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I-. INTRODUCTION

A surface treatment for AM355 stainless steel is required which will

give the resulting adhesive bond optimum strength , as wel l as environmental

durability. This treatment should not degrade the strength of the metal , for

example , through hydrogen embrittlernent , and should yiel d a surface which is

stable enough that a 24 hour del ay between the treatment and bonding has no

effect. The treatment should also be applicable to cornercial use and give

consistently strong, durable bonds.

Prior to the start of this project, the manufacturer of the hel i-

copter, Hughes Helicopter , investigated a number of preparation methods.(’)

The method which showed most promi se though , an el ectrolytic , acid-chromate

treatmerit,(2) was feared to subject the specimen to hydrogen , possibly

resulting in ernbrittlement of the metal .

A patent for a treatment developed at Boeing (3) was one of the few

sources of information on stainless steel treatments for adhesive bonding

where environmental durability was stressed. In it were surnarized data from

bonds prepared using six state-of-the—art methods. Snogren(4) has compiled a —

number of surface treatments for stainless steel. Unfortunately, the tests

administered to the bonded samples were, with exception of lap shear, not the

sane tests used in this study. In general , methods in the literature to date

consist of some or all of the fol l owi ng steps: 1. Sol vent cleaning,

2. Abrad i ng, 3. Al kaline clean , and 4. Acid treatment. Electrochemical

1
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methods, more explicitly, anodizing techniques , have been used quite

successful ly (3’4) in acid solutions. Acid treatments where hydrogen may be

generated nay or nay not be a probl em. Austenitic stainless steel typically

is essentially impervious to hydrogen, martensitic steel on the other hand , is

susceptibl e to hydrogen diffusion. Steps ~~uld , therefore , have to be taken

to avoid the situation or drive off any absorbed hydrogen. A11355 is a mix of

austenitic and martensitic structures, leading to questions about its

permeability to hydrogen.

“Dry” surface preparation techniques , such as fl ame treatment,(4) ion

beam texturing , (5) and ultraviol et irradiation ,(6’7) have been i nvestigated

although not in the context of adhesive bonding. Fl ame treating and

irradiating a metal surface with U.V. can not only remove hydrocarbon l ayers ,

but also , in some cases, promote oxide growth. Ion beam texturing consists of

sputtering a low sputter yiel d material into the metal surface while ion

m illing. The resultant surface appears textured , i.e., consi sts of ridges ,

cones or rods depending on the materials.

The purpose of this project is to develop a method of treating ~!4355

stainl ess steel such that optimum adhesive bond strength and durability are

obta ined. The major properties to be addressed are:

1. Effect of the treatment on adherend properties , i.e., if

hydrogen is formed and embrittles the metal .

2. Effect of sol ution aging, contamination and restoration on the

strength and durability of the adhesive bond.

2
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3. Durability of the bond, tested using the wedge test and stress
5,

durability test (AS1II 02919).

4. The bond must exhibit 100% cohesive failure during a 1-peel

test.

5. The treatment must produce a surface which remains bondable for

at least 24 hours in normal bond shop condition.
I

6. The process devel oped must be commercially feasible.

II. EXPER IMENTAL RESULTS

1. Surface Treatments

Of the various surface treatments tried , some were devel oped outside

the Science Center but were incl uded for the sake of comparison. The fol l ow-

i ng are a listing of these. In all cases, sampl es were first de~reased by

imersion in methyl ethyl ketone (MEK) and air dried. Unl ess otherwise spec i-

fied, they were then subjected to a given treatment followed by a deionized

water rinse and blow drying using nitrogen.

Procedure 1. El ectrolytic Coloring Process (U.S. Patent 3,804,730)

The sampl es were anodized in a 402g/2. K2Cr2O7 2H2O - 475g/2 . H2S04

sol ution at 65 - 70°C. The potential of the AM355 sampl e was monitored with

respect to a saturated calome l el ectrode (SCE) and the current density between

3
Cl 72~Yt/jbs 
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the sampl e and the Pb cathode adjusted between 0.025 - 0 .25  A/din
2. After an 8

m V ri se in potential the process is compl ete.

Procedure 2. Sulfuric Pcid/Dichronate Anodize

Sampl es were anodized in 26 volume percent (v/a) H2SO4, 40 wei ght

percent (w/o) Na2Cr2Of2H2O for 20 mm , 75°C using a Pb cathode and a

potential of 2 volts.

Procedure 3. Boeing Phosphoric Acid Anodize

Anodize in 9 yb H3P04, Pb cathode, room temperature for 10 minutes

and 9.6 volts.

Procedure 4. H2S04 Anodize (U.S. Patent 4,064,020)

Anodize at 2.3 v in 500g/2. H2S04 for 10 minutes at room temperature

using a Pb cathode.

Procedure 5. H9SO~ Anodize - Cr03 Passivate (U.S. Patent 4,064,020)

Anodize as in Procedure 4 fol l owed by passivation in 5 w/o Cr03 at

38°C for 20 minutes .

Procedure 6. Alka line Cl eaner

I -
Immerse in 20 w/o lG~nO4, 5 w/o NaOH , 80 - 90°C for 20 mi nutes

(Procedure 6a) or 40 minutes (6b).

4
C172~~/jbs
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The following procedures were developed at the Science Center.
4

Procedure 7. Degrease Only

Sampl es were degreased in MEK and air dried.

Procedure 8. H20

Sampl es were immersed in 75 - 80°C deionized water for 60 mi nutes.

Procedure 9. HNO3/dichromate

Samples were immersed in 50 ‘i/o HNO3, X w/o F.la 2Cr2O7~2U2O, 75 - 80°C

for 1 hour. X = 0, 1, 2, 3, 5, 10 corresponding to Procedure 9a - 9f ,

respectively.

Procedure 10. HNO3 Anodize

Samples were anodized in 50 yb HNQ3 for 60 ruin in the followi ng

manners:

lOa. Room temperature , potentiostat at +0.9 V (vs SCE), stainless

steel (304) tank cathode (resultant current 0.6 n A/cm2).

lOb. Same as iDa but +1.10 V, (resultant current 50 pA/cnn2).

l0c-f. Room temperature , stainless steel tank cathode , galvanostat at:

1 mA/cm2 (lOc.), 1. 5 mA/crn2 (lad. ), 3 mA/crn2 (lOe. ),
6 mA/cm2 (lOf.).

lOg. 75 - 80°C, stainless tank cathode, galvanostat at 1 nA/cm2.

5
C172G~~jbs
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4 lOh. 75 — 80°C , stainless (3 ü~’ cathode , potentiostat at +1.142 V

(vs SCE), resultan t current dens ity 2 mA/ cu?.

lOi. 75 - 80°C, stainless tank cathode, galvanostat at 3 mA/cm2.

Procedure 11. H2S04 Etch

Samples were etched in 50 ‘i/o H2S04 , 75 - 80°C for 2 (h a.), 5

(llb.), or 10 rui n (lic.).

Procedure 12. H2SO4 /Dichromate

Sampl es were immersed in 50 v/o H2S04 , X w/o Na2Cr2Oy2H2O,
75 - 80°C for 60 rui n. X = 1, 2, 5, 10 corresponding to 12 a - d.

Samples were immersed in 30 v/ a H2S04 , 40 w/ o Na~Cr2Oy2H2O,

75 - 80°C for 60 ruin (12e.) or 50° for 60 mm (12f.). Method was varied over

a wide range of parameters which will be discussed in a separate section.

