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I. INTRODUCTION

At present the most widely used method for treating alumin um prior to

bonding is the sul fochrom etch process (FPL , etch). Due to the carcinogenic
nature of chromates , various companies and government agencies have been at-
t empting to find new durabl e nonchromate—containing systems which can be used
to treat alumin um prior to bonding.

The objecti ve of th i s p roject was to di scover a nonac id (nonchr om a te)
surface treatment for Al 2024-13 that would be both strong and durabl e. m i —

• tial studies’ indicated that a simp le degrease and water soak process (STAB(1))

woul d provide strong durabl e joints. However, further testing revealed this

process to be hard to reproduce on a consistent basis. A second process

(STAB (2)) was discovered that was equally as simpl e but was also difficul t to

reproduce. A third process, even more simple (STAB(3)) was discovered which

did prove reproducible. This process el iminates the degrease step and in—

volves no energy input (room temperature dip in super-concentrated sodium

hydroxide). There are only three steps involved , a sodi um hydroxide solution

dip, a rinse and dry. This report gives the details of these three processes,

the bond strength and endurance results and why each process did or did not

work satisfactorily.

1
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II. TECHNICAL RESULTS

1. STAB(i)

1.1 Experimental Procedure

STAB(1) invo l ves a degrease step followed by a rinse and then expo-

sure to 80°C st irred water for 10 m m .  It was orig inally discovered 1 that tap

wa ter woul d suff i ce for the hot water exposure . After check ing the effect of
cat ions and anions , it was decided tha t carbonate ions accounted for the im-

provement of tap water over deionized (0.1.) water. A number of solvents were
tried for the degrease step. Ultrasonic degreasing in 9 part s solvent (Shell

• Sol. 14OEC) plus 1 part concentrate (trade name “Gunk” ) proved best. If 0.1.

water was used 1 K2C0 3 was added unt il the pH — 9.8 at room temperature .

1.2 Surface Characterization

Figure 1 shows SEM micrographs of degreased Al 2024-13 prior to

STAB(1). The top pictures (a) are for unbent specimens , the bottom pictures

(b) are for specimens that have been bent to fracture the surface. Figu re 2

shows SEM micrographs of bent Al 2024-13 after STAB(1). A very porous hydrox-

i de is formed that appears to be ideal for mechan ical interlock i ng w ith adhe-

sive. The porous film is approximately 2000A thick. Although it is not ob-

v ious in Fig. 2, other m icrographs reveal a second l ayer under the top

l ayer.

Figure 3 shows an Auger El ectron Spectrogram (AES) of an Al 2O~4-T3

sam ple after STAB (1) using tap water. The surface consists primar ily of

alum inum oxide or hydroxide with Na , N, Cl impurit ies from the water and ~~
Cu , Si and Fe alloy constituents. The major contaminant at the outer surface

con tains carbon. A similar spectrum after STAB(1) but with K2C03 in c.i.
water , is seen in Fig. 4. The carbon peak is much smaller and the impurities

N, Na , Cl and alloy constituents Si , C~ an d Fe are not present. Magnes ium is

present but at very low concentration. There is no evidence of potassi um

2
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which has a peak at 250 eV. For compari son Fig. 5 is the AES for degreased

(u l trason i c, Gun k) Al 2024-T3, prior to STAB . This spectrum was taken after

1 mm Ar~ bombardment which removed an outer l ayer of carbon (i.e., the C peak
was 7 times as large). Figu re 6 reveals the effect of Ar+ sputter-back etch-

ing on the degreased samp le. After 4 mm Ar~ sputtering the 60 eV Al peak

appears in addition to the 55 eV Al~
3 peak an d the 1420 eV Al peak changes

shape. These changes are due to the reduction of the Al~
3 by the electron

beam.2 Figure 7 is an AES after 40 mm Ar~ sputter, when mos t of the ox ide
• ha d been removed.

Figures 8-11 are AES profiles of Al 2024-13 after STAB (1) and before

STAB(1). The APPH stands for Auger peak-to-peak height. The major difference

between as—received (or deg reased) and STAB (1) treated aluminum is that the

electron beam can reduce the Al~
3 before STAB but cannot after. This is m di-

cated by the increasing 60 eV neutral Al peak and decrease of oxygen during

sputter etching, for the as-received and degreased samples but no 60 eV peak

at all for the STAB (i) samp l es. Th is indicates much greater chemical stabil-

ity of oxides formed after STAB as compared to the as-received oxide film.

The lower stability of as-received or degreased alum inum makes it much more

suscept ible to corrosion under hydrotherma l stress , as will be seen.

The initial carbon peak is abou t twice as high for STAE (1) with tap

water as for STAB (1) with C03 or as-rece ived. In each case (except STAB (1)

wi th C03 )  the carbcn is mostly removed within about 2 m m .  In the case of

STAB (1) wi th C03~ the Auger peak-to—pea k height (APPH) has only slightly de-

creased after 5 mm sputter. Th is may indicate some carbonate incorporat ion

within the hydroxide for STAB (1) with C03 .

The surface properties measured by e l li psometry (~ ) photoelectron

emission (PEE), surface potential difference (SPD) and water contact angle
(e H O ) , are ra ther erratic for STAB (1). This indicates that the hot water
reaction with aluminum is very sensitive to the surface condition of the alum -
inun . This is consistent with the poor reproducibility of oona strength and

endurance in the next section.
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Fig . 3 AES sputter profile of Al 2024-13 after STAB(1) with
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In order to get some idea of the changes that occur at the a] uiiinum
surface after STAB(1) but following the history that a wedge test specimen

woul d experience , STAB (1) samples were exposed to lab air for about 30 mm
then placed in the cur ing oven for 180 mm , to simulate primer and adhesive
cure , then pl aced in the humidity chamber at 100% RH and 50°C (122°F ) for
24 hrs, to simulate hyd rothermal exposure. It is recognized that the aluminum
surface will not exper ience the same conditions with and without adhesive
present , but some i n di cat ion of the effec t of hea t an d mo i sture m i9 h t b e
obtained.

An increase in the ellipsometr ic phase shift ~ is associated with a

decrease i n f i lm th i ckness or decrease i n ’ film density . A decrease in PEE is

associated with a decrease in electron attenuating properties of the hyd roxide

• film and is therefore closely related to ~~. Exposure to air immediately after

STAB(1) causes ~ to i ncrease , probably due to a decrease in film density as
• the film dries. Oven exposure probably causes film growth , decreasing ~ and

PEE. Exposure to the humidity chamber appears to decrease film thickness or

density from PEE and ~ up to 2000 m m .  Pbove 2000 m m ~ decreases as the film

g rows s i nce i~ is cyclic with film thickness.

The SPD an d Op2~ 
value s are par ti a l l y  correla ted, s i nce bot h are sen-

sitive to the outer dipole l ayer. The water contact angle dramat ically in-

creases (5°-80°) during the oven heat then return s to the wettable condition

upon exposure to the humidity chamber. The SPD is erratic but yenera lly in-

creases as eH2O 
decreases.

Curing the therma l and humidity history dramatic changes within the

hydroxide film seem to occur , from the ellipsometric and PEE results. It is

not known if these same changes or surface contamination cause the SPU and

~ 20 
results.

In or der to di scover re la ti onsh ip s b etween phys i cal an d c hem i cal p ro-
perties of surface films and their subsequent application for adhesive bonds
of high strength and durability, a num ber of surface properties have been mea-
sure d. The process parameters are time in solution , temperature of solution ,

15
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pH of solution, and ionic concentrat ions. The genera l strategy involved com-
parison of film properties that provide poor adhesive bond strengt h with those

tha t provide good adhesive properties in order to determine the optimum sur-

face conditions for strong bonds. The following results indicate that the

approach is fruitful.

SEM pictures (Fig. 12) of aluminum exposed to 96°C deionized water
and 50°C deionized water indicate that long exposures provide thick enoug h

f i ln~ to produce a well developed morpho lo~’ in each case. The 96°C water

produces boePimiite with the orthorhombic pla te-like structure , wherea s the 50°C
water produces bayerite with the mon oclinic cone-like structure. The inter -

esting feature is that beneath the well—formed crystallites is a uniform l ayer

of pseudo boehmi te or bayerite that appears very porou s or foan~’. This is

more so with the 50°C (bayerite) than with the 96°C (boehmite) samples. In

order to determi ne which of these crystalline structures is most advantageous

for adhesive bonds , Fig. 13 shows a shar p decrease i n la p shear bon d streng th
(a)  at the temperature transition fr om bayerite to boehmite. Values of
a = 4500 ± 500 ps i correspond to the cohesive strengt h of the adhesive used
and failure was observed to be cohesive in nature. Lower values of a corre-
late with interfacial or partial interfacial failure. All of the samples ,
represented in Fig. 13, were exposed for 10 mi nutes. The samples for Fig. 14

were exposed for different lengths of time at 80°C and the oxide film thick-
ness was determined by elli psome t ry after this exposure. Figu re 14 shows that
below about 1000A,* the film is stronger than the adhesive because these test

specimens failed by cohesive failure. Beyond 1000A the bond strengt h de—
creases wi th film thickness.

*The discrepancy between film thickne sses from SEM and ell i psometry is due to
the assumption that the films were nonporous. Therefore, the e ll i psometric
values are effective cptical thick ness values.

16
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96° C wa ter 46.7 hrs 50° C water 70 hrs

Fig . 12 SEM pictures of vapor deposited Al after exposure to 96°C
water (left) for 46.7 hrs and 50°C water (right) for 70 hrs .
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Fig. 13 Lap shear strength as a function of the crystalline form of the
aluminum oxide layer on the adherend before bonding .
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Figure 15 compare s the surface propert ies of films formed by dif-

ferent times of exposure in 0.1. water and tap water. It was observeci that
add itions of cations and anions to 0.1. water had little effect on bond

strength, except for those compounds that contained carbonate ions. Tap water

(which contains C03=) and 0.1. water with added carbonate ions inhibit the

growth of the alum inum hyd roxide (boehmi te) film to about 100CM. The film

formed in D.I. water is irridescent and transparent . Pbout 500A of hydroxide

forms i n the f i rst m i nu te, with a correspond ing sharp decrease in PEE , SPD an d

water contact ang l e. The decrease in PEE indicates the film is electron

attenuat ing, the decrease i n SPD i n di ca tes a chan ge i n ou ter di pole na ture
(toward a surface with molecules having negative ends pointing away from the

surface) and the l owering of aH2O 
toward zero indicates removal of organic

contamination. All of these properties are different for tap water or car-

bonate solutions. The increase in PEE for a tap water soak indicates the

formation of less attenua ti ng or an ~nitting film , the SPD an d c~H2C decrease
more g radually than for D.I. water.

