhang, K.J. Hsia, and A.J. Pearlstein, “Potential Flow Model of Cavitation- 
Induced interfacial Fracture in a Confined Ductile Layer,” Journal ofthe Mechanics 
and Physics of Solids, submitted. 