(Preparation of 40 w/o dichromate , 30 v/a H2S04: weigh Out dichromate , add

H2S04, mix well (it ~~n’t dissol ve), cautiously add H20.)

Procedure 13. H2S04 - Passivate

Sampl es were etched in 50 ‘i/o H2S04 , 75 - 80°C for 5 mm , rinsed

with distilled water and passivated in either 50 yb HNO3 (13a.) or 50 ‘i/o

HNO3, 10 w/o Na2Cr207 2H20 (13b.) for 1 hr at 75 - 80°C.

I -

6
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Procedure 14. MICRO* - l-1N03

Samp les were immersed in ~1ICR0* , 50°C for 1 hr , rinsed and immersed

in 50 ‘i/o HNO3, 75 - 80°C for 1 hr.

Procedure 16. NaOH

Samples were immersed in NaOH (450g Na0H, 800 mi. 1120), 50°C for

30 - 120 ruin.

Procedure 17. NaOH Anod ize

Sampl es were anodized in NaOH (40y/i.), room temperature , stainless

tank cathode and current density of 0.8 mA/cm 2 (17a.), 1.6 mAJcni2 (17b.), 3.1

mA/cm2 (17c. ) or 7.8 mA/cm2 (lid.).

Procedure 18. Fl ame

Sampl es were passed through a CH4~02 fl ame — 2.5 cm. long at various

rates just outside the inner blue cone.

18a. 1 sec/in (0.4 sec/cm)

18b. 5 sec/in (2 sec/cm)

18c. 10 sec/in (4 sec/cm)

18d. 50 sec/in (20 sec/cm)

*Internat ional Products Corp. , P.O. Box 118, Trenton , New Jersey 08601.

7
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4 
Keepi ng the rate constant (2 sec/cm) but vary i ng the distance from

the flame , and estimating metal temperature using welding pencils.

18e. 370 - 430°C

18f. 430 - 480°C

18g. 480 - 540°C

Procedure 19. Ultraviolet (UV) Irradiation

One set of samples (19a.) were exposed to UV for 34 hours using an

Osrarn hi gh pressure Xenon l amp (X80, 1000 V/HSC). This l amp has 30% of its

power at 300 urn, 1% at 280 urn and < 1000 + — 100 mt~4/cm
2. This corresponds to

10 - 100 raW/cm2 of 280 tin radiation.

Another set of sampl es (19b.) were initiall y pretreated by immersion

in MICRO* , 50°C for 2 hours , rinsed , dried and i rrad i ated as in 19a.

2. Bond Strength

Samples were brush primed using 10% solid EA9210 primer (Hysol). Care

was taken so the primer coat was not too thick. No extreme precautions were

taken to ensure reproducible primer thickness. The primed samples were air

‘~~~ 
;~d 30 ruin then baked at 150°C for 30 win. The sampl es were then bonded using

0.060 lb/ft2 (0.293 kg/ru2) EA9628H (Hysol) adhesive. The adhesive ~-ias cured for

1 hour at 121°C (250°F) fol l owing an approximately 20 ruin warm—up . Pressure was

kept at 50 psi (3.5 kg/cnn2). Most samples were 0.040 in. x 1 in. x 5 in. (0.1 x

2.5 x 12.7 cm) AM355. Some wedge test samples and soi ie of the stress durability

— 

-

~ test samples run at 50°C were 6 in. (15.2 cm) in length.

8
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Wed ge tests were done at 50°C , 99 - 100% rel ative humidity . The

wedge was 0.318 cm x 2.54 cm x 2.54 cm (0.125 in. x I in. x 1 in.) aluminum

2024T3. Stress durability tests were done at 50°C or 60°C, 100% rel ative

humidity stressed with 2000 psi (13.8 mPa).

Table I is a compi l ation of the bond strengths and durability obtained

using the surface treatments listed in the precedi ng section. It was found

that lap shear val ues coul d be quite good while bond durability , measured by

the wedge and stress durability tests, could be poor. Wedge tests were, there-

fore, used as a more general indication of the initial success of a treat-

ment. The treatments which yielded a crack growth of ~ 0.1 in./24 hr

(0.25 crn/24 1w) were, 2. H2S04/dichroma te anodize, 9f. HNO3/dichromate , 10.

HNO 3 anodize, 12e. H2S04/dichromate, 13. H2504 etch - HNO3 (or HNO3/dichromat e)

and 14. NaOH. The l atter five of these were developed at the Science Center.

Stress durability tests (ASIM 0-2919) at 50°C and 60°C were run on samples

given these treatments. Results for these tests given for treatments 2, 3, and

6 at 60°C are taken from the references given in parenthesis. Since the same

adhesive , primer and metal were used, val ues shoul d be comparable. The stress

durab ility test indicates that the HNO3 anodi ze, 112504 - HNO3/dichromate and

the 112S04/dichromate treatments yield the most durable bonds.

3. Surface Properties

• In order to possibly gain an understandin g of the nature of the oxide

laye which is conduc ive to forming strong dur able bonds and investigate tool s

that may be used for nondestructive surface inspection , ellipsometry , surface

9
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TABLE I

BOND STREN GTh
(Sheet 1 of 3)

Lap Shear Wedge Test Stress Ouraoiltt y

psi/% IF° ________________hr_________________

Procedure (n~a) in./24 hr. 50.C
___________________________________________ _________________ 

(cm/24_ hr) 
_________________ __________________

1. El ectrolytic color ing 5500/40 (38)

2. -i~S34/dichromate anodize 6300/20 (43) 0.07 (0.18) 134, 324, 1070 r 347, 470, 3 7 * ~~
3. 13P04 anodize 5400/25 (37) ol ,
4. H

2
504 anodi ze 5700 /10 (39) 0.2 (0.51 )

~ H2S04 anodize — Cr03 54 00/15 (37) 0.3 (0.76)

t~a. K~4i04/Na~1 20 mm 6000/55 (41) 1.0 (2.5) 20. 21 (1)

b. ~4nO4/Na~ 1 40 mm 5400/30 (37) 1.4 (3.6) 138, ~15 , 103,
159’h)

7. Degrease Only 5000/30 (34) 2.7 (6.9)

8. 120 1.0 (2.5)

9a. 50 yb HPi33 0.35 (0.39)

b. 50 yb HNO 3/1 w/o d ichromate 0.40 (1.0)

c. 50 yb Hfl03J2 wJo d ic h romate 0.20 (0. 51)
d. 50 yb HNO3/3 w/o dichromate 5200/20 (36)
e. 50 yb H~f33 /5 w/o dichromate 0.20 (0.51)
f. 50 v/o HNO3/10 w/o dichromate 0.10 (0.25) 237. 419, 714

IDa. ~NO 3 anodize Roai~ Temp. 0.6 ~A/cni2 1.8 (4.6)
b. 1N03 anodize Room Temp. 50 uA/cm~ 0.7 (1.8)
c. HNO 3 anodi ze Ro~~ Temp. 1 mA/cm2 5900~25 (41 ) 0.15 (0.38) 194 , 226. 3~
d. 1N03 anodize Room Temp. 1.5 irA/cm2 0.3 (0.76)
e. HNO 3 anodize Roan Temp. 3 rnA/cm2 5900/20 (41) 0.06 (0.15) 318. 547 , 70S

f. HNO 3 anodize Room Temp. 6 mA/ cm2 0. 04 (3. 10)
g. Hr~ 3 anodIze 75 — 80°C 1 itA/c m2 5900/40 (41 ) 276 , 329. 473