A s i mp le  peel force tes t (Scotch ta pe pu l l e d i n 180° pee]) and con-
tact angles were performed to measure how they were modif ied by the pH of the

carbonate solu tion used for the soak cyc l e. The aqueous carbonate solut ion

(2.5 io~ M K2C03) had its pH adjusted with KOH and HC1. At low ph ,
was high and the peel force was low . In the neutral and basic region

(pH 5-10) 
~~~ 

was low an d the peel force was hi gh. At high pH (>11), 
~H2Q

increased and the peel force decreased.

At th is point it is not known if the contact angles are related to
inherent properties of the hyd roxide or to Contaminati on on the hydroxide. -~~

• This is being determined by Auger spectroscopy and XPS . An XPS analysi s of
Al 7075—T6 treated by STAB at 80°C in tap water revealed the outer surface to
be approx imately 61~ oxygen , 8% a l u m i num , 20% car bon , 7% ma gnes i um , 3% sil i con ,
an d some sodium. In spite of the large carbon content , the water contact
angle was low (15°) indicating that the carbon was not in the form of organic
contam ination. Sputtering partially through the film decreased the oxygen to

19
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about 50%, increased alumi n um to about 20% and decreasea the carbon to zero.

If carbonate is in the film , i t is mainly in the outer atom l ayer.

From the data thus far , it i~ possib le that STAB is e f fec t i ve  because
the reaction of water with the alum inum surface removes organic contami nation

an d leaves a very porous hydroxide laye r that can make an effective mechanical

attachment to the adhesive. The presence of carbonate inhibit s the gr~ -th of

the wea k porous la yer of pseudo boehinite that forms in 0.1. water.

1.3 Bon d St rengt h and Endu rance

In the ori ginal 1 STAB(1) research it was found that Al 2G~4-T3 and

Al 7075—T6 gave strong bonds of —34.4 MPa (—5 Ksi) with cohesive fail Lre and

wedge durability tests of 0.25 cm (0.10 ± 0.05 in)/2 4 hrs for 312~ i4 adhesive.

In this program the tables give information about the surface treat-

ment , the resultant surface properties and the bond ing properties. The sur-

face properties are ~ and ~‘ for ellipsomet ry , wh ich are related to opt ical

th ickness and refracti ve i ndex, surface potential aifference (SPi~) wh ich is

rela ted to the outer dipol e l ayer, photoelectron emission (PEE) which is re-

lated to emitt ing and attenuation properties , and water contact angle (e~~0) j
which is extremely Sensitive to organic contamination. In the bondin g ~ro~er-
ties section of each table are reported 180° pee] for scotch tape , lap shear
strength for EA9628, and results of the wedge test i n  terms of the initial

crack extension and crack growth during the f i rst  hour and after 24 hou rs at
60 °C and 100% RH. The purpose of each set of tests is recorded at the top of
the tables and details are given at the bottom.

Boeing establ ished 1.9 cm (0.75 ’)/ l hr at 50°C (120°F), ~~~ RH as

the maxinijm acceptable crack growth (see Fig. 15, Ref. 1). ~n view of the un-

certainti es associated with 1 hr exposure , data w i ll be reported at 1 hr anc
24 hr. For the exploratory work in this re~crt , a more str~~nLent test at C~J°C
(140°F), 100% RH , has been used.

C ‘l7~~~/cb
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Table (1) gives wedge test resul ts fcr }-
~ysol  E~962E1 an d Al 2C24 -T3

with the FPL surface treatment for conpari son with other t reatments. The

crack growt h was acceptab le  (—0.76 cm (—0.3 in)/24 hr). Table (2) gives wedge

test results for phosphor ic acid anodize (PAA) for corpar ison. The crack
growth is acceptable (—0.25 cm (—0.1 i n)/24 hr).

Table 3 shows wedge test results to conp are unprimed STAB (1) ana

E.49628 with FM7 3. The FM73 bonds are acceptabl e (consistent with previous

work ) but the EA9628 is not. A set of experiments was performec testing var-

ious solvent s in the degrease step. Table 4 shows that after STAB(1 in tap

water the contact angles were high , the peel force low , and the crack growth

unacce ptable for unpr im ed Al 2024—13 and E.A9628. An extra degrease in t n -
chloroethy lene (Table 5) improved 

~~~~~~~~ 
peel force and crack growth , but is

st ill unacceptable. Other experiments to test effect of solvents (Tables 6-8)

proved unsuccessful in reducing crack growth below the acceptance value of

1.9 cm (0.75 in)/24 hr , whereas priming the STAB (1) surface (Table 9) die.

However , an error was made in the primi ng process , in that the prime r was

baked immediatel y after brush -on , rather than waiting 30 m m .  as require c . As

a conse que nce, failure was at the primer adhesive interface for initial

fracture.
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Table 10 and 11 show results for STAB(1) but ne~lect iny the final

rinse after the hot water soak. Regardless of the use of ta~ w ater  or G. :
water  + K2C03 the crack growt h was unsatisfactory , at least with F~~173 an d no
prime r. In Table 12, two degreasing steps were tested pr ior to STAE (1) ~ith

carbonate. With ultrasonic cleaning and with Hysol 9628 and 9210 prime r suc-

cessful results were obtained (i.e. , 0.76 cm (0.3 in)/24 hr).

1.4 Post Fracture I~n al ys i s

To exami ne the interface after the wedge test humidity exposure , t h e

couples were spl i t  apart and about 0.5 cm of the 11.24 cm (6 inch) specimen
was cut out w ithout disturbing the ~urface to be examined. The surface to be
examined was the region of debond during crack growt h in the humidity chamber.
The cut out piece was then bent until it failed , mounted and gold deposited
for SEM.

Table 13 l i s ts  micrographs from good (— 0.76 cm (0.3 in) /24 hr) ,
medi urn (— 1.78 cm (0.7 in) /24 hr) and bad (3.81 cm (1.2 in) /24 hr) wedge
tests. In Figs. 16, 17 and 18 the lower series of numbers on each micrograph
identifies the magnification (e.g., 02-1 in Fig. 16a is X20), the specimen

number (second to last series of 3 numbers) and p icture number ( las t  ser ies of
three numbers). In Fig. 16a the magn ific at io n is X20 , the spec ime n nui~ber  i s

312 and the picture number is 067.

TABLE 13

Key To Micrographs In Figs. 16, 17 and 18

Specimen Bond Interface Deyrease Treatment Crack
Uo. Type Mate Gr owth

__________ __________ ____________ _____________ ____________ 
c m( in) /24 hr

312 Good Metal oS-M CRU S TAL~ 1) 5 .7 b (0. 3)
313 Good Ad hesive U S— ~ i C R C  0.76 ~0 .)
31€ Mediu~’ Adhesive US - C 0- 1.79 (0 .7 )
314 Medi~r~ Me tal ST~6(3) 

