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The present paper is concerned with the identification of reasons for the environmental failure of adhe- 
sive joints using aluminium alloy substrates and the potential for improvement in performance by the 
development of modified anodising treatments. The attention of the work is focused on the behaviour of 
the oxide region of the joint and its potential influence on overall bonding performance. The scanning 
electron microscope (SEM) is used to study the oxide region within aluminium alloy adhesive joints 
which have been prepared by phosphoric acid anodising (PAA) and chromic acid anodising (CAA). 
Static stress durability tests are used to assess the performance of the joints and the resulting failure 
surfaces were investigated. Finally, the importance of the presence of a “micro-composite” interphase 
consisting of anodic oxide penetrated by adhesive, in the joint, is advanced and its significance in future 
pretreatment design outlined. 

KEY WORDS aluminium alloy substrates; adhesive joints; chromic and phosphoric acid anodising; 
durability; micro-composite; pretreatment design. 

INTRODUCTION 

A great deal of research has been conducted on the adhesive bonding of aluminium 
alloys and the main consensus that has arisen is that some form of pretreatment of 
the aluminium prior to bonding is essential for durability performance.’.’ However, 
the exact reasons as to why different pretreatments of aluminium substrates result 
in various degrees of bonding performance still eludes the adhesion scientist. 

Many theories have been advanced to explain why a particular pretreatment of 
aluminium results in superior or inferior performance of an adhesive joint. These 
vary from macrosurface roughness  factor^,^ surface oxide chemi~ t ry ,~  surface oxide 
hydration resistance* and weak layers within the oxide.* Other factors resulting from 
the use of adhesives with surface oxides have also been investigated cover- 

*Presented at the Thirteenth Annual Meeting of The Adhesion Society, Inc., Savannah, Georgia, 
U.S.A., February 19-21, 1990. 
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ing wettability,s homogeneity of the adhesive properties in the joint6 and adhesive 
chemistry.’ 

However, there has been a trend in recent years to investigate thoroughly the 
oxide morphology produced by the empirically developed pretreatments of alumin- 
ium for adhesive bonding.’-’* This trend has focused investigations into how the 
oxide morphology produced by the pretreatment of aluminium, coupled with ad- 
hesive penetration into porous oxides, could profoundly affect adhesive joint per- 
formance. l3 Such investigations have resulted in the concept of a “composite” 
interfacial region created within the adhesive joint; This composite region was 
proposed to have mechanical properties between that of the adhesive and the oxide, 
resulting in increased joint performance. 13*14 This idea is distinctly different from 
Davis and Venables hypothesis that porous surfaces may promote stronger adhesive 
joints, by the mechanism of mechanical interlocking.” 

In an attempt to build on the previous work conducted on morphological influ- 
ences of the surface oxide on adhesive joint performance, the following investiga- 
tion looks at three main factors within an aluminium alloy adhesive joint that 
possibly affect performance. Firstly, the micro-structure of the oxides produced by 
chromic and phosphoric acid anodising and methods that can be applied to adapt 
further the micro-structure for adhesive bonding purposes. Secondly, the degree 
of adhesive penetration within the PAA, CAA and modified oxides. Thirdly, the 
development of a simple mathematical model to indicate the potential influence of 
oxide morphology and adhesive penetration of the oxide on the stress conditions 
within the joint at the critical interfaces. 

Finally, from this work, the optimisation of future structural aluminium adhesive 
joints, using aluminium alloy/metal matrix composites, by producing “designer” 
anodic oxides prior to bonding will be discussed. 

EXPERIMENTAL TECHNIQUES 

An aluminium-magnesium alloy was employed to British Standard 5251 and had a 
nominal composition of 2.25% magnesium with the balance being aluminium. The 
three surface pretreatments used in the work were as follows: 

(1) Phosphoric acid anodising (PAA); according to Boeing Aircraft Corporation 
Specification BAC 5555. 

(2) Chromic acid anodising (CAA); according to U.K. Ministry of Defence Stan- 
dard DEF. STAN. 03-2411. 

(3) Chromic acid anodising (CAA); as 2, followed by immersion in hot orthophos- 
phoric acid. 