Pr’,ner-adhesive interfacial failure 
- — __________________

•Test temperature changed to 60° during course of test.
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TABLE I

BOND STRENGTh
(Sheet 2 of 3)

Lap Shear Wedge Test Stress Durao ility

ps i th IF _______________hr________________

Procedure (riPa) ir ./24 hr , 53°C 60°C
(cm/24 hr)

10h. HNO3 anodize 75 — 80°C 2 irA/cm2 0.05 (0.13) 6lS~, 728~
i . NN0 3 anod ize 75 - 30°C 3 i~’.A/cm2 6500 /23 (45) 507 , 5l1, 636

h a. H2S04 etch 2 mm 1.0 (2.5)

0. H2S04 etch 5 mm 0.9 (2.3)

C. H~S04 etch 10 mm 1.0 (2.5)

12a. 50 v/o 1250411 w/o dichromate 1.7 (4.3)

b. 50 yb K25O4/2 w/o dlchromate 1.5 (3.8)

c. SO yb 142534/5 w/o dichromate 1.5 (3.8)

d. 50 yb 142504/20 w/o dichromate 1.4 (3.6)

• e. 30 y/o 14
2
S0

4
/40 w/o dichromate 5530/° (38) 0.06 (0.15) 509, 782, 1062 368, 386, 469

493, 783

f. 30 v/o H2S04/40 w/o dichromate 52001° (36) 0.1 (C.25) - 73, 75, 129

13a. t12SO4 - 14N03 0.1 (0.25)

D. 142504 - HM33fd ichromate 424, 864, 365

14a. MICRC °, 10 yb 5600/55 (39) 1.1 (2.8)

b. MICRO° 5800/60 (40) 0.3 (2.0)

15. MICRO - lIMO 3 0.2 (3.51)
16. NaGlI 0.1 (0.25) 58, 74, 100

h a .  NaOr-4 anodize 0.8 irA/cm2 0.6 (1.5)

b. NaOH anod ize 1.6 rnA/cm2 0.4 ( 1 . 0)

c. NaOH anodIze 3.1 mA/cm2 0.6 (1.5)

1. Na014 anodize 7.8 mA/cn? 0.5 (1.3)

‘9n terfaclal Failur e
tTest temperature changed to 60° during course of test.

11
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TABLE I

BOND STRENGTh
(Sheet 3 of 3)

La p Shear Wmdge Test Stress Duraoil ~ty

(ps i/u. F) in./24 hr. fl

Procedure ~ri~ a )  (cm/24 hr 50°C 63°C

18a. FLAME 0.4 sec/cm 5300/45 (34)

b. FLAME 2 sec/cm 5300/30 (37)

c. FLAM E 4 sec/cm 4200/85 (29) 0.9 (2.3)

d. FLAME 20 sec/cm 3800/85 (26)

e. F LAM E 370 — 430°C 0.9 (2.3)

f. FLAME 430 - 480°C 1.6 (4.t)

g. FLAME 480 - 540°C 1.4 (3.6)

19a. liv 1.6 (4.1)

b. MICRO° - liv 0.6 (1.5)

Primer-ad nesive i nt erfaci al fa i lure
tTest tem perature changed to 60° dur Ing course of test .

12
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potential different (SPD), photoelectron emission (PEE) and water contact angl e

(81120) measurements were made. Table II is a s%.lllmary of these measurements

along with wedge test results. Smith has described these techniques , i.e., the

instruments and i nterpretation of the measurements, elsewhere.(9) Essentially ,

SPO and 81120 are extremely sensitive to the outermost l ayer of the surface, PEE

depends upon the nature of the oxide as well as the substrate as does ellipson i—

etry. El l i psometry can be used to determine film (oxide) thickness and can

often yield information about roughness.

4. Morphology, Scanning Electron Microscope Studies

The scanning el ectron microscope (SEM) has been used to monitor to

morphology of a surface which has undergone surface treatment. Figures 1a -

• 
. lp are photomicrographs of a number of surfaces given their respective

treatments. Comparison of a treated surface with the degreased only surface

enabl es determi nation of the effect the treatment has on morphology.

The KMnO4/NaOH (6b) treatment, Fig. Ic, d, FLAME (lBc) treatment,

Fig. lg, h, HNO3/dichromate (9f) treatment, Fig. 1k , 1 , 112S04/dichromate (12e)

treatment, Fig. mm , n, have little effect in actually altering the roughness

of the surface. Visual observation of these sampl es showed that indeed the

surface had been modified , particularly for the latter three treatments ,

because their new oxide l ayers appeared col ored.

MICRO*, Fi g. le, f, caused some enl argements and smoothing of pits

and cracks al though there was no visual difference from the non-treated

sample.

13
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TABLE i i

SURFACE PROPERTI ES
(Sheet 1 of 2)

El ii psornetry
SPD PEE 8H20 Wedge

Procedure (deg) (deg) (V) (nA) (deg) in./24 hr ,
__________________________________ ____________ ______ _____ ______ 

(cm/24_hr)

1. El ectrolytic coloring 3.7 46.2 -0.65 0.20 19
2. H2S04/dichromate anodize 102.3 25.7 -0.52 0.22 0 0.07 (0.18)
3. H3PO~ anodize 129.9 36.5 0 1.0 70
4. H2S04 anodize 108.3 28.1 6.08 0.80 46 0.2 (0.51)
5. 112504 anodize - Cr03 106.3 27.4 -0.31 0.40 38 0.3 (0.76)

6a. KMnO4 /NaOH 20 mm 108.2 30. 1 -0.45 0. 70 50 1.0 (2.5)
b. KMnO4/NaOH 40 m m  108.8 30. 1 -0.43 0.80 56 1.4 (3.6)

7. Degrease Only 111.5 31.6 0.07 0.90 65 2.7 (6.9)
8. 1120 118.5 31.6 —0.07 0.48 66 1.0 (2.5)

9a. 50 yb HNO3 128.7 30.5 -0. 21 1.2 40 0.35 (0.89)
b. 50 yb HNO3/1 w/o dichromate 90.0 33.4 -0.63 0.58 14 0.40 (1.0)
c. 50 yb HMO3/2 wfo dichromate 81.7 36.0 -0.71 0.52 11 0.20 (0.51)

e. 50 y b HNO3/5 w/o dichromate 85.4 33.2 -0.69 0.47 8 0.20 (0.51)
f. 50 yb 111103/10 w/o dichromate 90.2 32.0 —0.72 0.51 3 0.10 (0.25)

h a. 112504 etch 2 mm 0.09 2.0 47 1.0 (2.5)
b. H2S04 etch 5 n u n 0.19 1.4 44 0.9 (2.3)
c. H2S04 etch 10 mm 0.17 1.7 47 1.0 (2.5)

12a. 50 yb H2S04/1 w/o dichromate 111.8 26.2 -0.17 0.29 16 1.7 (4.3)
b. 50 v/a 112S04/2 w/o dichromnate 106.1 24.5 -0.25 0.25 16 1.5 (3.8)

• c. 50 v/a H2S04/5 w/o dichromate 83.8 17.5 -0.22 0.16 12 1.5 (3.8)
d. 50 ‘i/o 112504/10 w/o dichromate 84.4 16.8 -0.44 0.14 11 1.4 (3.6)
e. 30 yb H2S04/40 w/o dichromnate 66.4 10.3 -0.96 0.18 0.06 (0.15)