0- 
~~~ (0.7)

311 Bad Ad hes ive ~-IICR 0 
IS ~~~~~~~~~ (~~~~~

)

.4 -I

C / 17 b ~A/ c b 
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The top numbers in each picture identify the distance in microns between white

lines. The first column in Table 13 ident ifies the specimen number. Table 13

lists the type of bond (good , medi um or bad) with respect to the wedge test ,

as well as the degrease treatment and STAB treatment .

The SEM p i c t u r e s  reveal four  surfaces , the metal (with its hyd roxide)

that has debonded during the wedge test, the metal that did not debond during

the wedge test but did debond upon bending of the cut out piece , and the
ma ting adhesive to these surfaces.

Figu res 16a-d are SEM pictures of the metal debond region of a wedge
test that was good (— 1.78 cm (0.3 in) /24 hr) after STAB ( 1 ). Figure 16a is
X 10, b is X200, c is X2000 and d is X 10,000. The hyd roxide f i lm is seen to be
layered and is fractured due to bending of the cut out piece. The X 10 ,000

p icture (d) reveals the cel lu lar porous structure of the hydroxide , and  w h e n

c ompared to Fig. 2, appears to have fa i led in the primer-hydroxide inter-
face. Fi gu res 16e —h show the metal surface that did not debond during the
wedge test but fractured during metal bending. ~~ai n the fai lure is at the
hyd roxide-primer interface , the layered f i lm is observed but in this case it
is obvious that fai lure had occurred in the primer , leaving prime r embedded
wi th in  the hydroxide.

Figure 17a— g is of the debond reg ion of a joint af ter  S TA B( 1) w hich
was med ium wi th regard to the wedge test (—0.7 in/24 hr). Figure 17a is a low
magnif icat ion showing the adhesive peeled away from the metal during metal
bending. The holes in the adhesive laye r were caused by gas bubbles tha t are
found in nearly every hexagonal ce l l  outl ined by the nylon scrim. If the
bubbles are excess ive ly  large , the thin adhesive (or primer) laye r tears away
from the adhes ive layer and rema ins on the adherend and a hole is lef t  in the
adhes ive film. Figures 17b , c an d a reveal  the mat ing adhe sive surface , in

t he  reg i on m a rke d by an X i n  Fig. 17a. The adhes ive appears rather smooth and
untorn but Fi g. 17d indicates a thin (2000A—3000A) l ayer has been transferred

from the me t ul. ~e p ic~ _ sre nLr :bers iaentif y the reg ions in Fi g. 17e where

they were ta k e n .  ror - * ,
~nrle , Figs. ~7f , g and h show increasing m a 9 n i f i ca—

42
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tion of region 20 at the left of Fig. 17e. The ma in feature is the layers of

hyd roxide along with large particles of adhesive. Failure appears to be pri-

marily in the hydroxide l anialae. Figure 17i reveals a small piece of primer

(circ l ed in Fig. 17e). A larger magnification of part of the prime r particle

is seen in Fig. 17j, it is very smooth on top and indicates delam i nation at

the primer-adhesive interface. Figures 17k and 1 are larger magnifications of

the region around the prime r, i.e , hydroxide that has appeared to have failed

between lama iae. Note that the surface structure does not appear as in
Figs. 2c and d.

Figure 18 shows the debond region of the metal for another medi um

wedge test. Debonding has occurred at the metal-primer interface. Patche s of

primer are left where bubbles had formed leaving a smooth polymer surface
(Fig. 18b). Figure 18b is of the primer surface and Figs. 18c and d are of
the hydroxide surface. The l ayers of hydroxide can be seen and failure ac~ain

appears to be between lamalae.

Figure 19 is for a wedge test that was bad (— 3. 0 cm (1.2 in)/24 hr) .
In Fi g. 19a larg e p ieces of primer remain on the surface in the debond

region. They seem too big to be formed by bubbles but are probabl y due to

poor contact between the prime r and adhesive. Figure s 19c and d are larger

magnifications of the region 55 in Fig. 19b. The peeled back p iece of ~r ime r

(region 59) in Fig. 19b and the enlargement of th is region in Fig. 19h reveal

fai lure between lanialae in the hyd roxide f i lm, a layer of hyd roxide has been
transferred to the primer. Figures 19e shows a region of the debonded adhe -
sive. Although the roll pattern from the metal is on the adhes ive , Fig. 19f

(a larger magnification of 19c) show s that failure occurred cohe sively in this

region. Figu re 19g is a larger magnification of the primer surface.

Apparently STAB(1) forms a layered structure of hydrcxide w ith a very

• porous outer l ayer in which the prime r becomes mechanically attachea. in some

cases separation between these l ayers causes crack growt h under hydrotherma l

St ress.
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2. STAB (2 )

During the study of the effect of var ious deg reasing steps for
STAB( 1), it was discovered that a commerc ial cleaner ‘MICRC ’~ appeared to give

considerable improvement in bond durability. Because of the simplicity of

this treatment an effort was expended to explore it in more detail.

2.1 - Experimental

STAE (2) invol ves a degrease followed by room temperature soak in a

sol ution of 60 ml of MICRO in 1 liter of water. This solut ion has a pH of

abcu t 9.8 as for STAB(1).

— 2.2 Surface Characteri zation

Figure 2~ show s SEM pictures of Al 2024-13 after STAB(2). A hyd rox-
ide film a few thousand angstroms thick is formed but the outer surface does

not have the porous open structure as for STAB (1) (Fig. 2). Figure 21 is an

AES and Fig. 22 shows a sputter prof i le of Al 2024- 13 after STA B(2) .  As for
STAB(1) the f i lm is stable in the electron beam, no Al 60 eV appears. The
in itial carbon peak is large , but is removed in less than a minute of Ar~
sputtering. Note that the oxygen peak increases as the carbon is removed be-

cause the oxide is covered by the organic contamination.

Figures 23a and b show changes in the surface properties as measured

by ellipsometry and photoemission. Oust as the chemistry and morphology dif-

fer between STAB (1) and STAB (2), so does the surface property profile during

therma l , humidity history. The only similarity is that bH O  (in Fi g. 23c)

increases durin g oven exposure and decreases dur ing humidity exposure.

The effect of time in MICRO (STAB (2) Table j 2 ) ,  and the effect of
ul traviolet light exposure after SIAB(2), ha-i e been studied to elucidate

*~~I1jCRQu is a trade name for a detergent clean ing solution containin g am cn~urn
hydroxide. International Products Corp. , P.C. Ocx 116 , Trenton 1 , ‘ 0 .

4
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Sur ace che~~cal cnacges. Table 4 g ive s sur~~ce ~~~~~~~ va lu e s ~cr sanp 1~ s

t~~ t uero ex~csec to -~~ Ph solution with (samp les 2t. to 30) and w i t n o u t

(sam~lbs 24 , 5) a cegre~se ste:. ~1e samples w er e t r u - a t e d  f or t ne  -1- a r :  cus
leno ths c~ t i r e, rei:cvec r :nsea anc dr~eh , :~ r±ace prc~erties teasurec , t r e n

re-expos ec ~~u r  the next t i e  ~~r : o c .  Tile results cf Table 14 are plotted in

Figs. 2~ , 25, arc 2o as S~D, PEE and 
~ 

vs.  log t ime. n Fi g. ~ the SP U
star t s at abcut 2.7 volts tor as- rLc elv ed samples then decreases to a m~n imu

(— -i. 1 volts) at abc ut 200—300 ri-i n and tnen increases to about ~~ volts.

7.s seen in Fi g. 25 the P E E  cur rent increases with M~CR0 exposure

ti:Te . The degreased sam ples reproduce each other in a peculiar tim e de p er~
dence , but generally increases from about 0.2 1O~~ amp s for as—rec eivec to

—1.1 x ic- s amp s after 1700 mm of ~1CRO exposure. Fi gure 25 revea ls  that the
water  contact angle is not much af fected between U and 300 m m , for the no
degreased samples but then decreases to about zero. The degreased sar~ les

decrease mcn otonica lly to zero between 0 and 1700 m m .  Fi gure 37 Sh ow S the
effect of time in ~ICRC and degrease steps on Wecoc Test d u r a bi lit ~,- . There is

a definite improvement w i t h  t ime in MICR O , for no cegrease , but the ceLreas e

mak es a drast ic  imp rovement .

The effect of 2V radiation on the surface prc -~:erties of as-rece iv ec ,

degreased , and degrease 30 mm MI CRC exposure is seen in Fi gs. 2~u , 2~
and 30. There is no effect of 05 on SPO (Fic. 25). The PEE curr ent crcps

dramatically from about 0.4 x 1C~~ an-p s to about 2.1 x 1O~~ amp s after I

IJV exposure , then rema i ns constant , for as—rece ived or degreased samples. If

the uamp le 51a s degreased then exposed to  M CR O s o l u t i o n  30 n-i n , PLO crop s ir-ore
s l ow ly  ~o abcut C. 15 x an-p s in 24 n-i n. The contact an g le  is rather - 1 c~.
(—2C3) fcr as-received material and increases d r a m a t i c a l l y  (—~ 5°)  upcn de-

~reasinc . This indicates that deg reasin g cener ally leav es at least a I~~Cf l C~~

layer of cr gani c cc -rta ni inant on a surface. c . expos uro si oli~ cecreases

to <1C° ~n 2~ Hr. In sp ite of the changes in surf ace p ru~ e r t ie s . T a o i e
indi cate s l ittle , i f  ~m-y , effect cn ~edge Test du r cbi l itj.
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TAELE 14

Effect of ~ICR0 Exposure on Surface Propert ies(Al l measurements after removal from NICRO , rinse and dry)

Nil C
Exposure

Sample Hi story Ti me SP O PEE
(mi n) (deg) (de g ) ( v o l t s )  (nA )

24 As -received 0 40 3 7 2 .73 0.11 52
In MICRC 47 35 34 0.2~ 2.37 c- c-

80 24 26 0.26 0.22 75
201 -32 21 2 .15 c .2 7
311 —20 24 0.17 0.36- 79

1211 — 4 26 0 .23 u.4 5

25 As -received 0 66 44 0.70 2 .20 c 7
In MICRO 26 52 33 2.34 2.25

78 36 27 6.12 0.70 70
173 12 35 u .1L 2I. t S  51
228 -14 24 0.10 2.65 52
1728 -40 11 6.22 1.1 2

26 As -received 0 70 39 C.u4 0.12 133
5 l in in Solvent 26 -80 23 0.20 C.4c
M ICRO Soak 78 66- 21 0.13 0.35

173 52 4o 9.13 9. 75
22 5 - 4 39 0.09 1.1 52

1~ �2 -
~~~~~ L-.a2 L.o 0

30 As-received 0 65 40 C.55 C.~C
S inn ultrasonic 2b -üO 40 c .uu 2.uU

78 -124 o .04 0.2t Sc
173 -122 62 2.06 0.7s
228 -24 40 O.uL 1.0

17 26 —50 6 J .2u 2.138 0

C - - I T S  OA, cb
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TA 6 LE 15

The Effect of UV Ra ciati on on Surface Prop ert ies

UV °H OExposure 2
Sample History Time SPI2 PEE (deg)

(m m )  (volts) (nA)

13 As—received 0 6.76 0.35 24
U V  Exposure 1 0.22 So

2 u.13 ~c
5 6.Ou 53
10 0.02 36

As -received 13 0.70 - 24
Ultrasonic - 0 0.o4 0.70 06
Solvent , 5 mm 1 0.12 ci

2 0.15 6 1
3 0.13 65
5 0.10 55

10 0.07 0.10 32
16 6.06 36
25 0.67 0.13 20

14 Li t r ason i c  - 0 2 .4
Solvent , S Ilin 1 0.17 05

2 2 .09 uU
5 0.04 60

10 0. 05 60

15 Ultraso n~ c - 0 0.42 74
So lvent , 5 Mm 1 0.11 c4

2 0.09 55
5 0.6~ 53

10 O.~ 4 4 1

16 Lltraso n~c - 0 6.23 >u. 5U
Sol ven t , 5 M~n 2 C.~ u dL
~O Mm M I C R O  4 L . u L  o~

6 C~~9 00

10 0.17 ct
23 0.15 ~L

C/i 76J-,’co
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2 .3 Bond St renoth Endurance

Figu re 31 show s the effect of tim e in MI CR L so lu t i on  on t he ~ru~1tn of
a crack as deduced fro m the Boeing wedge test procedure for F~-l7 adhesive.
The curve at the top of Fig . 31 indicates that this crack extens ion is m no&

pendent of the t ime of degreas ing in commercial solvents. 6n the other hand ,
the time of exposure of ~- 1lCRO decreases the c rack 9ro~.th from the unacceptable
range to the region considered by Bethune to be acceptable. There see ms to be
a c lose correlat ion between crack growth and w a t e r  con t ac t  angle , but further
work has not substantmated this. Table 16 reveals  that 10 mm in MIC RL so lo -
t ion g ives much better crack growth than for untreated samples (— ~3.05 cn

(1.2 in) /24 hr vs.  —6.89 (3.5 i n) /24 hr in Fig . 31 wmth  FN7 3) but m s unaccept-
able for Hysol. A 20 mm STAB(2) so ak (Ta b le 17) greatly imp roved crack
growt h in sp i te  of high contact an gles and low peel forces and a 30 m mn
STAB (2) (Table 18) improved crack gr owth even mcre . It should be notec in
Tables 16— 18 the initial crack length was too h igh (i.e. , — 5. 02 cm (2  in)  vs.
the norma l 3.81 cm (1.5 in) mnd icat ing lower peel strength and therefore lo~1er

stress at the crack t i p during h~~idmty exposure. This is evidenced in

Table 19, for which the initial crack decreased to about 4.31 in (1.7 in ) o~ t h

resultant mncrease in crack growt h to about 3.30 cm (1.2 m~ )/24 hr.

62
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solvent and to the micro solution.
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In Tables 20 and 21 the deyrease step was delet ec and a 10 mm soak

was used for the first 6 sample s , a 20 mm soak fcr the second b samp les ,

30 ci n for the third and SC mi n for the fourth. In Table 22 the no ceLrease

test was extended to 19 hr. 4i thout the deg rease step oa —~ cm (2 n~ /24 hr

fcr  either the 10 or 20 mm soak , wi th  sl ight improvement to  o —4.3 cs
(1.7 in) for 30 and 60 m m .  The 19 hr soak m m prove d the durabi l i ty  to ~.3 cs
(0.9 in) /24 hr. In Table 21 the deg rease step was included and the t ime of
soak was 30 to 90 m m .  Table 21 ind icates excel lent  durabi l i ty oa < u.S cr
(0 .2 in) /24 hr but w i th  large in i t ial  crack length. For comparison , sa mple 25
was not r insed af ter  the MICRO soak , with resultant large increase in a (to

3.3 cm (1.3 in) /24 hr).