An epoxy-phenolic based primer (BR 127, supplied by Cyanamid, USA) was ap- 
plied to the anodised aluminium surface prior to bonding. The adhesive used was 
an unmodified, single-part epoxy paste adhesive (AV 1566 supplied by Ciba-Geigy , 
UK) cured for one hour at 150°C. Samples before and after testing were viewed in 
a Cambridge Stereoscan Model 250 Mk. 2 scanning electron microscope (SEM) by 
bending the aluminium samples through 180”. The bending of the samples allows 
the cross-section of surface oxides to be examined. 
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DEVELOPMENT OF NEW PRETREATMENTS 245 

Durability data on the performance of the PAA and CAA joints was obtained 
by use of a double cantilever beam test adapted by Davies and KinlochI3 from the 
pioneering work conducted by Mostovoy, Ripling et ~ 1 . " ~ "  The dimensions of the 
joints used can be seen in Figure 1 and a,pre-crack, 30 mm in length, was created 
in the adhesive layer. The joints were then placed in a creep-rig apparatus, sur- 
rounded by a tank of water at 55°C which enabled the joint to be kept under a 
constant load. However, as a consequence of the plasticisation effect of ingressing 
water on the adhesive, crack blunting occurs. To overcome the crack blunting mech- 
anism the load on the joints was increased by 5.6 Kg, every 125 hours.. This method 
eventually induces environmental failure to occur in the interfacial region of the 
joints. The fracture energy, G, was calculated from: 

G = Pc2/2B(dC/da} (1) 

(2) 

where dC/da can be found from: 

K / d a  = 8(3a2/h3 + l/h)/E,B 

where P, is the critical load, B is the breath of the test-piece, dC/da is the partial 
derivative of the compliance, C, and crack length, a; E, is the substrate Young's 
modulus, and h is the thickness of the sample. 

RESULTS AND DISCUSSION 

In the results of the static stress durability tests given in Figure 2, it is seen that 
superior durability performance is found from the PAA joints. This observation has 
been obtained by many other workers comparing the performance of aluminium 
adhesive joints prepared by the best United States standard (i .e. PAA) and the best 

Adhrsive 
0 ALuninium 

h d  

Side View 

Top View 

FIGURE 1 Double cantilever Beam (DCB) used for Environmental Testing. 
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FIGURE 2 Durability Data from DCB Joints; the longer the time to failure the more resistant is the 
joint to water attack. Initial G applied of 300 J /m is 95% of “dry” G. 

European standard (i .e.  CAA).’ Nevertheless, both PAA joints and CAA joints 
give excellent durability performance when compared with many other pretreat- 
ments. The factors governing durability performance are unclear. It has been postu- 
lated that mechanical keying, hydration resistance of the surface oxide and chemical 
interactions between oxide and adhesive are major influences on durability perfor- 
mance.’ However, no one factor or combination of these factors has been able to 
give a convincing explanation of the superior performance of PAA joints over CAA 
joints. If the influence of such factors was understood, the possibility of “tailor mak- 
ing” a surface oxide to optimise adhesive bonding performance could exist. Be- 
fore this can happen a great deal more has to be known about the critical adhesive/ 
oxide interphase. The double cantilever beam (DCB) joint used for durability as- 
sessment by Davies and Kinloch13 has the advantage that failure is initiated in the 
critical adhesive/oxide interphase. 

Viewing the failure surfaces of the DCB joints, small areas of apparent interfacial 
failure are seen just ahead of the initial crack front, the rest of the failure surface 
being cohesive (see Figure 3). On closer examination of these small areas of failure 
using scanning electron microscopy, it was found that all the joints had failed 
through the oxide region of the joint just below the surface of the oxide (see Fig- 
ure 4). The hydration of the oxide observed in the failure region has been estab- 
lished to be a consequence of post-failure hydration of the failure surfaces. l 3  in 
order to explain the differences in durability performance between PAA and CAA 
joints it is necessary to investigate the original oxide morphology and the role of 
such a structure in an adhesive joint. This is best achieved by the use of electron 
microscopy. 

Figures 3 and 6 show the structure of the PAA and CAA oxides, respectively. 
The PAA oxide is a 0.6 Fm thick porous oxide with a distinctly “columnar-like’’ 
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FIGURE 3 
mental Testing. 

Region of Interfacial Failure ahead of front in DCB Adhesive Joints used for Environ- 

FIGURE 4 
through the Oxide. 