13a. 112504 - HNO3 0.01 1.4 7 0.10 (0.25)

14
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TABLE II

SURFAC E PROPERTIES
(Shee t 2 of 2)

El ii psometry
SPD PEE 01120 Wedge

Procedure (deg) (deg) (V) (nA) (deg) in./24 hr ,
___________________________________ ______________ ______ ______ 

(cm/24 hr) 
—

h4a. 10 ‘i/o MICRO* 126.4 31.2 -0.31 1.3 35 1.1 (2.8)

b. MICRO* 126.8 31.3 -0.08 1.3 43 0.80 (2.0)

15. MICRO* - 11N03 128.8 30.0 -0.24 1.4 32 0.20 (0.51)

16. NaOH 121.8 30.7 0.17 1.0 56 0.10 (0.25)

18a. FLAME 0.4 sec/cm 110.8 30.8 0.15 0.30 70
b. FLAME 2 sec/cm 56.6 34.2 -0.23 4.6 38
c. FLAME 4 sec/cm 354.8 17.4 -0.31 4.4 7 0.9 (2.3)

d. FLAME 20 sec/cm 40.8 19.9 -0.73 1.2 10

19a. UV 117.9 31.2 0.02 0.6 50 1.6 (4.1)

b. MICRO* - UV 121.1 31.0 -0.09 1.4 66 0.6 (1.5)

15
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c. lOp U,300x ci. 1p UJ , 3000x

KMnO4/NaOH

Fig. 1 Scanning electron photomtcrog l-aph s.
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e. lOp U, 300x MICRO* f. ipU , 3000x
(TREATMENT 14b)

• ~~~~~~~
.-

,~ -
~.. .

. I

S 

-

g lOp U, 300x FLAME h. lpU . 3000x
(TREATMENT 18c)

Fig. 1 (continued)
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k. HNO3 ANODIZE (PROCEDURE lOh) I. HNO3/DICHROMATE (PROCEDURE 9f)

ip u , 2000x lp u •2000x

Fig. 1 (continued )
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Fig. 1 (continued)
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The acid anodizing treatments (5, lOh , 2) Fig. ii , h , o, p, show in-

creased corrosion along grain boundaries and in the case of the 112S04/dichromnate

anodize, Fig. ho , p, much etching had taken pl ace. All these surfaces appeared

rougher visual ly (non shiny surface after treatment) , the H2S04 anodize - Cr03

and HNO3 anodize treated samples appearing whitish and the H2S04/dichromate

anodize treated sampl es varying in col or depending upon current density used

while anodizing.

Sampl es etched in 112504 and passivated in 111103, Fi g. lj, show much

etching had taken pl ace. These samples also appeared whitish.

5. Auger El ectron Spectroscopy (AES) Studies

AES was run on sel ected samples to attempt a correl ation between bond

character and oxide film composition. Figure 2 is a typical spectrum. After an

initial scan was made the oxide l ayer was ion sputtered for a set amount of time

fol l owing which another scan , only wide enough to incl ude peaks of interest (in

this case oxygen, chromi um and iron ) was made. This process was repeated until

there was no change in the spectra and the oxygen peak at a minimum , indicating

base metal had been reached. Fi gure 3 shows an examnpl e of the AES spectra ob-

tained during depth profile analysis. As can be seen, the peak intensities for

the various elements change dramatically as the oxide l ayer is sputtered off.

Figures 4 through 14 are pl ots of the Auger peak-to-peak height (APPH) vs

• sputter time. These all ow comparison of rel ative concentration of species ,

i.e., Cr/Fe, as well as relative thickness of the oxide layer. It should be

noted that the initial top l ayer on the surface is contamination suc h as hyd ro—

carbons. The depth of this l ayer can be estimated by observing the disappear-

20
Cl 720A /jbs

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

~~~ ~~~. V V V_ V~~-S~~~



Rockwell Internationa l
Science Center
SC5169. 16FR

ance of the carbon peak. This was done in two cases and found to be on the

order of 20 - 3Q8 .

Table III summarizes the important facts arising from the AES pth

profile ana lysis and l ists wedge test results using the indicated methods. In

some cases the sputtering was not continued through the entire oxide l ayer due

to time considerations. The chromi um APPH to i ron APPH ratio (Cr/Fe) is one of

the standout features to note. In the base metal the ratio is fairly constant

for all specimens , as is expected. In the oxide the ratio ranges from 0 to 4.1.

Figure 15 graphically portrays how wedge test results have varied wi th the

ratio. Not until there is signif ica nt chromi um enric)inent (Cr/ Fe — 2) in the

oxide layer are there optimum wedge tests obtained. This is consistent with the

knowl edge that assive films offer increased corrosion resistance and , in the

case of stainl ess steel , show chromi um enrithiuent.

21
C 172~~/jbs

• ~~~~~ 
V~~ - - _  ~~~~~~ ~~~~~~~~~~~~~~~~ •~~

•
~ •_  ~~~~