To check the effect of the rinse step between the deyrease anc ~IC~ C

— soak , the r inse step was deleted. Tab le  24 ind icates poor durabi l i ty
(a a —5 cit (2 in) /24 hr) , but another change had been made , v iz .  dry i n ~ w i th

paper towel s rather than blow dry wi th  N2. In Tables 25 and 27 cry ing w as
done w ith paper t o w e l s , wi th  resultant ~a —2. 8 cit (1.1 in) to 4.5 cm

(1.0 in) /24 hr. In Table 25 , there see ms to be l it t le  ef fect  cf so lvent
deg rea s in g  with added u l t rason ic  ag i ta t ion  and in Table 26 , the g o m m so a k is
not qu i te as good as the 30 mm soak. Table 27 shows that cri p dry inc is not

as good as N2 o low dry ing (~ a —4. 6 cm (1.9 in) /24 h i-) .

It was noted during the photoelectron e mi ss ion  (PEE) measure ment that
the PEE current would change during UI exposure. Si nce most of the s smp les
were exposed to U/ in order to make th s measurement , it w as dee r- ec neces sa r~
to determ i ne if the CV exposure played a part i~ bcn~ curab i l i t y .  Th~ res u l ts
in Table 28 ind ica te  that  the LV exposure had l i t t l e , if any , ef fect  cn bond
durability. Ps— received samples sp l i t t o  t i e  enO in ~4 h r  h u I i c i t~ e x p o s ure

f o r  .he Wedge Test specimens. L lt r asc n i c  d ey re a s i n g  in  sd vent dces not

prevent this , ncr does 25 roin LI exposure after S si n deyreasL. Lxposure so

U/ after 30 mm MICRO g i ves  about the same result as -~~C?~C o~ one , f o r  ;- a e ~
tOw el dry ing (~ a —3 .2 cm (1.5 in) /2~ hr , see Ta~ ies 25 anu ~o- ).

C/i ~o IIL/ch



SC5ISC . I7FT P

- 

_
~

_
~I ~~~t
—_J 

~~~~~~

— =  ~2 c.II 
-

>, C%J cU 1 . I  -

I I

~L ~~~ I~~~~~~~J ~ T I

= - = 2: = 2:
.2 -_-

~ 
-, -r -

I —

-o -
— - -

2
-NJ c1~J I

NJ I -

~~ cc, 
-
- = —

~ 

I
— 1

- - .2 I — I -- ~ -0 ~J c ~~J 1 ~‘-J ~ 
.2 Ic - .. _~~ =

~~ 
-~~ 

2 .

-~ - I ~~ ~c c I c - o 2 : 0 r 2  I
~ 2 1  n _ ~~~~~~~ r~~~~~~~ 0 N J~~~~ fl I

~~~i c~~

O
— 1 NJ~~~~~~~~~ I_I~~c o  —

2 NJ~~~~~~~~~~ - -.2 ‘ 

:;
- I

C, I _~ — ~l ~N NJ NJ -- — I

~~ 

~~~~~~~~~~~~~~

----5— —-. _ ______________________________________________________________________



- - _ _ _ _ _  _ _

Rockwell Internat ional
Science Center

SC5180 . L7FTR

I -

I _ .

= ,
~~ I — --

~~---~ 
-

I E ~
I I

- ~~~ I -

~0~~ 1 
2

- _  - cc - .—_-~~~~ I
- ~~~~~ -, ~0 I

-~~ 
a -~~ ~~C.z. I

- = -2 C, 1 .l - 1  -

-

~~

V ~~~~~~ -

2 : 
_ _ _ _ _ _ _ _ _

~~ 1
— - ccI — = - r = - r = == 2 : -~ 1 C , - ’

1
NJ I

- -  -~~ I I  —~~~~ S~~~_I~~ I N J  C, l -~~~~NJ

cl c---
— < c l

-
~~ ~~~. ~~~~~~ I
-, -.. I - NJ

c- L~ -
~~~ I

-‘ I ~~~~~ C J O — -’-, 5 - 2 1 N J C , .2

I 
~~~ ~ -r -r — — -

-J I =

I !  -

.2 3 - _—. I
— — - ICN —4 2:

— —5- =
cc, cc - — - — - 1 l1 - I  1 I -~ -.2.2 .2 .2 — I
— — ~ I I

—c cc Lc d— — -
2: I

= .2 c - I  - 
- 

—

—

-~ I
- - 5

cc

70

--5 - - --- 5-5- - — -  -5 -~~~~~~~~~~



r~~~~~
--_ ---- _  

__
- 

_

S _  - --

SCS18O .IOFTP

I 

~~~~~~~ 
I

:~~~ i
— 5 -mi
-

~~~~~ 
-

-.3 -NJ -
cc-, j— .2 5- _C I

c- c-’ —— -- 2 :—.  — 2 :  -
C -  -

.

~~~~ -

5 -  -.2.
22! —~

~ cc

- I

2 

I c - ?

i I ~~~~~~ -.~~~ -J~~~~~2:-’

- 
I c- -s--

-‘ I  -
- -  NJ .~~~I -5415- - !  —~~~ ~~~~~~~~~.2 — . — — -  . . - . .
— c1 22 •—~ 2: .0 2:

—~o - 
c c l  c - . 3 N. ..2

cc -~I -
~~

cc - Cl f l 5 - N J~~~~~_~I cc
I 

~-~1 ~~~~~
2’

-
~~ - 

2: .3 .o- 
-

- 

d c c I  — - -  — — .2

5 ~~~~~-.

~~~~~~~~

— I
— - c c c  

= - - -I--

-- -----5----- — - - -- _



~~~~TII ~~IT
Rockwell International
Science Center

SC5180. 17FTR

I —
I C,~-I —~ - - .

I -- -r 2 : 2 2  —
12 11 112: .1 = 2:

I —
~~~~~~~~

— -

-

-

- c c
- - - .0

- -  I c- V
V - d c c  2’

- . I 2:1 2:
2: V — 4  2 : 2 : 2 :c - • • I Ih- .~ , ~~~~~ ~ .2.z. I

— - 2: 5 4 1  -
-
~~~~~ -I 3 2 2 : 2 2  1115-

1 2 : 1  2 .3 3 3 _I -

1

2:1 - . . . - . -
- —

~ ~ 
__

2 2 25 -  I

:

;1I

5-, I 22~~~~ 
I

-7 4 
I I.3 I

~I NJ
.12 ~ -~~2: 2: 3 2 2 :  = 2 : 2 :  2 0 2 2  22 ~1 fl

- - NJ V • .41 .2 -.3 — -11 -1 .1 
~~

1 .~I— .1
V 

2’ 1 2 : 2 : 2 : C , 3 2_ 1 I~~~~~~C I
- 4-I _I< 12-  -.1 - 2 . f l 1 1 1 2 - .

— ~ ~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~

2: -112:  l~ J — -5--- 2 2 3 3  32 23IV ~~~_cc l . 3 -~~ . N J — — — — --- , 2 : C , N J  -

I~~~ 
.12:1 2 : 2 : 2 :~~~~2:~~~~~~~~~ 2:~~~~=

— - ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ - ~~~~~~~~~~~~~~~~~~~~~~~~~~~~



-- ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 

—- 

- 
‘ - - -

SCS18O . I7FTR

I I  - 1 2 1  -

I -~~ 
. c c c c ~~-,j

-.3 54

-J c - —~ 112I.NJ
- . .

cc i  2 1  I

20 -

- • 2 1 = 1
I c - I 2’

c- I 2: -
— _ 32 cc . -

- 0 4  2 2_ I  ~~~~~~~~9 . . . I

I -~~~ -

I r~-~~~ II c- .2 2’

-r 22 1

= ~ = .21 2 0 . 2  
-

— I =~-~I 11 5- 9- 3 20

1 20 = —n -
— 

- .~.I ~—J .O NJ .J 20 I
>- 5 I- c l  :5~~~~ 

-
22 C, = 2: 2:

I5i - -

‘2 ~— .
c c l  5 - 1 2 0  -

? -~I -
~~~2: I I Cl .4 1 . 5 - 5 - 3 2

I ~~~ 32I N J — N J 1 1 —~~~~ -
cc I —-. I

20 cc -
~~~~- 01 2 0 N J - r 3 3 2 : 3  -

= cc - 
I ~~~~V I  3 3 - 1 2 5 -.2 -

cc , -,
.2 cc I~~~~ 

- - 2 2

5 I - . -Z
— = .~~~~~~~~=I .11 . 2 1

— , c - i — z ----- - C L — I ,
cc 0 . V d 2 1  - —

. 2* 1
2 = II

54 -~~~

—~ I c - I  —

32 2 .2 . 3

73

-5-----— - -_— -

~

- - -- -~~~~ - 5— -~~~~~~~~ 55 -- — -- -- - - - - - - -



Rockwell International
Science Center

SC5180. 17FTR

2:1111

.411111 11 .41 32

— 
. 2 3  -2 5- -0 -~~ ~~ 5- 5- 5-

-2
-cc — 4,
— .1 V

- . -— . 5- = 2: .41 .41 = .2 11 2: 2: =..a I ...2<~.3 ccl . c I  . - . . -
— 22 —1 = 2: 2: 2: 2: = = 2 :2 :

cc ~l I
3 —~- ~‘ 3 2 2 2  .0 ~~ 1.4 CL 20) .3 NJ
C’ 2) —. — — — — 14 12 .41 — — 1) — 11

SI
31 Ic -  —I

cc) 
c-~ Cl 14 V NJ

I :
I -I 01 V = .0.2 -~ -3 -~ ~-.J NJ I —.