Cross Section of C A A  Joint Failure Surface in Interfacial Failure Region indicating failure 

FIGURE 5 Cross Section of the PAA Oxide produced on  the Aluminium Alloy 
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topography and open pore structure. The CAA oxide is a 3.5 pm thick porous oxide 
with a complex branching of the oxide cells. As a consequence of the formation of 
porous oxides on the surface of the aluminium alloy from the anodising pretreat- 
ments used, it is possible to envisage that some adhesive penetration into the oxides 
will occur. In Figure 7, a SEM micrograph shows the cross-section of the oxide 
region from within a PAA adhesive joint and demonstrates evidence for extensive 
adhesive/primer penetration into the oxide. This evidence is seen by the changing 
of the polymeric primer deep in the oxide pores. In the case of the CAA joints (see 
Figure 8) there is evidence of only limited adhesive/primer penetration into the 
CAA oxide, as charging of the polymeric material is only seen in the surface regions 
of the oxide. 

Previous work on the extent of adhesive penetration into the porous oxides 
produced by the pretreatment of aluminium alloys is in disagreement on the true 
extent of penetration. For example, some workers comment on the complete pene- 

FIGURE 6 Cross Section of the CAA Oxide produced on the Aluminium Alloy. 

FIGURE 7 Cross Section of the PAA Oxide within an Adhesive Joint demonstrating the creation of 
a “Micro-Composite” region. 
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DEVELOPMENT OF NEW PRETREATMENTS 249 

FIGURE 8 Cross Section of the CAA Oxide within an Adhesive Joint showing evidence of adhesive 
Penetration only in the upper regions of the Oxide. 

tration of the PAA oxide,* while others only commit themselves to a conclusion of 
a limited penetration of this oxide.I8 

From the evidence of pore penetration of the adhesive into the various oxides 
produced by pretreatment, a description of a cross-section of an aluminium adhesive 
joint as simply adhesive/oxide/aluminium is inadequate. A more accurate descrip- 
tion would be adhesive/micro-composite/oxide (barrier layer or unfilled porous 
oxide)/aluminium, the micro-composite region being an area of polymeric adhe- 
sive in a brittle oxide matrix. Thus, one cold hypothesise that it is the extent of 
the presence of such a micro-composite region within an adhesive joint that is a ma- 
jor contributor both to the strength of the joint and its subsequent durability 
performance. 

Developing the “Micro-Composite” Hypothesis 

The effect of adhesive penetration into the oxide will be to change the mechanical 
properties of the adhesiveloxide interphase. If an aluminium adhesive joint is 
viewed as simply adhesive/oxide/aluminium, it can be seen, by using known values 
of elastic moduli (Eadhc51vc = 3 GPa, EAl = 69 GPa and Eoxlde = 350 GPa), that there 
is a significant change in modulus at the adhesive/oxide interface. The simplest 
possible analysis of such a situation is to treat a loaded DCB joint as a cantilever 
beam in simple bending and to treat the strain as proportional to the distance from 
the beam centre (the neutral axis). In the critical interphase region of the joint, 
which is minute compared with the overall joint dimensions, the strain gradient 
experienced by the adhesive, oxide and aluminium in this region is negligible, i . e .  
close to an iso-strain situation exists. Using such assumptions, it is relatively simple 
to envisage from the definition of Young’s modulus that a considerable stress dis- 
continuity will exist at the adhesivdoxide interface. The presence of a “micro- 
composite” region within an adhesive joint, identified in this investigation, will 
decrease this stress discontinuity. 
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-r 

The reduction in the adhesive/oxide stress discontinuity can be demonstrated by 
using a model of the adhesive joint as a cantilever laminate beam under an end 
load, shown in Figure 9. Such a beam can be modelled using an extension of the 
polynomial functions developed for homogeneous materials provided the following 
boundary conditions can be satisfied: 

r 
Polymer 

+uz 
- a 2  h . c  _ _ _  OxidesIMicro-Composites - - - - - 

+ Aluminium 

( 3 )  (a,,) = ayy = 0 at y = ? h/2 

+ h/2 

- h/2 
-1 ax,dy=P and axx=O at x = O  .... (495) 

and at the internal boundaries of the beam, -c/2 and +c/2 the following must 
hold, at -c/2: 

(flxy)o= (~xy)l,(~yy)" = (U,y)l,(Exx)" = (Exx)*,(a2U,/aX2)0= (a2uy/ax2)1 (6-9) 

(a,,)o= (~xy)2,(~,,)o= (~yy)2,(~xx)0 = (~xx)2,(~2u,/~x2)o = (a2uy/ax2)2 (10-13) 

and at +c/2: 

where a, E and u denote the components of stress, strain and displacement, respec- 
tively, and the subscripts 0, 1, 2 refer to the oxide, adhesive and aluminium layers, 
respectively. The use of partial derivatives of displacements to avoid their explicit 
expressions is discussed in Zienkiewicz and Gerstner's work. l9 Only one elastic 
parameter, q,,, formed from the elastic constants, was found necessary to obtain the 
solution. The Airy stress function (cp,,) and the stress components, in layer n, are: 

cp,, = ( 12P/Ac2)[a,,cx/2(y + c/2) + (bnx/4)(y + ~ / 2 ) ~  + (dnx/6c)(y + ~ / 2 ) ~ ]  (14) 