~~~~~~~~~~ 
~~~~~~~~~~~~~~~~~~~~~~ ‘ - - V  

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



Rockwell International
Science Center

SC5169 .1 6FR

TABLE I I I

L AUGER ELECTRON SPECTROSCOPY RESULTS

Approx imate
Wedge Test Sputter Time

Treat- Results Cr/Fe max Cr/Fe Through Oxide
merit Descri pt i on in./24 hr , in Oxide in Metal (mm )

(cm/24 hr)

7 Degreased 2.7 (6.9) 0.3 0.3 2.5
6b KMnOd~Na0H 1.0 (2.5) 0.3 0.3 5.0
19b MICRO -UV 0.6 (1.5) 0.3 0.2 3

18f FLAME 1.0 (2.5) 0 >30
13b 112504 - HNO3/D i chromna te 0.1 (0.25) 2.8 0.3 3.5
5 112S04 Anodize - Cr03 0.2 (0.51) 1.3 0.3 1.5

12e 112S04/Dichromate 0.06 (0.15) 4.1 >30
2 I-125O4/Dichromate Anod i ze 0.07 (0.18) 2.4 >10
9a I-INO3 0.35 (0.89) 1.0 0.3 1.5

9f I-1N03/Dichromate 0.1 (0.25) 3.0 0.4 5.5
hUh 111103 Anodize 0.05 (0.13) 2.0 0.3 4

22
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FIg. 3 Example of AES output for depth profile analysis.
Sample Is sputtered for a period followi ng which
the spectrum of a small chosen interval is taken.
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6. X-Ray Photoel ectron Spectroscopy (XPSJ Analjsis

XPS was run on selected sampl es to provide info rmation about the

oxidation state of chromi um and i ron on the metal surface after treatment.

Figure 16 is representative of spectra obtained . Only the sampl e which had

been treated by imersion in H2S04/dichromate (12e) showed any apprec i abl e

Cr (VI) on the surface. In all cases it appeared that Fe (II) was the

predominant oxidation state of iron in the oxide .

Using peak areas and sensitivity factors to rel ate area to species

concentration the resul ts found in Table IV were compiled. Although no data

were taken for the base metal the Cr/Fe ratio shoul d be about 0.2, demonstra-

ting the large degree of chromi um enricI~nent of the outer surface l ayer.

TABLE IV

XPS RESULTS

Sampl e Cr/Fe

f-12S04/dtchromate anodize (2) initial 9.6
After 1.5 mm Sputter 7.0

H2S04/dichromate (12e) initial 10.5

111103 anodize (10h ) initial 3.6
Aft er 1.5 mm sputter 5.7
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7. Hydrogen Permeation in AM355 Steel

There has been concern recently as to whether a surface preparation

process might subject the metal to hydrogen which in turn might diffuse into

and embrittle the cpec imen. In order to determi ne the susceptibility of AM355

to hydrogen permeation an experiment was designed which would show the

kinetics of diffusion through the metal and enable calcul ation of a diffusion

coefficient.

A hydrogen permeation cel l , shown in Fig. 17, was used for the

fol l owi ng measurements. Initial ly the sampl e is passivated on the detection

side by potentiostating at 100 nW vs SCE until the residual current dropped

bel ow 2 iiA. This produces a surface which shoul d not itsel f undergo any

corrosion reaction as the experiment proceeds and provides a low , fairly

constant basel i ne for current (uA) measurements. The charging cell is filled

with a MaOH/NaCN solution and when an approximatel y 2 uA reading is reached, a

constant cathodic current density of 10 mA/cm2 is appl i ed in the charg i ng cell

such that hydrogen is produced at the metal surface. On the detection side

the potential is held constant at +100 my vs SCE. Any hydrogen that permeates

through the sampl e will be oxidized at the metal surface, producing a rise ~n

current. When the metal becomes saturated with respect to hydrogen , noted by

the current l evel i ng off, charging can be stopped and the rate with which the

hydrogen leaves can be measured. This process yields data needed for

calcul ation of the diffusion coefficient of hydrogen in the metal via plots of

fraction 0f hydrogen diffused out (uA(t)/uA (saturated)) vs square root of

• time and the thickness of the specimen.
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POWER 1 POTENTIOSTAT
SUPPLY

O.6M NiOH
O.5M NaCN 

O.2M N.OH

SAMPLE Pt R E F E R E N C E
EL ECTRODE

CHARGING CELL DETECTION CELL

Fig. 17 I-~’drogen permeation cell.
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In itially a sampl e of 4130 steel 0.025 in. (0.064 cm) thick was

investigated because its permeability to hydrogen has been previously

studied. Figure 18 shows the results. As the specimen was charged , hydrogen

began diffusing through in less than two minutes. Because this experiment was

only to verify that the system was i ndeed working , the steel was charged for

only 30 minutes , not until saturation. When the charging current was turned

off the hydrogen in the metal diffused out (current decreased) in exactly the

manner expected.

Hydrogen permeability through AM355 was then exami ned. Fi gure 19

shows the results obtained from a 0.015 in. thick (0.038 cm) sample. After 40

minutes of charging there was no rise in current , i.e., no hydrogen permeating

through. A 0.040 in. (0.102 cm) thick sample was charged for 20 hours with

simi l ar results. This l eads to the conclusion that the diffusion coefficient

is so low that there can be no hydrogen build -up in AM355 in the time used for

any surface treatments.

One valid question which could be rai sed is the effect an increase in

temperature might have on the diffusion coefficient since some treatments are

done at about 100°C. It has been shown(8) that the diffusion coefficient for

hydrogen in steel (A.I.S.I. 4340 steel and ARt’ICO i ron specifically) fol l ows

the Arrhenius rel ationship that 1og100 is directly proport i onal to 103/T (°K).

This allows the estimation that going from 10°C to 100°C leads to an increase

in the diffusion coefficient by about a factor of six , clearly not enough to

~arrant concern .
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Fig . 18 Hydrogen permeation in 4130 steel. tharging solution: 0.611 NaOH,
0.511 NaCN. Reference cell: O.2N MaOH. Potentiostat at 4-100 m V vs
SCE. T = 22°C. V
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Fig. 19 Hydrogen permeation in AM355 stainl ess steel. Charing solution: 0.611
NaOH, 0.511 NaCN. Reference cell: 0.2~ NaOH. Potentiostat at +100 mV
vs SCE. T = 22°C.
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8. H2S04/Dichromate Method