-
~ ~~ -~I

— — 
- c c —

I cc

3 I 

~~~~~~~~~~~~~~

I 

~~ _ _ _  _ _ _

I - — - — >

— cc cc - -

22 - - -NJ -C

— .~~~~~~~~ 
——- -- - cc



- I ~T :~~~~~~~~~~~~~~~~~

SC518fl.17FTR

- 

I 
~ 5~t

I I  I 2 :  ~~~~~~~~~ -

- 

. 3 1 0 c~~ I I
I I — ~ 5- = -~‘ I

— I I 

E°~-~ 1 4 1 4 1 1  -1 fl- fl .

NJ -
20 5- I
31 I -

O
- -  cc -

- ?  0-. ~~~~~~ ~- — .31 .13 2 . 2

34 91 . 14 c — ... I2
~l X~~~~ ~~~~~~~~~~ I

-~ 22 01 - - 1 4 1 1 1 1  — 5 - . 3  -

: 5 1  -~ l ‘•
~~~~
‘.
~~~

I I  
~9~~- ’f l~ -

- 9 2 2 4 , 1  
-

L2 )~~1 -.2 .21

I _2 J 0 - .~ -— — — -1 1

12 = - —4
I I = Cl 20) .2) ccc C .t) .21 20) 11 

~~ ~-1 .21 :
— c c l  .1 .3 -0 -0 20) ~~~ .41 12 .21 11 ccl 20)

2 1 
-1 2 0 i  I I

>1 -. 2  5-.5- 2.3 21 -42 3 2 - f l 5 -5 -. 5- .~~~ -~ -o cc — — I  •
— -~ cc i  —

S
34, 14 11

Ic-~ ~~ = N J V V 3 3 3 2 . 2) 1 15 - 5-  

I

I - V i  -NJ — .3 V _.~ 111 11 -o.
= I -  2.~ - 

-:

I ~~~~~~~~~~~ -5 --
1 ~~ — I

.3 11

S _.I~~ -: = 2 :
5 — t .< V .11 11 .~~ -~ 11 11 31 31 -\ - • — 5-

c - c~ I

cc 22 . 2 - 2 0

i ~~ ,- i1~
— cc -.

-- - - - - -—--—-- -----—-- - .-,iliI~~



Rockwell Internat ional
Science Center

SC51SO.17FTR

II I 2 : 2 :

- - — .9-I 5 - 3 2

I . 2 1 2 :

-

.12 - 12

-0 I

I~~~~~~~ I
— 0— )

I - --
-
~~~~~~ I

I 5 4_ I l — .NJ4, i ~—i _4-:2~

-a . ~ 2: . 3 . 3
15 1

1111

1w  0 Cl
11

= = _i = = =— — . -~~c - I  5- 2 0 15 - 5-5-
-J ~~ 2 :1  

I
— 2:. —

~ = 2 : 2 :  2: 1
~ ~ -si I

= I
o I ~ ._ .3 2 3 1 .~- 1 1  I

34 2 :_ I  ~~~— — ~~~~~ I>4 - - • ~~20 -
-
~~ 

2 1 
.1 

2! = = = —

~~‘ —4
2 1 -

I 

- NJ - . c - V 3 2 - .~~~~I ~
-~ .2 I 

.3fl. .3 c- 20 1 3
• - I -
5 5 5-- I L ’I -~~
9 5-, I
31 ~.4IC, — ,  — —  —
— I 0-2  1 111 11 11 11 .11 I

- c-Id— - -.14

0 .
I ~~I N J

22!  CL —

:1 -, 
~- -, _,

-z s : —

- - c-. - 3’ — Cl ~I- —
22 2:. - - C L  ~~~~~~~~~~~~ C

- - -5 
_



W~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~ —.-------_ .-
-—- 

---~~ 55=5-5 5 -- -— -- —

SC5180.17FTR

H
I I ~. 11 -, 11 Cl — —

I -~~V I - c 1 2 1 2 1 .  — — 
-

I C IC IC

~‘ 
~
‘ “  I

-~~~~~~ I

— — 22 .51 IL.
cc c- I I

— 2 0 1
V c - I  -5 -  ccl 2’ - -

- — — I 2:1 —4 -5- 32 2’ -cc .1 :
Cl LI — :  -
c - I  2 2 9 1  2. 2- Z. 2 I

33 -— -, — -.

~~~ 
4 —~ ~~ -~ -—s -~ 

-

l -
~~c- ? I

I -J .2 I  -

I cc — ---.

-~~ I : ~~~ -~~~ I

= I
— I - 2 2 1 4 3 1 5 -  ~_l -

— — - — 2 : !

— 321 I
- -  . .  11

-—I —~~ I
.3 ‘51 c c .  I

I -

~~: -i
2 2 1  2:.-1d 20 1. -

I -

- . -~I I
I - 5 - 3 1 -c 20 ccC 5 - 3 3 V - ’ C L  —
- I • 

-
~ I V 5-I Cl -r — NJ 4 .11 

—

- I I  22., -

NJ — I
— .— Cl 2.J 32 —r NJ —r -cc- fi- -‘- V = —~ I
= 22 - c c c l  rc ’~~~~~ 31 . _. 31 .-. -
3’ 2 - ‘~~I - NJ 2

- .1 ________________________________

5 -

- 

-. - 2 2 5 ,

- .. -
~~~~~~~ 

- LI

— = ~~~~~~ 
— = -

9 1 32 11 -
31 -...I20 — ; 2: = = 2: = = I —
— - C c  34 cc - = 11 Cl 11 - 2 —

cc - 3

- 321 CL 20) .21 = = I
22 — I ‘.4 14 2.4 \4 :4 ‘NJ 12 2

. 1 1 2 2.2 0 —
~~~ c-~~ 3 1 5 . 2 2> 2 2 .

-- 
— C,~~~~~~~ I — _ 2 0

— - 1 — — — . 2 _ 3 ’ — 5 - V .1 N J 1 1

.2 

— -  - 
— - - - - - —

~~~~~ 
- - -

~~~



- -r.---- ---- 5

1-

~ 

~~ 
- -  5-~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ’

Rockwell International
Science Center

4 

SC~I-:J. 1.F T r ~

4 2.4 Post Fracture Pnalysis

Figu re 32 is SEM pictures of the metal side ~f Al ~U�4-T 3 tnat ~av~ a
good bond endurance wedge test (—0.5 cm (G.2 ~n)/2 hr) cc fter STAB (2). A ..iece

of adhesive has remained attached to the substrate in the debond region in

Fig. 32a. Figure s 32b , c and d reveal the porous nature of the F~y sol ~~~~~~
adhesi ye.

Figu res 32e-h show the hyd roxide l ayer that debonded fror~i the

adhesive during the wedge test. The stringers s t re tch ing  between f rac t urec

hyd roxide in Fig. 32h ind icate that for a good bond , adhesive has penetrated

into the h~iroxide.

3. STA B(3)

Problems in reproducibly produc ing good wedge test 3oint s by STAE ( )

and STAB (2) prompted an investigat ion of the effect of ~i aCfI concentration on

bond endurance. This led to the surface treatment referred to as ST~c- (~ ),

which appears to be very successful. STAB (3) has the advantaye that it is

very simple and inexpensive.

3.1 Experimental Procedure

Al 2024—13 is dipped in a super-concentrated solut ion of ~aCH (5u~
g/l D.I. water) at room temperature for 3 minutes , rinsed in 5. ~ . water an d

dried in f low ing nitrogen. No degre ase step is invo lved , at least  on the cc5 —

received Al 2024—13 used at the Science Center. The ~laC H so lu t i cn  can be in
glass or plast ic but 1.-Je have used stainless steel tanks ~-4ith out noticeable

attack over a 1 yr per iod. A variati on on ~TAE (3) is referred to as STA~~(I~)

w i t h  second d i p. This procedure invol ves a 2 -0 mm di p- in concen t ra te o ,d(cc i

so lut ion , fo l lowed by a r inse , then a second r,Iuch s hor ter  di~ (5 -IC sec) to
st r i p of f  the black hyd r~x i d e , rinse and dry .

Ic-

L 

C/ 7()c-i2c ,’cb
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3.2 Surface Characteri zation

Fi gu re 33 show s different magnification (a is X20, b is X2UU, c is

X2000 and J is X10,000) SEN pictures of Al 2024 -T3 after STAB( 3) .  The hy-
droxide l ayer is quite distinct from that for STAB (1) and (2). Except for a

few patches of a second layer (see Fi g. 33c), STAB (3) produces a single layer

of hyd roxide wi th a very open (corn f lake) structure that appears ideal for

mechanical interl ocking wi th adhesive.

Figure 34 is an AES for Al 2024 —13 after STAB(3). The oxide contains
the Mg and Cu al loy constituents , and some C and Cl surface contamination.
The sputter profile (Fig. 35) shows that the film is stable to the electron

beam (no 60 eV Al , no  decrease in 0) and has a peculiar C profile. The C

remains high for 10 mm and is removed sharply between 10 and 12 m m .  The
signif icance of this is not understood , norma l organic contamination is
usuall y removed in 2 or 3 mm or less. The carbon contamination may be a more

stable compound than usual.

Figures 36a -d show s the surface property changes as the STAB(3) sam-
pies are given the therma i —h iiriidity history of norma l adhesive j oint prepara-
tion. A duplicate set of san~~es were used to check reproducibility . The

trends are reproducible and reveal def ini te structural changes. During the

first 30 mm of air exposure after S TA B (3 ) no changes occur. Exposure to the

cure oven , i n c r e a s e  ~~~, PEE an d eH2O. 
This is interpreted as a decrease in film

thickness and/or density . Surprisingly , SPU does not change during the oven

exposure. Th is , plus the small change in 0H 0  may indicate , as did the C

sputter prof i le , that the carbon contami nation is pecul iar and more s table for
STAB (3). Exposure to the h uiiidity chamber decreases A and PEE but increases

and SPD. Th is  is interpreted as due to organic contam inat ion but AES or
ESCA resul ts are needed to confirm this.

There is alwa ys the concern that a surface treatment does not remove

enough metal to s igni f icant l y th in or weaken the metal sheet. To check th is
for STAB(3), samples were etched for various l engths of time (0-1IJ mm ),

r i n s e d , dried and we ighed. The weight loss proved l inear w i t h  t ime , with a

81
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1 mm initiation period. The depth of metal removal (using 2.7 g/cm3 as the
hydroxide density) can be expressed by the equatio~s

d (5 x ~~ cm/min)t

where t is time in minut es after the f irst minute. Other samp les were etche d
and weighed yielding the same result. It fol lows that the norma l 3 mm dip of
STAB (3 ) on ly removes io~ cm (0.04 mu ), considerably less than the FPL etch.

3.3 Bond Strength and Endurance

3.3. 1 Effect of GLT

In Table 29 the crack growth was sat isfactory, except for jo int (7-8 )
wh ich had a very low glue line thickness (GLT). There are instances when some
specimens receive excess pressure, breaking t he nyl on scrim and extracting the
adhesive. In these rare instances, lap shear and wedge tests are usuall y
inferior.

The norma l GLT averages about 4 rnils. To check the effect of larger
values , 5 an d 10 mil shims were pl aced between adherends. In Table 30 the

5 mu sh ims produced actual GLI values between 4.1 and 4.6 mu and gave norma l

results , i.e. —34.4 MPa (5 Ksi) lap shear strengt h and —0.305 cm (0.12 in)/24

hrs for the wedge test. The 10 mu shims produced GLT values between 7 and

9.3 mils. The actual GLT was less than 10 m ils because the co~per w i res were
pressed into the aluminum. In Table 31 the initial crack l ength was l arge

(—5.24 cm (2.11 in ) for GLT of —0.02 cm (9 mu ), i ndi cat i ng weakene d peel
strength and the crack growth was low , p roba b ly aue to the low va lue  of t~~.

87
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3.3.2 Effect of Degrease

A great advantage of STA B(3) is the elimi nation of a de~rease step.

However , some aluminum may be so contaminated that a degrease step w ill be

necessary. To see if a degrease step would be detrimental to STAB(3), a set
of contol specimens (Table 32) was compared with a set processed in the san e
way except the samples were degreased in MEK prior to STAB(3). Table 33

indicates the degrease step was not deleter ious.

3.3.3 Effect of Primer

Tables 34, 35 and 36 indicate that the lengths of time the pr ir~ers
had been in use had little if any effect on bond durab ility .
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The usual prime r treatment involves warm up to room temperature ,
shake to mix so l i ds , di p sample , leave in air for 1/2 hour fo llowed by oven
cure at 121°C (250°F ) for 1. hour. In Table 37 the primed samples were left
over n ight without oven cure. In this experiment not curing the primer
weakene d the peel strength , as indicated by the average initial crack length
of 4.83 cm (1.9 in) as compared to a normal value of —3.56 cm (1.4 in) to
3.81 cm (1.5 in). Although the crack growt h in 24 hours was good , ot her
experiments indicate that leaving the primer uncured causes degradation with
failure occurring at the primer-adhesive interface or in the primer.

The bond endu rance and mode of failure is rather sensitive to the
• primer thickness.
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To estimate the prime r thickness , as-rece ived primer was brushed on

to careful ly weighed pieces of aluminum foil , cure d, and rewe i yhed. The
prime r thickness was estimated to be 1.5 u by the weighing technique as com-
pared to 5 i~ (0.2 m u )  with cal i pers for norma l a pp l ication. The reason for
the di scre pancy i s not known , unless the solids cause the calipers to read
h igh.

p Table 38 shows surface property and wedge test results for samp les
with varying prime r thickness. The as-received primer was brushed onto
samples 7 and 8, this primer was diluted by 50% by adding MEK for samples 5
and 6, diluted again f9r 3 and 4, and no primer was used for 1 and 2.

Ta b le 39 reveal s that di pping the sample i nto (well mixed) primer ,

then al lowing it to dri p drain produces a laye r too th i n a t the to p an d too
thick at the bottom. This is evidenced further in the scale up study l ater. C

_  • 

~~ __ _~~~~~~~~
c

•L_ _



~~ iT~~~ii~~

SC5180•17FTR
-0 34 (3

-~~ 44’ -~ — —C- .
.8 C C C C

— -3 CC) -3— — -0 CC1 .4)

44 — © C C
U

34

~~
~

.3 C . -  C C C
,~~~C.

.1) .3 ‘C) 34
4 — C  CC1 ~~ — -‘4

.~~~CC4 - ‘ -
— 3 )  A C- C C C C
1 41 C-)
.44

- -  — V
V C- 3) — — — —

~~ L- ~~~~~~~~~Cl  ~~~ — — — — —C- 44
-

• 
•—

~ ~0 -3 — —13- ‘31 •~~~• CC) .1’ (3 34

• 
.

— 
34 3) (3 3,

44 C C C C

C.) —

C C 4 1 U U

3 . 3 31
C • I-—
-‘C ___________________

3 ~~ CC
— — VI •~~~~~ —.. —‘ ) 3 ) — 3 4

C • .3 — ~~ CCC ‘4 .44 CC CC’) .4CC ‘4

4~~~~

4)

~1E ~~~ o

:~ ~ 
-

~

- .  C’) • I A
C -— • ~

_
~•4 41

—

44 
• 3 341 34 (3

3’ .. 3)1 C C C ’ 4  C — — — © 44 —

—i -,
~~~~I _ • 3 C

