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SECTION I

INTRODUCTION

The ultimately desired data base for all corrosion or durability tests

on metal- to-metal  adhesively bonded joints is the information obtained from

these mater ia l s  while used in actual service conditions.  A data base gener-

ated in this manner  may take years  to reach matur i ty .  In order for  labora-

tory tests to generate a valid data base they must come close to reproducing

ac tua l service conditions . This requires the knowledge and measurement  of

many fac tors  c ontrolling service behavior: ( 1 )  me ta l lu rgy  of the metal;

(2)  surface chemist ry  of the metal;  (3)  chemis t ry  of the pr imer  and adhesive;

(4)  chemist ry  of the c ondensates that collect at the in ter faces ;  (5)  tempera-

ture var ia t ions ;  (6)  cyclic nature of wett ing,  dry ing , i r radia tion; and

(7)  the amount and types of s tress the bondline experiences.  This represents

a large  number of test parameters  to control.  This is usual ly  diff icult and

exp ensive;  therefore , acce lera ted test  methods that deal with a smaller

number of variables have become accepted as standards by both the military

and indus t ry .  These test methods are too numerous  to explain he re ;  how-

eve r , a number of extensive reviews (Refe rences  1-6) are  available on the

su bject of corrosion and can provide the interested reader with  more inforrn a-

tion .

Th e va lue of accele rat ed tes ting will not be m isleading i f the r e sea rche r

rea lizes it applies onl y to precise ly de f ined condit ions , and it genera tes  on ly

q ualitative informat ion .  The usefulness  of the data depends on the r e sea rche r

and direct ly on the type s of condit ions and var iables  that he chooses.  If

ch osen correc tly a good accelerated test  p rogram can hi ghlig h t th e important

paramete r s  and d i scount  o thers .

This  p a r t i c u l a r  p rogram was desi gned to f i l l  a need for  more comp lete

data on the in t e r f ace  normall y overlooked in a bonded jo in t , the oxide- metal

interface. Data on this in ter face  a re  qui te  l imi ted  in the l i t e r a tu re , so sev-

eral env i ronmen t s  used in thi s stud y were  chosen in an a t tempt  to preferen-

tia l ly  at tack the chemis t ry  of the oxide/metal  inte r face.  

- - - ~~~~~



SECIION II

EXPERIMENTAL

1. Surface Preparation

Rectangular panels were cut from a sheet of bare 707 5-T6 aluminum

alloy. Each panel was approximately 215-mil l imeters  long. 100-mil l imeters

wide,and 3.2-millimeters thick. The panels were acetone wi ped , ult ra-

sonically cleaned with carbon tetrachioride for 5 mm ., submerged in 0. IN

sodium hydroxide at room temperature for 2 m m . , and then acid pickled

with solution A or B.

Solution A: panel submerged in a solution of 300g.H 2S04 , 40g. Cr0 3
distilled water to one l iter , for 10 m m .  at 60°C.

Solution B: panel submerged in a solution of 170 ml . n i t r i c  acid , 30 ml .

hydrofluoric acid , distilled water to one liter for 2 m m .  at room temper-

ature.

All panels were rinsed in running tap water for 15 minutes followed by a

5-minute standing r inse in deionized water.

The panels were anodized in pairs according to the conditions of each

matrix number shown in Table 1. A 2-inch square control specimen

accompanied each large panel. In order to introduce a known fai lure site

at the crack tip of the wedge specimen (Figure  1) ei gh t of the panels were

contaminated in various ways. Pickle solution B usually causes a smutted C

surface on 707 5-T6 with the c onditions used in this study. This smut was

allowed to remain on the panels marked 13 and 14 in Table 1. These panels

were then anodized according to their designated condi t ions.  Panels marked

6 and 18 were allowed to remain in the phosphoric acid electr olyte for six

minutes after the anodization voltage was turned off. Panels 2 , 10, 14 . and

22 were contaminated afte r anodization by applying a strip of scotch tape

* With this alloy it is usually a form of cupric oxide rep lated on the surface.