As a resul t of the excel l ent bond durability and strength obtained

using treatment 12e (MEK degrease ; 30 v/a H2S0440 w/o Na2Cr207 2H20, 1 hr ,

75 - 80°C, stir; DI rinse ; N2 blow dry) further investigation was warranted to

determine the effect of varying certain parameters.

The most significant experiment was varying the temperature of the

sol ution and the time of immersion , all else remaining as described above.

Table V summarizes the results. All values are an average of two sampl es. As

can be seen, it is not until relatively high temperatures (70 - 80°C) that

consistantly good results are obtained. It was observed that only at these

temperatures was there a substantial color change on the surface of the metal

for a 60 mm immersion. In an attempt to obtain a correl ation between bond

durability and a simpl e measurement, SPD, PEE and ellipsometry (described in

Section 3) were m easured for each wedge test sampl e, the results of which are

al so given in Table VI. SPD shows a substantial decrease which correlates

with the visual observation of surface col or change. PEE begins to decrease

at the same poi nt. Elli psometry shows that ~ values , at the l ower tempera-

tures, initially increase before decreasing. At the higher temperatures a
— 

substantial decrease from non-treated samples occurs within the first 30 m m .

A final point to note is the increase in wedge test values for 120 mm

immersion for all but those treated at room temperature. Although the number

of samples was extremely limited this recurrance must be accept ed as a va l id

indication that long immersion times , whatever the temperature , are detri-

mental to bond durabi lity.
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TABLE V

H2SU /DICRROIIATE
TIME AND TE~ PERAT U RE V A R I A T I O N

Immersi on
Sol ution Time Wedge Test SPO PEE
Temperature ( m m )  in./24 hr , (V) (nA) (deg) (deg)

_______________ ___________  
(cm/24_hr) 

_ _ _ _ _ _ _  ________  _________  _ _ _ _ _ _

Room Temp 0 2.5 (6.4) 0.07 0.90 111.5 31.6
30 1.17 (3.0) —0.62 0.62 117.5 30.9

V 60 0.35 (0.89) -0.58 0.50 116.8 31.2
90 0.57 (1.4) -0.68 0.50 119.0 30.8
120 0.20 (0.51) —0.65 0.52 118.8 31.0

40°C 30 0.40 (1.0) -0.68 0.38 120.7 30.8
60 0.14 (0.36) -0.66 0.51 133.5 30.6
90 0.16 (0.41) -0.72 0.36 130.8 30.4
120 0.20 (0.51) -0.76 0.34 117.6 30.0

50°C 30 0.56 (1.4) -0.56 0.48 120.3 30.4
60 0.15 (0.38) -0.68 0.35 128.6 30.4
90 0.30 (0.76) -0.66 0.45 110.3 28.8

V 120 0.62 (1.6) -0.70 0.62 94.0 27.2

60°C 30 0.17 (0.43) -0.68 0.64 116.4 29.8
60 0.14 (0.36) -0.74 0.64 82.0 27.0
90 0.05 (0.13) -0.79 0.57 43.5 30.7
120 0.32 (0.81) -0.94 0.38 321.5 23.0

70°C 30 0.10 (0.25) -0.80 0.33 53.2 29.0
60 0.05 (0.13) -0.90 0.18 314.8 20.4
90 0.07 ¼ 0.18) -0.94 0.14 56.9 22.2
120 0.12 (0.30) —0.92 0.17 57.2 21.5

80°C 30 0.14 (0.36 ) -0.94 0.14 78.7 8.2
60 0.07 (0.18) -0.96 0.18 66.4 10.3
90 0.06 (0.15) -1.00 0.16 68 6.6
120 0.12 (0.30 ) -0.96 0.18 79 10
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TABLE V I
VARIATIONS OF H2504/DICHROMATE (12e) TREATMENT V

Wedge Test
Variation (in./24 hr)/

From Treatment 12e (cm /24 hr)/
(# samples)

Standard Method (12e) 0.057 ~ = 0.032 (91J
(0.14, ~ = 0.08)

Delay before primi ng 24 hr 0.06/0.15/8
7 days 0.09/0.22/3
13 days 0.07/0.17/4

Delay before bonding 24 hr 0.05/0.13/2
7 days 0.05/0.13/3
13 days 0.05/0.13/4

Delay time between 0.5 mm 0.04/0.10/4
treatment and rinse 1 mm 0.04/0.14/4

5 mm 0.12/0.30/4
10 mm 0.06/0.15/4

Contamination no degrease 0.10/0.25 /4
dip in steari~ acid 0.10/0.25/2
coat with LPS (lubricant ) 0.10/0.25/2
dip in parafin oil 0.08/0.20/2

Damage treated surface sand with fine grit 0.04/0.10/2
V 

sand with coarse grit 0.06/0.15/2
scrape off top l ayer 0.05/0.13/2
extensively scratch metal 0.04/0.10/2

Change time of immersion 75°C, 55 mm 0.05/0.13/3
and solution 85°C, 65 mm 0.03/0.08/3
temperatures 50°C, 60 mm 0.10/0.25/4

50°C , 120 mm 0.12/0.30/4
50°C, 180 mm 0.14/0.36/4

No sti rring of solution 0.06/0.15/4

Dri p dry 0.07/0.17/2
V Tap water rinse 0.04/0.1/2

No degrease, no sti rring, tap water rinse , drip dry 0.05/0.13/4

No pririer 0.27/0.69/3
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Tab le V I l is ts  wedge test results of sam~iple where treatment 12e has

been varied. As is listed in the table the average wedge test value using the

standard method , an average of 91 samples , is 0.057 in./24 hr where a = 0.032

(0.l4cm/24hr , a = 0.08). If a sampl e is treated , a delay of up to two weeks

before priming or priming, curing the primer and then storing the sampl e prior

to bonding, appears to be of no consequence. The effect of delay between the

112S04/dichromate bath and rinsing is ambiguous. It appears that a five minute

delay leads to poorer bond durability than a ten mm del ay, although short de—

lays (0.5 - 1 m m )  l ead to excellent results. This experimm ent was done twice ,

the trends being the same each time. In order to test the need for the initial

degrease step some samples were not degreased and others , to carry the test to

extreme, were dipped or coated with various contaminating substances such as

stearic acid , LPS (a greasel ess lubricant ) and paraffin oil. As can be seen in

Table VI the I-12S04/dichromate sol ution , especially at this el evated temperature ,

is very effective in removing contamination. Because of the possibility of a

treated surface being scratched or somehow damaged either in transportation or

when laying up pieces for bonding, tests were made where treated sampl es were

sanded , scraped and scratched. There was no loss in bond durability due to this

damage. r’ore tests were also done where time of immersion and temperature of

the solut i on were varied. Once again it was found that treatment at 50°C, re-

gardless of the immersion time , is not as good as treatment at 75 - 80°C. The

55 mm immersion at 75°C and 65 mm  immersion at 85°C was to demonst rate that by

holding the time and temperature param eters at 80° ± 5°C and 60° ± 5 mm , good

results could be obtained . Finally, it was found that the sol ution need not be

stirred , the samples coul d be rinsed with tap water (although because tap water

47
C1720A/jbs

T~~’~ _V

- V