U 4 4 C -
4’)

3 I C
• — V I

- —
U 3 4 3 4  44 — I C) CC) C) CC’) C) C) CC) C.’) C-

C V

~ Z
C ‘~ I~~~ ~ — _

C- C~~~ ~.— It I C-. C-
V 3 ) C -  ‘I

C ” ) 
~~~~~~

‘
.45 . 4 V .  3.  

~~~ 3 9 ~~~~~~~~~ —Z U ’ )

~ I ~~~~~ • ~~~~~~~~~~~~~~~~~~~~‘) — -~~ 
p

3.
U — I 3, A

-
~ ~~~~ I

~‘1 •

100

—— —- ~~~~~~~~~~~~~~ .-~~~~~~~~~



fl T ~~~TTi~~~~
’
~ TTi~~ ~~~~~~~

Rockwell International
Science Center

C 
I 

SC5180 .17FTR
— 4’) ~~ ‘4 -0 C)

I ‘4 1— ©
5— —

C r•’) — •.3 -‘C_I
-— 44 C ‘4

- 44 —
= U
34 -~‘4 • .5 — — —C’ 34 (3 34 34

CC
L. C- C C C C  C

34 C C CC’) C
U’. CC_I ‘4 -N — ‘4
44 C - C

4) C- C C C C C
I ~ C-)
C-I --

- - — V —
44 C- 31 — — — —44 - .  4) ‘3. ,fl 44 -C) ~~ 4)

-— C- • • -
41- 44 0 ~~~ 44 — — — — —34 ‘C -  .

‘3 1. ~~ — C ‘0 —
13. 3) 34 C.- 34 CC’) 34

• — C C C ’ )  CCC CC CC)
13

-C) CC) C C— —CC) .3
44 — ‘4 Cd’)

44 — — C C

• :
~~~~. ~I QCI 1J U

‘4 — 3 3
C . 3 —
-‘-I

-
3;, C —:
0 ‘43

ii I-

_ _ _ _ _  

IC

_ _ _ _ _ _ _ _  —

C ) C ) C ) C ) C ) C ) C C )C” ) V
V . 4 4  CC) ~.~~~~~~ —
44 ‘4 1 11’) I

3 4 3 )  )._ .  I C-

441 3. • C-

~ I 
H

101



SC518O. 17F TR

¶ Figure 37 shows the effect of prime r thickness on the water contact

angle an d surface potential difference (SPD). The increase and level i ng of

SPD is normal for the addition of organic material to a clean aluminum surface

as for 0H0• However, the decrease in eH20 
for thicker film is unexpected,

unless chromates are being exposed at the surface of the prime r. The fact

that SPO and e H2O continue to increase up to about 0.6 ii (6(JOOA) indicates

that the prime r is either porous or the film is discontinuous. The porous

nature of the primer is indicated in SEM pictures l ater.

Figure 38 shows the effect of primer thickness on PEE and crack
C 

growth. The PEE drops to a constant value (—0.2 MA) about a factor of lii
above background , indicating that the prime r is photo emitting. The optimum
primer thick ness is abou t O.8M for bond endurance in a stressed-humid condi-
tion (wedge test). It is evident from Fig. 37 and 38 that a good moni tor for

primer thickness mi ght be SPO.

C 3.3.4 Effect of Prime r Cure Time

Table 40 gives wedge test results for a primer cure of 10 nu n. vs the

norma l 1 hr. cure. The 10 mm cure produces ini tial crack s about 1.3 cm
(0.5 in) longer than the norma l cure, indicating reduced peel strength. The

C average crack growt h is abou t the same.
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3.3.5 Effect Of Delay Between STAB (3) and Prime

Table 41 shows there is li ttle effect of delay between the STAB(3)
surface treatment and the prime , on surface properties or wedge tests.
Excellen t crack grcwth results (—0.37 cm (0.18 in)/24 hrs) are obtained ater
24 hrs delay before priming.

I
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3.3.6 Effect of NaOH Concentration and Time

Tables 42-51 show the effect of time in various NaOH concentrations

on wedge crack growth. The larg e numbers of samples yielding ‘~ 0.51 cm

(0.2 in)/24 hrs at 580 g/z and 3 mm dip indicate these parameters to be
adequate. Figure 39 is a plot of crack growt h for a 3 mm dip, at various

NaOH concentra tions. Concentrations as low as 100 g/L may be adequate but

below 100 g/L the crack growt h dramat ically increases. Nore experiments are

needed for concentrations between 100 and 600 gui..

Fi gure 40 show s the effect of time in NaOH solut ion on crack growt h

rate for concentration between 15 and 124 g~~
. The first few minutes of di p

greatly reduces the crack growt h but (except for 125 gIL ) at these low concen-

trations , even 30 mi nu tes does not reduce crack g rowth below 0.63 cm ( 0 . 2 5  ) /

24 hrs. Figure 41 shows that above 125 gIL , dip times of ~3 mm will g ive

good results. Pil l told 41 joints gave crack extensions of (0.2 11 / 2 4 hr at 3

mm di p, 568 gR.
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Figure 42 and 43 are plots of initial crack s length on dip time in

NaCH . Below lOOgIt (Fig. 42) there is a mini rrii m in init i al crack length at

about a 10 mm dip ) At the higher NaC H concentration (Fi g. 43) the i nitial

crack lengt h is sensitive to concentration for a 3 m m  di p,  but becomes

insensi tiv e to time above 3 m m .

Table 52 and 53 show the effect of time in 58Og f~ Na O I-1 on the lap

shear strength. As -received samp les give high lap shear values (—4.~ Ksi )  but

high %IF (percent interf acial failure) and terrible wedçe tests.
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Fi gure 44 shows a plo t of lap shear strengt h and %IF vs time in NaOH

solution. As indicated in Table 54, there is a problem with respect to primer

application. The samples were dipped in primer and dri p drained with the lap

shear bond area at the bottom. Too thick primer l ayers give failure at the

metal-prime r or adhesive-prime r interface and thus do not test the surface
preparation.

Figure 45 and 46 show surface propert ies as a function of dip time in

NaOH solu tion. The results are consistent with the wedge tests that indicate

good durability between 3 and 10 m m .  Figu re 45 show s that the surface

properties change dramat ically during the first 2 or 3 mm but then remain

essent ially constant between 3 and 10 m m .  The drop in the elli psometric

phase shift A corresponds to film thickening, whereas th e correspondi n g
i ncrease i n PEE m i ght be thought to indicate film thinning since the hyd roxide

is not emi tt i ng and the metal is. Both measurements are consistent if it is

assixned that a thick porous l ayer is formed with decreasing barrier -electron-

attenuating-l ayer thickness. Figure 46 shows that the SPD and water contact

ang le, 0H20’ 
also decrease and level off at about 3 m m .  The as-received

samples are rather hydroph ilic , as indicated by the low contact angles , but

first increase then decrease with dip time.

The fact that all measurement s remain fairly constant beyond 3 mm

indicate that the film that is formed is independent of the dip time beyond 3

m m .  That is , after 3 mm in NaO H solution the surface is about the same and

forms the same type of film upon rinsing and drying.

Fi gures 45 and 46 indicate that all of the surface tool s can be used 
CC

for quality assurance that STAB (3) has been properly performed.

3.3.7 Process Errors
A number of process errors have been defined thus far, such as t oo

short a time in NaO H, too thick or too th in primer , time allowed for uncured

pr imer before bond ing etc. However, the prima ry process error to avo id is

improper rinse and dryC
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3.3.7.1 Improper Rinse

An examp le of samples that were properly and improperly rinsed is

given in Table 54. Samples 1—8 were properly rinsed yielding an average of
0.08 (0.03 mn)/1 hr and 0.23 (0.09 in)/2 4 hr with an initial crack length of
3.E6 (1.4 in). A small drop of water was placed on the region of crack growt h
after splitting the joints. The pH of the water drop was checked with lit ru s

paper. It was consistently found that for region s of failure at the metal
in terface (as for .... 9, 10, 11, Table 54) a direct correlation exists

between crack growt h and pH. Crack growt h increases with increasing pH ,
indicating inadequate rinsing prior to priming. Checking the ph of sar~p les
that were dipped in D.I. water without agitation reveal ed the surface ph to
be 11 for a 15 sec dip, 9 for 1 mm dip and about 7 for spray rinsed sample.

These resul ts point up the necessity of a spray rinse.
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3.3.7.2 Impro per Dry
I 

The experiments in Tables 55-57 were performed to test -~~~~ blow ~ry 1ny

vs drip dry i ng. However , the results in Tables 55-57 are too 1ar -~e, prooably

due to a process error such as improper primer thickness ~ r cure rather than

the drying process.

I’ -

‘4
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3.3.7.3 0~~an i c Contam i na ti on

Tables 53 and 59 are for experiments to check the effect of organic

contam i nation on la p shear stren gth of sam p les that had STAB (3) treatment.
The surface properties were measured before and after deliberate contamination

with hexane , decane , tetradecane , paraffin oil and stearic acid. Unfortunate-

ly, the primer was too thick in some cases and caused failure at the primer-

adhesive interface. The contamination procedure was to di p the sample into

the pure compound and allow it to drain from the sample. It is not surprising

that hexane and decane had little effect on surface pro perties and the joint

strengths were high , as these organics shoul d immediately evaporate from the

surface. It is indeed sur prising that the thick l ayers left by tetradecane ,

paraffin oil and stearic acid had such a smal l effect on lap shear strength.

The ability of the STAB(3) surface to accoriunodate organic contamination not

absorbed by the adhesive is similar to that found for the phosphoric acid

anodize treatment of al uminum. FPL etch treatment is very sensitive to

or gan i c contam i nati on decreas i ng lap shear strength by 300 psi for a sing le 
F

monolayer of Myristic acid. 3
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Some al uminu-n panel s were obtained with teflon film adhesively bonded

to the surface for handling protection . Removal of the teflon l eft patches of

contact cement on the al uminum. Tables 60 and 61 show the effect of time in

NaOH on the wedge tests for panel s that had teflon removed . The general trend

is to weaken the peel strength causing lony initia l cracks. However , a 3 mm

dip reduced crack growth to NO.76 (0.3 in)/24 hr.
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3.3.8 Ta p Wa ter R i nse

Table 62 indicates that local (Thousand Oaks , California ) tap water
m ay be as good as 0.1. water for rinsing. The t~c bad wedge spec i mens (no ’ s
15—16 and 23—24) may have resul ted from an improper rinse. However , further
testing with tap water showed that severe pitting resi’lted. The effect of the
pitting on bond endurance is not known .
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Tabl es 63, 64, 65 and 66 indicate that the del ay time between dry ing

and priminy the sampl es, has litt le effect , up to 1 hr , consistent with

Table 41, which shows no degradation in 24 hr. Table 67 and other experiments
indicated that leaving the primer uncured prior to bonding degraded the

hum idity-stress endurance. The effect of solution temperature , in Table 68,

i s i nconclus i ve , but the resul t at room temperature (26 °C) is much better than
the higher temperature results. Tables 69 and 70 show improved results with

shorter rinse times. In the case of Table 70, the sampl es were dipped in

rinse water rather than fl ushed with flowi ng 0.1. water from the hose.

An attempt to test the effect of del ay between removal of the samples
from the NaOH solution and rinse is given in Table 71. A delay of 15 sec has

l i tt le effect , and longer than this degrades the durability, but the test is

inco nclusive due to excessive crack growth.

Table 72 compares results for used and fresh NaOH solution. There

seems to be no distinction. Note that the poor bond (11-12) was treated for

10 mm rather than 3 m m .
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I Figures 47, 48 and 49 show the effect of time in concentrated NaOH on
I surface properties and Fig. 50 shows the effect on Wedge Test durab flity. The

spo decreases from about 0.6 to 0 in 5 m m .  The PEE increases from about

0.25 x 11~~ amps to about 1.5 x 10 amps and eH O  decreases to 10° in about

5 m m .  The Wedge Test crack growth decreases from >4”/24 hr to —1”/24 hr in

1 mm NaOI-i exposure , if the rinse and dry steps are optimized.

~ 
3.3.10 Second Di p

~ Table 73 compares results of the second dip treatment with the single
I dip treatment. It ~~uld appear that the simpler single dip treatment is

better. Table 74 compares the effect of various times for the first di p, new