2
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across the 215-millimeter surface of the panel approximately in the middle

of the 100-millimeter-width. It was then removed after  several  minu tes .

All of these panels are considered to ha”e Idopedhi sur faces .

A pair of panels wa S bonded after  each acid p ickle with no anodization.

The data from these panels are designated as 
~~A or

Each dup licate pair of panels was then bonded together with FM 12 3-2

adhesive , cured at 250 °F and 25 psi , without the aid of a pr imer .  The

bonded panels were then cut into 25-mi l l imeter  wide specimens giving ei ght

individual specimens for each test number shown in Table 1 fo r  a total of

192 anodized specimens , plus 16 specimens for the and 
~~B ser ies .  A

description of each environmental test and its duration is outl in ed in Table

2. At least one specimen from each numbered mat r ix  was subjected to these

tests.

3

_ _ _ _ _ _ _ _ _  ._~~~~~~~~~~- ., — —-- . . .



TABLE 1. Test Matrix Anodization Parameters

C 1 
C2 C 3

V 1 
V 2 

V 1 
V 2 V 1 

V 2

1 3 5 7 9 11

_______ 

t 2 
2 4 6 8 10 12

t 1 
13 15 17 19 21 23

_ _ _ _ _ _  _ _ _ _ _ _  _ _ _ _ _  _ _ _ _ _ _  _____ ______ -_____

_______ 

t 2 
14 16 18 20 22 24

C 1 
= 0. 5 Molar H 3P04

C 2 
1.0 Molar H 3P04

C 3 
2 .0  Molar H 3P04

V 1 
10 volts

V 2 
20 voLts

t 1 
10 minute s

t 2 
20 minutes

p ickle  solution A pre t rea tment

P 8 
pickle solution B pre t rea tment
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TABLE 2. Env i ronmen ta l  Test  Condi t ions

ENVIRONMENTAL DURATION CONDITIONS

TEST ( h r s )

168-A 5 Steam at 108 °C , sea led
con ta ine r .  Heat cycled ,
15 minu tes  on , 30 minu t es
of f .

168-B 10 Same as above.

169 960 Atmospher ic  condi t ions
varied between 10-45 °C ,
and 60 -95~~ R . H .

208 86 Spec imens  f rom TEST 169
subjec ted to carbon te t ra-
chlor ide atmosphere in
enclosed con ta ine r .  Vapo r
in equ i l ib r ium with boi l ing
liqui d (7 5°C) in en c l o s e d
container .

218 3 Atmosphere consistin g o f
carbon te t rach ior ide / methano l
va po r in 2 to l ratio. Heat
cy cled  15 m i n u t e s  on , 45
minutes  off in enclosed c on-
ta iner , (70°C).

223 18 Specimens from TEST 218
placed in sealed container
and sub jected to s team at
108°C.

237 128 Carbon te t rach lor ide/meth anol
atmosph ere , 5: 1 ra t io , in an
enclosed container at room
temperature.

243 192 Spec imens  f rom TEST 237
subjected to water  vapor in an
enclosed container  at roo m
temperature.

5 
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TABLE 2. (Continued)

ENVIRONMENTAL DURATION CONDITIONS

TEST (h rs)

258 168 SO2 atmosphere in enclosed
container at room tempera-
ture. Atmosphere generated
from saturated solution of
NaHSO 3.

088 5 Specimens from TEST 258
subjected to steam (108°C)
in sealed container.

6
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2 . Ins t rumenta t ion

The iden t i f ica t ion  of the major  e lementa l  species present on the sur-

face of the test  specimens was obtained throug h the use of Ion Sca t t e r ing
Spectroscopy (ISS), Secondary Ion Mass Spectroscopy (SIMS) , and Auger

Electron Spectroscopy (AES) . A descr iption of these techniques  is reported

in Reference 7.