~~~~~~~~~~~~~~~~~~~~~ _~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~

-j -

~~~~~~~~1 

~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ V V V V~~~~~~~



Rockwell Internat ional
Science Center

SC5 169. 16FR

composition varies from local to local this shoul d be taken with caution) and

sampl es could be drip dried. The effect of primer was also studied. It was

found that priming is very important , at l east for bond durability .

T peel tests were run on sa~ples given the standard treatment (12e)

except the solution was not stirred. Table VII list the results. Samples 1 - 6

were prepared on a different day than sampl es 7 - 12. There is quite a discrep-

ancy in actual peel strength. This may be more a function of adhesive proper-

ties or a mistake in curi ng the adhesive , for in both sets there was total co-

hesive failure.

TABLE V I I

H2S04/DICHR (~lATE T_PEEL
* RESULTS

Sample Kg/an l b/ i n .

1 2.2 12.1
2 2.0 11.0
3 2.0 11.0
4 1.9 10.4
5 2.0 11.0
6 2.0 11.2

Avg 11.1 a = 0. 55

7 2.9 16.1
8 2.7 14.8
9 2.7 15.0
10 2.7 15.0
11 2.8 15.4
12 2.6 14.8

15.2 a = 0. 50
100% cohesive failure for all samples.

V *AS Th 0 1876-72
• 0.009 in. x I in. x 12 in. (0.23 mm x 25.4 mm x 305 mm ) samples
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III. DISCUSSION OF RESULTS

1. Surface Treatments

Of the initial surface treat ments t ried, five produce exceptionall y

good surfaces for forming strong durabl e bonds. They are:

1. N2S04/dichromate (12e)

2. H2S04/dichromate anod i ze (2)

3. H~SO4 etch - HNO3/dichromate passivate (13b)

4. HNO 3/dichro mate (9f)

5. HNO3 anodize (10)

the number in parenthesis corresponds to the treatment number gi en

previously.

Of these five methods , the H2S04/dichromate immersion (12e) and the

HNO 3 anodize (10) seem to be the most promising. The H2504/dichromate

anodize (2) offers no advantage over simp le immersion in ~he solution.

Treatment in a H1103/dichromate solution (9f) produces bonds which are not

quite as durabl e as bonds prepared from~i sampl es treated with either of the two

optimum methods. The R2S04 etch - HNO3/dichromate passivate (13b) process is

not as attractive because of the mult ipl e treatment steps required , and as a

consequence , increased production cost, with no benefit of increased bond

durability and strength.

All but the HNO3 anodize method require elevated temperatures wh ich ,

V 

-
- 

• because of the carc inogenic nature of dichromate f umes and energy requirements
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for heating large amounts of solution for industrial app lication , may make

them somewhat less attractive than the HNO3 anodize which can be done at room

temperature. Nitric acid fumes, even at room temperature and the concentra-

tion used (50 v/o), are still a problem , though not nearly as great. The

energy requirement for anodizing (3mA/cm 2, — 1V) is also not nearly as great

as the energy needed to heat tanks of solution.

Suitable tanks for sol utions must also be considered. Stainless

steel passivates in the presence of nitric acid and nitric/dichro mate

sol utions. Sulfuric aci d/dichromate solutions attack stainless to a degree,

seen by the increased drain boundary corrosion noted previously , al though the

effect of longer term exposure is not known. A tank lined with lead or other

inert coating (e.g., tefl on) may be necessary , or perhaps some sort of

cathodic protection , i.e., pol arizing the tank at some potential to inhibit

corrosion.

Disposal of rinse water mi ght also be a problem when using

dichromates , depending upon the number and size of pieces being processed

daily. An initial “rough” rinse may be possible , where one tank is repeatably

used as an initial rinse to remove most of the acid , dichromate sol ution

although such experiments have not been done.

The sulfuric acid dichromate solution is more difficul t to prepare

than the nitric acid solution. It was found that the acid must first be added

to the sodium dichromate , a slurry made , followi ng which water is added. If

V water is added first to the dichromate, then acid added , the dichromate will

not completely dissolve. The reason for this is not known conclusivel y but
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perhaps the high temperatures generated by mixin g in the former manner is

needed , although heating a solution to —100°C prepared this way did not

dissolve the dichromnate after four hours. The cost of the I-12S04/dichromnate

solution is also considerably greater than the HNO3 solution. To give a rough

indication of the difference, using prices from a chemical supply company for

comparable amounts , the sulfuric/dichromate solution is 2 - 3 times mo—e

expensive.

Quality control of the solutions and solution life are still other

probl ems to be addressed. One sulfuric acid/dichromate sol ution was used on

and off for about si~’ months. There was some prec i pi tate fo rmed wh i ch

accumul ated in the storage bottle but good results were consistantly obtained

using the solution. No tests were made to determine amounts of species

(CR(V I) , CR(III) , dissolved Fe and other contaminants) present since no loss

in  bond durability and strengths as a function of solution age had been

observed. Snogren (4) in his book lists qual ity control methods for chromate

and acid solutions which could be empl oyed. Tracking bond strengths as a

function of concentration of the species of interest shoul d eventually yield

information on when the solution needs renewing. Nbnitoring the oxidation

power of the solution might be another method. This is done by measur i ng the

potential between a reference el ectrode (e.g., saturated cal omel) and a

platinum el ectrode.(10)
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2. Adhesives and Primer

Primer thickness and curing conditions of the primer and adhesive are

very important for optimum bond results. It was found that air drying the pr imer

for time as short as 1 hour prior to curi ng resul ted in poor adhesion between the

primer and adhesive. A 30 mm air dry is now specified by the primer manufact urer

as well as the helicopter manufacturer. Curing the primer at a l ower temperature

or shorter time than specified (30 mm ; 120°C, Hysol; 150°C Hughes) al so

resul ted in poor primer-adhesive adhesion. This was determined by noting the

di stance between the initial crack tip and the wedge on wedge test specimens .

On a normal sampl e, the crack woul d begin 0.7 - 0.8 in. (1.8 - 2.0 cm) from the
end of the wedge. When the initial crack would exceed that, sometimes up to 1.3

in. (3.3 an), it would invariably be found, upon splitting the sampl e, that

there was much primer- adhesive interfacial fail ure. It is, of course, important

to take the initia l distance of the crack from the wedge into account when

compar i ng wedge test results. A crack that began 0.2 in. (0.5 cm) farther from

the wedge woul d have considerabl y l ess force on it than a normal sample and,

therefore, all el se being equal , would be expected to not propagate as far. The

initial crack l ength was not reported in thi s report for it was for the most

part constant as mentioned above. Thickness of the cured primer is designated

to be 0.1 - 0.3 mni l (0.00025 - 0.00076 cm). It was found that fairly thick

coats of primer did not affect the wedge test results but too thin of a coat and

no primer produced increasingly poorer results. Unfortunately, no compl ete set

of experiments have been done to correlate pr imer thickness and crack growth.

Baking the primer too long al so appeared to have no effect on the wedge test.
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The adhesive curing cycle and pressure are al so important. The

differences between the T-peel results (Table VII) for the two groups of

samples may have been cuased by pressure differences resulting in bond line

th ickness differences.

Al though beyond the scope of this project, determination of and

adherence to primer and adhesive parameters are extremely important for

obtaining optimum bond stren gth and durability.

3. Hydrogen Permeation

It was found that AM355 is not susceptible to hydrogen permeation.

Experiments determined that the diffusion coefficient for hydrogen in AM355 is

extremely small , so that one can safely assume that in the time a surface

treatment is administered , essentially no hydrogen woul d (if present) diffuse

into the metal. The method used for this study is sensitive to 0.1 p~a of

hydrogen.

4. chemi stry and ~brphology

The chemi stry and morphol ogy of treated surfaces will be discussed

only with regard to their effect on bond durabilit y and strength.

It was found that only surfaces which had significant chromi um

enrictrent also yielded the most durable bonds. This is probably because of

the corrosion resistance of chromi um oxides as compared to iron oxides. XPS

showed that the chromi un exists as Cr (III), except for a small amount of

Cr (VI) found on H2S04/dichromate (12e) treated samples , which possibly was
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adsorbed onto the surface. These chro m ium rich oxide films can be formed by

two mechanisms. The first , and most probably predominant , is that at very low

pP’s and in solution of high oxidizing power the stable species is a mixed

chromium- i ron oxide. XPS suggests this mixed oxide because of the l arge

amount of Fe (II) consistently present. Observing, usin g XPS, the compos iti on

of these oxides as functions of potent ia l , pH and dichromnate concentation

might hel p el ucidate the nature and composition of this stabl e oxide. Another

possibility is that at the low pH, highly polarized state the steel is in ,

iron and iron oxides form and dissolve much faster than chromi um oxide , and

Fe(II) sl ower than Fe (III). At the same time it becomes increasingly

passive. The passive film might then consist of Cr203, Fe203 and Fe304

oxides. The other mechanism possible, particul arly i n  the H2S04/dichromate

immersion (12e) -is that Cr(VI) oxidizes metallic i ron which in turn dissol ves

off l eaving reduced Cr (III), or Cr203 at the surface. This seems feasible in

light of the Cr(VI) found on the surface by XPS. The HNO3 anod i ze and

H2S04/dichromate anodize though do not show any Cr(VI) present but do show

almost the same amount of chromi um present on the surface (Table IV). In

fact, if one were to subtract the Cr(VI) contribut ion to the total Cr present

on the H2S04/dichromate treated surface, the Cr/Fe ratios would be fairly

comparabl e. This woul d seem to indicate that thi s mechanism is not as

probabl e as the first.

AES data for surfaces treated wi th HNO3, HNO3/dichromate and HNO3

anodizin g are probably best for demonstrating the effect pH and polarization

have In determinin g oxide composition. AM355 is po l arized at a more noble

54
C 172~~/j bs

_ _ _  - 
~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 

- — ~~~~~~~~~ - - - - - - --

~~~~~~~ 4~!’ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ - 
-- -



Rockwell International
Science Center

SC5169.16FR

potential when immersed in the HNO3/dichromate sol ution than when in HNO 3

alone , and shows a greater degree of chromi um enric~~ent. Si nce the outer

L oxide l ayer is not the poi nt of maximum enric~rent it seems probabl e that

dichromate does not actual ly react at the surface and become incorporated into

the film. When the steel is anodi zed (i.e., potentiostated) in HHO3 at the

potential it is at when in the HNO3/dichromate solution , significantl y greater

chromi um enricPinent is found. Oxide thickness of the potentiostated sampl e is

also very close to the thickness of the film formed in the dichromate

sol ution , which is much thicker than the film formed in HNO3 alone.