~~~~~ 
ol d sol uti on , for the t~~ dip process. The results are i nconsistent and

genera l ly  less durable than for the single step process.
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.11 Other Adhesives

Tables 75—78 are for experiments with STAB(3) but using FM73 adhesive

without primer . For 48 wedge test joints the initial crack lengths average

0.94 cm (1.55 in), the crack growths in 1 hr average 0.58 cm (0.23 in ) and

crack growths in 24 hr average 1.80 cm (0.71 in). By using BR 127 primer with
FM 73, (Table 79) the crack growth decreased to 0.24 cm (0.1 in)/1 hr and

0.38 cm (0.15 in)/24 hr and failure was cohesive , which is as good as the PAA

or FPL treatment.

Table 80 gives results for 6nother adhesive (AF 163 with XE 3944

pr imer). Again the crack growth was reduced to 0.38 cm (0.15 in)/24 hrs.

Thi s was not affected by pr imer cure~ air dry for 2 hr vs. oven cure for

l hr.

3.3.12 Other al l oys

Table 81 gives results for STAB(3) with Al 7075—T6. The crack growt h

of 4.06 cm (1.6 in)/24 hrs is poor. The durability is ~iuch improved by adding

a degrease step (Table 82) i.e. 2.29 cm (0.9 in)/24 hrs , but is still good

with respect to result for Al2024-T3. Table 83 gives results for STAB(3) with

Al 6061—T6. The average crack growth is 2.29 cm (0.9 in)/24 hr , which is ~x o r
compared to Al2024-T3. Considerable work is needed to optimizing STAB(3) for
other alloys.
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3.4 Post Fracture Analysis

F i gure 51 shows SEM pictures of the debond region of a STAB(3) joint

after the wedge test. Figure Sid reveal s that failure is near the hydroxide-

primer interface but cohesive in the primer. Figures 51e-h shows larger
magnifications of region 99 in Fig. Sla. In this region , occas ional failure
in -the hydroxide can be noted. In Fig. 52 considerable cohesive failure in

the adhesive is observed. Figure 52c magnifies the region 24 in Fi g. 52b ,

where cohesive failure was near the metal interface. Figure 52d shows the

porous structure of the cohesively failed adhesive (area 28, Fi g. 52b).

Fi gure 53 shows SEM pictures of Al 2024-T3 after STAB(3) with second
F dip, and wedge test. Figure 53 is for the mating adherend that failed after

bending the metal and shows failure to be in the primer at the hydroxide

T 
interface (i.e., the hydroxide is filled with primer). Figure 54 is SEM

C pictures for Al 2024-13 after STAB(3) with 2nd dip and ~~dge test , but at the

metal side (i.e , the interface that failed during the wedge test). In this

case there has been much less penetration of the hydroxide by the primer and

failure appears to be right at the hydroxide- primer interface.

It was supposed that if failure occurred in the hydroxide film for

poor bond endurance that hydroxide would be on both mating surfaces , and thus

the sur face pro per ti es of the ma ti ng surfaces ~~uld be approximately the same

especially for 0H20 
that is sensitive to the outer atomic l ayers. Table 84

reports surface properties of mat ing  (metal vs. adhesive ) sides of joints that

had poor wedge test results (—2.03 cm-5.08 cm (0.8-2 in)/24 hr). The surface

properties are very similar and the water contact angle (—36°) closer to that

for hydroxide (~-.1OO ) than adhesive (~~~9Q0). Except for e
~~0 

the propert ies of

primed , unbonded Al 2024—13 surface are surprisingl y similar to that of the

fractured joint which would indicate failure in the primer. The results

indicate mixed failure in the hydroxide and primer for the medium to poor

bonds.
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TAB LE 84

Comparison of Surface Properties of
Mating Surfaces After Wedge Tests

Surface Properties Crack
Sampl e Condition SPD PEE H20 Growth
No. (deg.) (deg.) (volts) (nA) (deg.) cn~in)/24 hr)

2-1-79—2 Primed Un- 2 20 0.38 0.18 63
bonded side

9 IS 0 19 008 62
10 4 24 0.22 60

Avg. 2 21 0.38 0.16 62

2—2—79—14 Interfacial 8 26 0.19 0.08 43 2.03 (0.8)
Fa il ure ,Metal

2—1—79—2 4 20 — 0.10 45 2.03 (0.8)
2-1-79—9 10 20 - 0.06 45 3.81 (1.5)
2—1-79—10 (74) (43) - 0.12 32(80) 3.81 (1.5)
2—2—79—11 12 22 0.46 0.22 32 5.08 (2.0)

Avg. 8 22 0.37 0.10 33 3.30 (1.3)

2-2-79-13 Interfacial 16 24 0.30 0.05 23 2.03 (0.8)
• Failure ,

Adhesive
2-1-79—11 8 21 0.22 0.10 38 5.08 (2.0)
2-1-79-12 14 23 0.40 0.10 47 4.06 (2.0)

Avg. 13 23 0.30 0.08 36 4.06 (1.6)
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I I I .  SCALE UP

For l aboratory scale up, 1’ x ~~
‘ panel s were processed in stainless

steel containers that contained 13 liters of solution . The panel s were dipped
in the NaOH tank then hung from hooks on a frame that was automatically cycled
up and down at controlled speed. Limit switches reversed the motor when the
panel reached the upper and lower desired position in the rinse and dry
tank. The panel s were lowered into the rinse tank before the spray water was

turned on. Both sides were sprayed simul taneously. The panel was then
lowered before turning on the N2 drying tube. This tube has a line of hol es
to allow forced gas to impinge uniformly across the panel . The panel was
slowly raised , drying from top to bottom to avoid water dripping over the
dried region.