(a,,),, = ( 12P/Ac2)[b,,x/2 + d,,x/c(y + c/2)] (15) 

% - - -  
I z 

FIGURE 9 A Schematic Diagram of the Laminate Bean as Applied to the Simple Adhesive Joint 
Model. 
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(uxy),= (12P/Ac’)[anc/2+ b,/2(y +c/2) +(d, /2~)(y+c/2)~]  (16) 

( u y y ) n  = 0 (17) 

where A, a,, b, and d, are functions of the thicknesses of the adhesive, oxide 
and aluminium layers and the elastic constants, q,, E,/Eo for plain stress or 
{En/( 1 - v)}/{E,/( 1 - u ) }  for plain strain conditions, where v is the Poisson’s ratio, 
En is the modulus of the aluminium or polymer and Eo, the modulus of the oxide.20 
The modulus of the oxide layer within the model was altered using the dimensions 
of the oxides obtained in the investigation and assuming a honeycomb structure, 
(see Figure 10). Various degrees of adhesive penetration were used and the resulting 
moduli calculated by a simple rule of mixtures.” The results obtained for PAA and 
CAA joints are given in Table I and the Table includes results for the cases of both 
the presence and non-presence of a “micro-composite’’ region within the joints. 

From Table 1 it is shown that the longitudinal stresses (crJ in the adhesive layer 
next to the oxide can be substantially decreased if the oxide layer is penetrated by 
the adhesive, creating a “micro-composite” region. Thus it is possible to hypothesise 
that this reduction in stresses across the critical adhesive/oxide interface is a major 
factor in determining both initial bond strength and durability performance of such 
an adhesive joint. 

The natural progression of this argument is to see if modifying the CAA oxide, 
to allow extensive penetration of the adhesive in the oxide, could result in improved 
performance, as suggested from Table I. One such modification process is the use 
of a post-etch treatment developed by the U.K. Admiralty.22 When used on the 
CAA oxide, it is possible to reproduce the dissolution conditions observed during 

FIGURE 10 Structure of Oxide used to calculate modulus of micro-composite. 
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TABLE I 
The magnitude of interfacial stresses in the critical interphase region 

using the simplified adhesive joint model 

No adhesive penetration 
Pretreatment of the oxide layer Micro-cornposi te 

PAA 

CAA 

1) 456 MPa 
2) 89 MPa 
1 )  418 MPa 
2) 82 MPa 

1 )  52 MPa 
2) 89 MPa 
1) 47 MPa 
2) 83 MPa 

Longitudinal Stresses at: 1 )  the adhesive/oxide interface 
2) the oxide/aluminium interface 

phosphoric acid anodising to produce a structure that is very similar in appearance 
to the PAA structure, with the important difference that it is much thicker (see 
Figure 11). Observing the cross section of such a structure in an adhesive joint, it 
is found that an extensive “micro-composite’’ region is created. Figure 12 demon- 
strates the extent of the resulting “micro-composite’’ region with evidence of adhe- 
sive penetration at the very bottom of the modified CAA oxide within an adhesive 
joint. Recent durability work conducted by the U.K.  Admiralty’* on modified single 
lap shear joints, prepared using this modified CAA oxide, resulted in significant 
improvements in durability performance over standard CAA joints. 

As a consequence of the work conducted so far, and the evidence emerging, the 
programme is continuing in order to quantify accurately the true effect of surface 
oxide morphology on the final performance of an adhesive joint. This work is 
developing methods to measure accurately the moduli of separated surface oxides 
and corresponding “micro-composites’’ that result within a joint. This will allow the 
refining of mathematical models to assess accurately the potential effect of varying 
surface oxide morphology on the mechanical properties of the interphase region. 
Such a development will be of particular importance in designing pretreatments 

FIGURE 11 Cross-Section of modified CAA Oxide. 
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FIGURE 12 
Adhesive Penetration in the region. 

Lower Regions of Modified C A A  Oxide within an Adhesive Joint showing extensive 

for the emerging aluminium/metal matrix composites. New pretreatments for such 
materials need to take account of the possibility of exposed ceramic particles or 
fibres on the surface and the corresponding effect on surface oxide morphology. 