The contribution of surface roughness to bond strength and durabilit y

is not compl etely understood. Roughness certainly will increase the actual

surface area. A difference in actual surface area of an order of magnitud e is

easily possible comparing polished and microscopical ly roughened (e.g., by

anodizing) sampl es of equal dimensions. Si nce adhesion depends upon

intermol ecul ar attractions between the adhesive and substrate such an i ncrease

would have to be beneficial. Of course, once the ultimate strength of the

adhesive is exceeded, i.e., completely cohesive failure , any effort to

increase bonding is superfl uous. Roughness also aids the wettability of the

substrate by the adhesive. The more wettable a surface the more actual

intimate contact the adhesive will make wi th the substrate and as a resul t the

stronger the bond will be. The only possibility roughness has to increase

bond durability is if a mechanica l interl ock type effect won’t allow the

adhesive to pul l away from the oxide when the bond is under stress.
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As was seen in the SEM studies very few of treated samples exhibited a

l arge degree of roughening, and those that did showed no increased bond dura-

bility because of it. Etching in H2504 is perhaps the best exampl e. Experi-

ments were done where P41355 was etched F~r various l engths of time in sulfuric

acid. Wedge test resul ts were extremely poor in all cases. When similarly

etched sampl es were subsequently passivated in HND3/dichromate bond durability

was almost as good as any other method. Anodizing in H2S04 dichromate greatly

increased the roughness but produced less durable bonds than those simply

immersed in the same solut ion which showed only some grain boundary corrosion.

The HNO3/dichromilate (9f) treated sampl es showed very littl e difference in

roughness from untreated sampl es yet formed extremely durable bonds .

It is evident from these results that bond durability is dependent far

more on surface chemistry than roughness for AM355 but that roughness probably

aids in total strength of the bond.

5. Surface Properties

SPO, PEE, 01120 and ellipsoinetry are all simpl e measurements to make

which can give information as to the nature of the surface. Since the use of

different treatments produces widely varied surfaces, chemical ly as well as

morphol ogical ly, as seen in the previous section, it is not surprising that

there is no general correl ations between any one of these measurements wi th bond

durability and strength. However, surface characteri zation is reproducible for

any particul ar surface treatment and can be used for quality assurance by

nondestructive inspection.
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Surface property measurements on sampl es exposed to the H2S04/-

dichromate solution for varyi ng time and temperature yield some general infor-

mation. Even short exposure at room temperature produces a substantial im-

provement in wedge test resul ts and fairly dramatic changes in SPD and PEE.

Visual inspection shows that not until long exposure time , 120 mm at 50°C and

>30 mm at 60°C, are there v i sua l changes on the surface. Above 60°C color of

the surface appears in less than 30 mi Ellipsometry shows that ~ and ‘~ val ues

begin to change rapidly at the s ame points , as well as PEE and SPO decreasing

rather abrupt ly. A rise in ~ va lues indicate a decrease in film thickness

indicating that at low t emperatures and/or short exposure time the H2S04 /-

dichromate solution is attacking the original outer l ayer. The drop in ~ then

correspond s to an i n crease in f i lm th i ckness, corr esponding to the change of

col ors of the surface. The col or change follows the sequence expected using an

inter ference step chart. At the higher temperatures the initial decrease in

film thickness is completed before 30 m m .  It may be that thi s initial decrease

is due more to the removal of a contaminant l ayer than attack of the original

oxide. The other possibi lity is a rapid dissolution of surface iron oxide

fo llowed by slower oxidation - dissol ution of metallic iron.

6. H2S04/dichromate Process

Usi ng method lie the average obtained on 92 sampl es in the wedge test

was 0.057 ln./24 hr, a = 0.032 (O. l4cm/24hr , a 0.08). For five samples

given the stress durability test at 60°C , 100% RH and 2000 psi (13. 8 nl’a ) ,  the

average time to failure was 499 hours.
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Many parameters involved in the 112S04/dichromate imersion method

(12e) were explored to find out which were necessary or what degree of control

was needed in order to obtain consistent ly good bonds.

It was found that high temperatures (>70°C) are needed in order to

obtain maximum strength and durability . Immersion times of about 60 mm gave

the best results. There seemed to be no problem del aying between treating and

priming and primi ng and bonding, del ays of up to two weeks showed no adverse

effects.

A rather strange effect was found in the effect of del ay time between

removal from the H2504/dichromate bath and rinsin g. Delays of 0.5, 1, and 10

mm showed no effect but a delay of 5 mm produced a we aker bond. Th is

experiment was done twice on two different days using duplicate samples , the

trend in bond results being the same each time. Nore work shoul d be done to

furt her investigate this.

Contaminating the surface prior to treatment proved that the method

is quite effective in removing such. Damag ing the surface layer by

scratchin g, scraping and sanding also had no effect on bond durability .

It was found that stirring of the sol ution was not necessary and thai;

the sampl es coul d be drip dried after the final rinse. Tap water rinsing

showed no adverse effect but because of the variability of tap water from one

l ocation to another one woul d have to repeat this experiment at the l ocation

where the process woul d be used.
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Incorporating all these fi nal results , it was found that samples not

initially degreased but immersed in 75 - 80°C, 30 v/o H2S04 /40 w/o

Na2Cr207~2H2O for 60 mm , rinsed wi th tap water and air dried yielded as good

wedge test results as using any other set of parameters.

Fi nally, -it was found that primer is necessary for optimum resul ts.

7. HNO 3 Anodize Process

Bond durab i li ty  us ing  the HNO 3 anodizing treatment was exce llent .

Wedge test results were about 0.05 in./24 hr (O. l3cm/24hr). The average time

to fai lure for samples given the stress durability test at 60°C , 100% RH and

2000 psi (13.8 mPa) was 523 hours using a room temperature anodizing treatment

(lOe) .

Anodizing P41355 in 50 v/o 1*103 at low potential s (— 1 V)  and smal l

current densities (-. 1 - 5 mA/cm2) produces s urfaces which give optimum bond

durabi lity and strength.

Prel iminary experiments show that anodizi ng at room temperature is as

effective as when el evated temperatures (75 - 80°C) are used. Current densi-

ties as low as 1.5 mA/ cm2 produced wedge test results of 0.03 in./24 hr.

(0.O8cm/24hr). Lap shear val ues were al so extremely high for sampl es prepared

in thi s, manner .
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IV . CONCLUSIONS

1. The optimum surface treatments considering bond results , cost and

simplicity are the H2504/dichromate immersion (12e) and the 1*103

anod ize (lOe). Prel iminary experiments indicate that the 1*103

anod i ze is the best choice of treatments considering all factors.

2. Bond durab ili ty using the above methods is far greater than any

l iterature val ues and is much greater than bonds prepared using the

current method (Hughes procedure HP4-121).

3. Increases in bond durability have been found to be a function of the

increased chromi um content of the oxide layer. Treatments which

produce suc h enriclinent show dramatic improvement in stress humidity

and wedge tests. The thickness and roughness of the oxide l ayer does

not seem to be as important as its chemical composition.

4. Although optimum bond durability and strength cannot be determi ned

using a simpl e surface measurement such as SPO, PEE, ellipsonetry or

8H20, such measurements mi ght be used to show certain treatment errors

and can be used for quality assurance of the surface treatment.

V 5. It was found that the diffusion coefficient for h~irogen in P41355 is

extremely small , in fact ur~easurable using a method sensitive to

0.1 ppa of mobile hydrogen. This imp l V ies that even if hydro jen were

produced at the surface rel atively none would be incorporated into
I

the metal.
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