The panel s were then primed and cut into twn pieces 30.48 cm
15.24 cm (1 ft x 0.5 ft) that were bonded together and then Cut into
2.54 cm x 15.24 cm (1 in x 6 in) wedge specimens. The wedge specimens were

l abel ed A-K with A for the sample that was at the top of the panel during
STAB(3) treatment and K at the bottom.

Tables 85 and 86 show results for STAB(3) scale up to 2.54 cm x

2.54 cm (1 ft x 1 ft) panels. The average initial crack l ength is 1.36” , the
average crack growth is 0.23 cm (0.09 in)/1 hr, 0.28 (0.11 in)/24 hr
(Table 85) and 0.10 cm (0.04 in)/1 hr, and 0.51 cm (0.20 in)/24 hr
(Table 86). Samp’es E and F in Table 86 gave high crack growth val ues. The
pH of the surface proved to be about 8 in each case, indicating insufficient
rinse in this area.
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Table 87 shows successful STAB(3) for a 30.48 x 30.48 x 0. 16 cm

(1 fr x 1 ft x 1/16 in) panel , used for lap shear testing. Except for the
bottom t~ samples K and L, the average lap shear strength is 5.5 ksi , normal
for prim arily cohesive failure. The bottom tv~ sampl es received too much
pressure in the press , which broke the scrim and allowed the adhesive to
esca pe, leaving a thin ~1T.

Table 88 gives successful scale up STAB(3) results for Al 2024—13,
Hysol EA9628H arid BR 127 primer. A different i nvestigator made the test and
used a drip dry rather than N2 blow dry. The average initial crack l ength was
3.32 cm (1.35 in), the crack growth was 0.13 cm (0.05 in)/1 hr and 0.51 cm

(0.2 in)/24 hr. This is encouraging for the simpl er drip dry process.

In Tabl e 89 the standard STAB(3) process was used but the sides of
the al uminiin panel s with the painted marking l etters were bonded. In those
areas of no paint the average crack val ues were 3.56 cm (1.4 in), 0.23 cm
(0.09 in)/1 hr and 0.36 cm (0.14 in)/24 hr. In the areas with painted letters
the crack growth was much l arger indicating that the process does not remove
the paint in 3 m m .
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IV. ECONOMICS

The economics of any particul ar surface treatment must be judged on
the basis of needed bond strength and endurance, initial or additional capital
investments , recurring cost of maintenance and material s and any additional
costs of meeting OSHA requirements to meet health and safety regul ations .

Table 90 compares STAB surface treatments with the industry standard
(i.e., FPL etch) and the more recent Boeing phosphoric acid anodize used in
the Air Force PABST program. The Boeing PAA treatment (BAC 5555) adds t~
steps to the standard Forest Product Laboratories (FPL) treatment, i.e., the
anodize and an additional rinse. The Boeing treatment entails 8 steps as
compared to 6 for FPL, 5 for Rockwell STAB(1) and (2) and 3 for Rockwel l
STAB(3).

A first approximation as to rel ative capital investment was estimated
by giving the val ue of one unit for each step, adding a unit to each step that

• needed heating and one unit for the electrical equi pment needed for anodizi ng.
In addition to relative capital i nvestment, rel ative bond endurance, and
hazard are listed in Table 90. It is seen that on the basis of lab scale up
studies, STAB(3) with only 3 steps yiel ds as durabl e joints as PAA or FPL and
shoul d be less expensive as to capital investment and maintenance. The cost
of materials is listed in Table 91 and it is seen that when the cost of energy
to heat the various solutions is considered , STAB(3) shoul d be least expensive ,
especially if caustic soda can be used. This has yet to be demonstrated ,

since in this study pure NaOH fl akes were used.

Of particul ar importance, is the low hazard of STAB(3) as compared to

FPL etch or PM, since one of the main purposes of this research was to
eliminate the use of carci nogenic chromates for factory use.
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TABLE 91

Rel ative Cost of Material s for Surface Treatment Processes

Material Form $/lb

Solvent (TCE) 55 gal drums 1.00

Sulfuric Acid 750 lb drums - 0.06

• Phosphoric Pcid (80%) H 0.34

Sodium Dichromate 100 lb bags 0.55
1 ton lot

Sodium Hydroxide 400 lb drum 0.10
(Caustic soda 50% liq)

Sodium ~tydroxide 100 lb bag 2.00
i ton lot
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V. SUMMARY OF RESULTS AND CONCLUSIONS

The object of this program was to find a nonacid surface treatment
(no carcinogenic chromates) for Al 2024-13 that was i nexpensive but would
produce strong , durable adhesive joints with Hysol EA9628H adhesive and
Hysol EA921OH or BR 127 primer .

Initial studies 1 indicated that a simpl e degrease and hot water soak
(STAB(1)) would produce strong durabl e joints. Further investigation reveal ed
great difficul ty in reproducing this resul t although occasional good results
could be obtained. Investigation of surface properties revealed that as-
received Al 2024-13 has a surface l ayer of metal that differs from the bulk.
This l ayer is entirely removed in the standard FPL etch , but is only partia lly

• . reacted during STAB(1). If the Al 2024-13 is FPL etched then given STAB(1)
good bond endurance with wedge test results. It is concl uded that in some in-
stances STAB(1) reacts with the entire outer l ayer of metal yielding hydroxide
that is stable to moisture (hydrothermal stress). In other instances this
l ayer is only partially reacted , leaving an unstable l ayer that can corrode
under hydrothermal stress. Al so, SEM studies reveal ~ne STAB(1) hydroxide to
be l ayered , allowing fracture between the l ayers.

In the course of studying STAB(1), a simpl e degrease and water soak
(room temperature) in a water solution containing a commercial cl eaning agent
(MICRO ) gave good bond endurance results. This was l abel ed STAB(2). Further
investigation revealed this treatment to suffer from the same reproducibility
probl ems as STAB(1).

In the process of studying STAB(1) and (2) the effect of sodium
hydroxide concentration was i nvesti gated. It was found that a 36 w/o solution
of NaOH in D.I. water (STAB(3)) gave excel l ent bond endurance by the wedge
test. Of 61 wedge test specimens , the average crack growth in the first hour
was —‘0.10 cm (0.04 in) and after the first 24 hr , -‘0.51 cm (0.2 in). Failure
dur i ng the wedge test was primarily cohesive in adhesive or primer . The
results for STAB(3) are comparable with the Boeing PAA , and the standard FPL

190
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etch treatments. The lap shear strength averages above 5.5 Ksi , with cohesive
failure , and is al so comparabl e with the PM or FPL results.

Investigation of the surface properties of STAB(3) revealed that the
outer unstable l ayer of metal is removed in 3 rui n (i.e., —1 ii removal). After
rinsing and drying a very porous hydroxide singl e l ayer is formed. These
properties are similar to that for PAA in that primer becomes embedded within
the hydroxide l ayer and the hydroxide and underlying metal is stabl e to
corrosion under hydrothermal stress.

Auger electron spectroscopy with Ar+ sputter etching reveal s the
chemical constitution of the outer atomic l ayers for films after the various
treatments (see Table 92). As-received and degreased-only Al 2024-13 have
al uminum oxide l ayers rich in Mg whereas FPL etched and PM do not. It has
teen hypothesized that the Mg-rich oxide l ayer causes corrosion instability
of the l ayer and thus the l ayer must be removed for improved hydrothermal
stress durability. However, STAB(3) leaves films with a high concentration of
Mg but al so gives good durability. The as—received and degreased-only
Al 2024-13 does have less stable oxide , as revealed by the effect of the elec-
tron beam. The el ectron beam reduces Al ’

~
3 and desorbs oxygen whereas this

does not occur for the surface treated al l oy. STAB(3) forms a film with a
much more stabl e carbon compound than normal organic contamination. The other
surface properties (ellipsometric parameters, ~~, 

ip, SPD, PEE and °H2o) are
fairly reproducible for FPL, PM and STAB(3) and can be used for quality
assurance. These properties are very unreproducible for STAB(i) and (2),
consistent with the irreproduc i bl e bond properties.

A number of process variables were investigated to del i neate the
range for good bonds and the boundaries beyond which poor bonds result.
Table 91 lists the parameters, range and remarks.

Al though STAB(3) has been optimi zed for Al 2024-13 and Hysol EA9628H
adhesive and primer , it has been found to be as good for other 121°C (250°F )
cur i ng adhesives , e.g., FM 73/BR 127, AF 163/XB 3944. However, the STAB(3)
parameters that give good results for Al 2024-13 have not been found optimum
for other alloys such as Al 7075-16 or Al 6061—16.
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STAB(3) produces a pl easing gold color. This pl us surface properties
measured by ellipsometry , SPD, PEE and @J~~ can be used for quality assurance
that the treatment has been properly performed and is the basis for non-
destructive inspection techn i ques.
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TABLE 93

Process Parameter Boundaries for STAB (3 )

Parameter Range for Good Bonds Remarks

Gl ue line thickness 3-7 mu Normal —4 mil

Primer th ickness 0.4-1.4 ri (wt chg.)
0.06—0.2 mu (cal i pers)

• Primer cure 1 hr normal 10 ruin gave poor peel
strength

121°C (250°F) Left overnight before cure
gave bad bonds

Degrease not needed but does not degrade STAB (3)

NaOH conc. >100 g/L Best resul ts —600 g/L

Time of NaOH dip >3 mm Best results —3—5 mm

Del ay between NaOH 1 ruin ok Need more data for longer
dip and rinse periods

Rinse Spray rinse with Insufficient rinse leaves
0.1. water surface alkal ine giving poor

durability

Dry N2 blow, air blow Drip drying may be satis-
factory

Drip dry? Need more data

Contamination Like PM, very But need more data
tolerant

Delay before Primer >24 hrs Ok

Delay between Primer 1/2 hr Ok, 24 hrs bad
and cure
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• Care must be taken to insure adequate spray rinsing. Inspection for
inadequate rinsing can be made with a micro pH meter or with litmus paper.
The pH sho u ld be near 7 by p l ac i ng wet litmus on the surface. Val ues of p1-f >8
indicate s inadequate remova l of Na OH and will resul t in poor hydrothermal
durability .

Scale up studies of panel s 30.48 cm x 30.38 cm (1 ft x 1 ft) pro-
cessed in 13 liters of NaOH sol ution , bonded then cut up for wedge and lap
shear tests, indicate even better results are obtained than for small coupons.
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VI . RECOMMENDATIONS

It is reconinended that:

1. further research be compl eted as to the range of process
parameters, such as, del ay time between NaOH dip and rinse ,
time of rinse, types of drying (forced N2 vs. air, drip dry

etc.),
2. the trade off between NaOH concentrations , time of dip and

temperature,
3. optimization with respect to other al loys,
4. optimi zation with respect to high temperature adhesives

(polyimides),
5. scale up and optimization to factory facilities .

I’
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