I

7



SECTION III

RESULTS AND DISCUSSION

Considerable care must be exercised in conducting and evaluating

laboratory tests. Only after an accumulation or sufficient experience in

correlating accelerated corrosion test data with actual performance behavior ,
under known conditions, can a significant degree of confidence be justified.

The following data represent the prel iminary step in the pursuit of a

better understanding of the chemistry of surfaces and interfaces and how

they interact with harsh environments. The interaction o f th e sur faces in th e

bonded joint s were evaluated using the wed ge test  (F igu re  1).  Af ter  dr iv ing

the wedge into one end of the test specimen the crack length was allowed to

stabilize over a period of two hours.  The value for X was then measured
(Fi gure 1) and the specimens exposed to the environments  descr ibed  in Table

2. The test specimens after exposure to an environment fall  into two cate-

gories: (1)  specimens that failed adhesivel y, and ( 2) specimens that failed

cohesively. Instrumental  anal yses were performed on the metal  oxide sur-

face of all the specimens that failed adhesively .  Crack growt h da ta were

ob tained fo r all o f th e speci m ens tha t failed co h esive ly.

1. Adhesive Failures

Adhesive failure can best be described as the resin pulling away from

the metal oxide-adhesive interface exposing the metal surface. This is

determined by a v isual inspection of the bonded sur faces .  Ana lys i s  of these

two interfaces by ion scattering or Auger Spectroscopy can usually detect

resin on the oxide surface or oxide on the resin surface , indicating the resin

wet the oxide. Strict ly speaking the fa ilu re  is usua l ly  inter facial ;  howeve r ,

for the sake of discussion we shall call it an adh~esive fa i l ure .

The panels marked  
~ A and P8 we re not anodized. The 

~ A panels wer e

t reated with solution A and these panels failed adhesivel y in the major ity of

the tests.  The P8 panels failed adhesivel y in eve ry test .

8
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Interpretation of the instrumental data obtained from the failed wed ge

specimens requi res  re fe rence  data on the cleaned , p ickled , and anodized

surfaces.  Figures  2 through 7 show the ins t rumental  data obta ined f rom

the pre-anodized surfaces.  Table 3 summarizes the major elements de-

tected on the surface of the various anal yzed specimens.  A descr i ption of

the specimens in Table 3 follows: (1) 7075-Alk , data f rom sur face  af te r

Alkaline etch; (2) 7075 and P8. data from sur faces  after having the

appropriate pickle ; (3) 2-258 , the number 2 represents the anodization par-

ameters as described in Table 1, #258 represents  the environmental  test

conditions described in Table 2. 6-258 and 18-258 follow the same desc r i pt ion

as 2-258.

The alkaline treatment leaves a detectable amount of magnesium , copper ,

and zinc on the surface of 7075 aluminum (alloy composition - 2. 5% Mg,

1.6% Cu, 5.6% Zn). The 
~~A pickle solution removes the zinc but leaves the

magnesium, copper , and a small amount of chromium . The P~~ pickle solu-

tion leaves detectable amounts of fluorine, magnesium , calcium , arid copper

(Reference 7). We have shown (Reference 8) that chemical elements present

in the surface layer can find their way into the aniodic oxide layer.  These

elements could play an important role in the electrochemistry of the final

surface film from a corrosion standpoint; therefore , it is necessa ry  to know

what elements are present on each surface before  anodization .

The crack growth (Y) was measured for each bonded joint after exposure

to a specific environment. The specimens failing adhesively were all ex-

amined with our surface analysis ins t ruments .  The data presented in Table

3 and Figures 8 through 17 are  representative of the adhesively failed speci-

mens obtained by exposure to env i ronmenta l  condi t ions d e s c r i b e d  u n d e r

#258 Table 2. The five bonded specimens annotated in Table 3 all failed

adhesively under all the environmental conditions descr ibed in Table 2 with

the exception of environment #169. Specimen P8 
wa s the only failed specimen

after test 169.