CONCLUSIONS 

The results obtained in this investigation demonstrate that adhesive penetration 
occurs in the porous surface oxides created by phosphoric and chromic acid an- 
odising of aluminium alloys. The extent of this penetration is determined by the 
oxide morpholoy produced. In the case of the PAA oxide extensive penetration 
results and only partial penetration is evident within the CAA oxide. However, the 
CAA oxide morphology can be modified to allow extensive adhesive penetration 
to occur. From the data obtained from the durability tests there would seem to be 
some correlation between the extent of adhesion penetration into the surface oxide 
and resulting durability performance. All of this evidence supports the “micro- 
composite” hypothesis and its positive influence on the mechanical properties of 
the critical interphase region of an adhesive joint. 

Acknowledgements 

The authors gratefully acknowledge the support and advice given by Mr. D .  A .  Moth of the Defence 
Research Agency, Maritime Division, Poole. Dorset, U.K.  and Mrs. Gwen Harrison for help in 
preparing the manuscript. 

References 

1. A. J. Kinloch, Adhesion and Adhesives: Science and Technology (Chapman and Hall, London, 

2. G. D .  Davies and J .  D .  Venables, in Durability UfSrructuralAdhesives, A .  J. Kinloch. Ed. (Applied 
1987). 

Science Publishers, London, 1983). p. 43. 

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
1
4
:
0
3
 
2
2
 
J
a
n
u
a
r
y
 
2
0
1
1



254 R. J. DAVIES AND M. D. RITCHIE 

3. J .  R. Evans and D. E. Packham, J. Adhesion, 10, 177 (1978). 
4 .  J .  S. Noland, in Adhesion Science and TechnoloEy, L.-H. Lee, Ed. (Plenum Press, New York. -. 

1975), p. 143. 

York, 1982). D. 19. 
5. D. E. Packham in Adhesion Aspects of Polymeric Coatings, K. L. Mittal, Ed. (Plenum Press, New 

6. S. Orman and C. Kerr, Aspects of Adhesion-6, D. J. Alner, Ed. (University of London Press, 

7. J .  Cornyn, C. C. Horely, D. P. Oxley, et al., J. Adhesion, 12, 171 (1981). 
8.  D. J .  Arrowsmith, A. W. Clifford and D. A. Moth, Trans. IMF, 63, 41 (1985). 
9. Y.  Yu, G. E. Thompson and G. C. Wood, Trans, IMF, 63,98 (1985). 

London, 1971). p. 64. 

10. D. J .  Arrowsmith and D. A. Moth, Trans. IMF, 64, 91 (1986). 
1 1 .  D. J .  Arrowsmith, D. A. Moth and A.  Maddison, Trans. IMF, 65, 38 (1987). 
12. D. J .  Arrowsmith, D. A. Moth and C. M. Vickery, Trans. IMF, 66, 112 (1988). 
13. R. J .  Davies and A. J. Kinloch, in Adhesion-13, K. W. Allen, Ed. (Elsevier Science Publishers 

14. A. J .  Kinloch, Adhesion and Adhesives: Science and Technology (Chapman and Hall, London, 

15. G. D. Davies and J.  D. Venables, in Durability of Structural Adhesives, A. J. Kinloch, Ed. (Applied 

16. S. Mostovoy, E. J .  Ripling and R. L. Patrick, ASTM STP,360 (1964), p. 5 .  
17. S. Mostovoy and E. J. Ripling, J. Appl. Polymer. Sci., 10, 1351 (1966). 
18. D. A. Moth, in Adhesion-14, K. W. Allen, Ed. (Elsevier Science Publishers Ltd., London, 1990). 
19. 0. C. Zienkiewicz and R. W. Gerstner, Int. J. Mech. Sci. ,  2 ,  267 (1961). 
20. R. W. Gerstner, J. Comp. Mat., 2,  4, 498, (1968). 
21. Hull. D, An Introduction to Composite Materials (Cambridge University Press, Cambridge, 1981). 
22. D. J. Arrkowsmith, A. W. Clifford, R. J .  Davies and D. A. Moth, Proc. In!. Adhesion Conference, 

Ltd., London, 1989). 

1987), p. 59. 

Science Publishers, London, 1983). p. 73. 

Nottingham, UK. Sept. 1984. 

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
1
4
:
0
3
 
2
2
 
J
a
n
u
a
r
y
 
2
0
1
1