9
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Figure  18 shows an adhesively fa i led  wed ge spec imen .  The wed ge

direct ion is shown by the a r row.  This specimen (2 - 2 5 8 )  had scotch tape

app lied to the oxide surface as descr ibed previously . The area desi gna t ed

A shows where the tape caused failure. The init ial  s t ress  f rom the wed ge

caused the crack  to p rogress  directly through this area and stop at B before

exposure to the environment.  An Auger  analys is  of spot A shows heavy

carbon contamination and very small intensi ty  peaks f rom oxygen arid alum-

inum . Anal ysis of a spot opposite A (adhesive side) showed onl y ca rbon . )

This indicates the resin never wet the oxide surface  due to the carbon layer

present  from the tape.  Once the adhe sive ( i n t e r f a c i a l)  fa i lu re  was es tabl i shed

in area A it r emained  at this  in te r face  and when exposed to the # 258 environ-

ment the failure continued through B to C. Fi gures  12 and 13 show the spec-

tral data obtained f rom this specimen using a samp le f rom area B. Carbon ,

copper and a normal  amount of oxygen and a luminum were found in this a rea .

Ana lysis of a spot opposite B (adhesive)  shows a small  amount of oxygen ari d

aluminum indicating the res in  did wet the oxide in this area .  An anal ys i s  of

spot C show s qualitatively the same elements as detected f rom sample B.

Samples were obtained from all of the adhesivel y failed specimens in

the same manner as shown in Fi gure l8 and described in the previous text.

The data shown in Table 3 qualitatively represents  the average for  all of the

other specimens anal yzed. Sodium and potassium are detected by SIMS on

a number of specimens; however , it is diff icul t  to determine its origin since

it is prevalent in most solutions , and handling the specimens can be a source

of sodium even when care is taken. Calcium is most notable in the SIMS data

when there is f luoride in the pickle solution. Magnesium and copper a re

found in the Auger data for failed specimen 
~ A~~

258’ while f luor ine , magnes ium .

copper , and zinc are found on the fai led su r face  of P8-258.  Ma t r ix  test

spec~sens 2 and 6 were pretreated with pickle solution A and the failed surfaces

of 2-258 and 6-258 both have detectable amounts of coppe r present; however ,

magnesium is not detected. Matrix test specimen 18 was pretreated with

pickle solution B and magnesium copper , and zinc are dete cted , primarily by

Auger analysis , on specimen 18-258.

11 
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Of all the elements observed copper is the only one that is detected on

all of the adhesively failed specimens that we studied . We do not wish to

imply that copper is the cause of the failure since the data presented here is

not capable of giving us that information.

The above data was obtained from the adhe sively bonded side of the joint.
Figures 19 and 20 show the effect of the environment on the unbonded side of

the bulk metal. Figure 19 was exposed to test environment 218 while Figure
20 shows the effect of test environment 258 on the bulk metal anodized surface.

The 218 environment containing chloride ion shows extensive pit t ing corrosion .

The 258 environment shows extensive large pits with a white powder growth .

An Auger analysis on 18-258 ( bulk) showed only oxygen and aluminum energy

peaks , but no sulfur .  This would indicate the white powder is an aluminum-

oxygen compound . This compound did not appear to grow on the adhesivel y

failed surfaces .

2 . Cohesive Failure

Cohesive failure by definition is a fa i lure  in the resin and an equal

amount (by visual observation) of adhesive remains on each adherend . This

section deals only with the anodized panels that failed in this manner. Panels

10 , 13, 14 , and 22 , although their surfaces were Ildope d? I to fail adhesively,

failed only in a cohesive manner and the data f rom these panels is included in

this section. All of the data from the cohesively failed test specimens is re-

ported as percent of crack growth . The average value for X (Figure 1) for all

specimens was 50 mm. The crack growth data shown in Table 4 for each

environment represents one specimen from each matrix box (Table 1) and is

reported as the ar i thrnet r ic  mean of 24 anodized test specimens per environ-

ment. Since the population for each test is small these data are not statistically

meaningful; however , it is of interest  to see the e ffect  of the various environ-

ments on these part icular  test  specimens. Of part icular in teres t  is the zero

crack growth in the environment annotated as ~ 258. This environment is

apparentl y harsh enough to cause the tldopedu specimens (2 , 6 , and 18) to fail

12
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TABLE 4. % Crack Growth Data By Environment

ENVIRONMENT A
M SD

168-A 9 .7  ± 2.3

168-B 32 .3  ± 3.6

169 2 . 6  1.1

208 22 .0 ± 3.4

218 21 .7  ± 4 .7

223 56.7 ± 7 .5

237 18.6 ± 4 .5

258 0.0 ±

088 32 .0 ± 2 . 5



adhesively, but reacted only mildly to the specimens that normal ly  failed in

the cohesive mode .

Table 5 show s crack growth data (presented as the ar i thmetr ic  mean)

from the viewpoint of each test parameter.  Environments that did not give

crack growth data greater than 10 percent ( 11168-A, # 169, and #258) were

not included in Table 5. Also excluded was the data from the adhesively

failed specimens (2 , 6 , and 18) . A gain it is difficult  to apply any statistical

meaning to these data due to the small population of test specimens .

~ 

_ _~~~
_
~~~__ ~~i_~~~~~~~~~~~~~~~~~~~~~~~~~ .
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TABLE 5. % Crack Growth Data For Each Matrix Parameter

C
1 

C
2 

C
3

V
1 

V
2 

V
1 

V
2 

V
1 

V
2

t 30.3 28.3 37.3 30.5 28.3 28.8
1 

_ _ _ _  _ _ _ _ _  _ _ _ _ _  _ _ _ _  _ _ _ _ _  _ _ _ _ _

______  

t
2 

29.0 24.4 28.2 31.2

t
1 

29.0  34.5 39.5 42 .5  30.3 2 7 . 2

______  

t
2 

27.7 29.5 41.7 34.0 30.3

15
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CONCLUSIONS

The onl y fai lures generated by th is stud y were the ones induced b y

contaminating the surface or disturbing the anodic oxide surface .  Surpris ingly

some of the contaminated surfaces did not fail  adhesively . In fact ,of the four

surfaces contaminated with scotch tape , three did not fail .  Al l  of the sur-

faces prepared properly failed cohesively including the three contaminated

surfaces menti oned previously. It is apparent f rom this stud y that the equal

th ickness adher end wedge test is not the appropriate testing procedure for

studying the adhesive-oxide or oxide-meta l interface.  The stress generated

by this test sees only the center of the bondline . We can speculate that the

surface  energy of the three contaminated surfaces that did not fail must  have

been large enough to form an integral bond . Therefore , the weakness intro-

duced by the contaminant was not large enough for the wedge test to find it.

This would indicate that strength of the interface  has to be much less than the

center of the bondline in order for  the wed ge test to point out the flaw . This

is plausible si nce th e geo m et ry o f the wed ge test  ( F igure 1) generates  pr imari l y

a Mode I f a i lu re  and small di f ferences  between the center bondline arid inter-

face will  not be observed.

II’, 
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Fig .  17 . AES Spec t rum of Spec imen 18-258.
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Fi g. 18. Sampl ing  De ta i l s  of Adhesivel y Failed Wed ge
Test  Specimen 2-2 58 .
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Fi g. 19. P i t t ing  Cor ros  I ~n on U n b u n d e d  Side of
Test Specimen 6-218.
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Fig. 20. Corrosion on Unbon ded Side of Wed ge Test
Specimen 8-258 .
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