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Five distinct anodic systems were chosen for study in this program.
These represented two porous systems, phosphoric acid and chronic
acid, and three barrier layer systems: (1) aninonium chromate,
(2) potassium/lithium nitrate eutectic salt, and (3) aninonium penta-
borate in ethylene glycol. In each anodic system, electrical properties
were recorded during anodization. Surfaces of each anodic coating
were analyzed using electron diffraction to determine crystal structure,
Auger electron spectroscopy to determine the chemistry, and scanning
electron microscopy to characterize the thickness and morphology of
the oxide.~.—The oxide layers formed by the phosphoric acid, chromic
acid and 4t1s~onium chromate systems were all of the aAl203•H20
(boehmite) the. The oxide formed in the ammonium pentaborate was
VA 1203 (ganzna~ oxide , while the oxide formed in the eutectic salt
was aAl203 (cor~ndum) oxide. Thickness and oxide character varied
widely as a func~~on of voltage, time, bath concentration, and
temperature. Auge\ electron spectrographic analysis was used to
determine thickness~s. surface contamination, and active elemental
diffusion during ano~1~zation. Both Mg and Zn were the most active
elements in the 7075 s~stem, whereas Cu was the most active in the
2024 system.
Representative specimens ~of each anodic condition were exposed to
environmental testing in stressed and unstressed conditions. Break-
down of the anodic coating by oxide hydration was greatest in the
chromic acid and ammonium chromate systems. Stressing the oxide
layer accelerated the rate of breakdown.
The significance of this program lies in the subsequent use of this
data in studies on the durability of oxide films in conjunction with
adhesives. This program has developed the basic relationship between
the parameters and the physical, chemical, and crystallographic
character of the oxide films. The next step is to use these parameters
in the development of a durable interface for adhesive bonding.
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PREFACE

This report was prepared by Northrop Corporation , Aircraft Division , Hawthorne ,

California under USAF Contract F33615-75-C-5121. The contract work was adminis-

tered under Project No. 7342 , Task No. 734202 15, under the direction of the Air Force

Materials Laboratory, Wright Patterson AFB, Ohio. The program monitor was

Mr. N. T. McDevitt (AFML/MBM ) of the Mechanics and &irface Interactions Branch of

the Nonmetallic Materials Division.

Mr. R.E. Herfert served as the Principal Investigator on this program. Othe r

Northrop personnel who made major contrft~ition8 in this research program were

T. P. Remmel, P. A. Honeycutt , J. Schlfando, H. W. Willis, B. B. Bowen,

S. L. Feenstra, R. R. Wells, and J. W. Lewis.

The contractor ’s report number is NOR 76-101. This covers work from 1 April

1975 through 30 June 1976. This report was submitted in August 1976.
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SECTION 1

INTRODUCTION

Anodic aluminum oxide f i lms are commonly classified as “porou s” or “barrier-
type” (i. e., “non—porou s”) according to the electrolyte in which they are formed.

Barrier—typ e films are formed by anodically polarizing aluminum in electrolytes such

as aqueou s borates, tartrates , chromates , or nitrates. These electrolytes exert
little solvent action on the base material and oxide film , and th erefore  the thickness

of the oxide is proportional to the applied voltage. Porou s f i lms , on the other hand ,
are formed by anodic polarization of aluminum in electrolytes such as aqueous

sulfuric , chromic , oxalic , or phosphoric acids. These electrolytes exert appreciable

solvent action on the base material and oxide fi lm , and the oxide growth is t ime—
dependent due to the dissolution and growth processes occurr ing .  The s t ructu re of
porou s films has been characterized by Keller , Hunter , and Hobinso ii~

1
~, and later by

O’Sullivan and \Vood~
2
~, as a close—packed array of columnar hexagonal cells , each

containing a central pore normal to the substrate surface and separated from it by a

layer of barrier—type film. The dimensions of these structural features are dependent

on the formation potential as well as the electrolyte~
2
~. The thickness of the barrier

layer formed beneath the porou s layer in the initial stages of porous oxide film growth
is proportional to the applied potential , with the proportionality constant being on the
order of 10 to 20A V 1. Thi s is in contrast to the value of approximately 13\ V ’ for
lO0~ barrier layer oxides (3, ~~,

A number of investigators have studied the mechanism of pore formation and
growth in anodic fi lms. Keller , Hunter , and Robinson~~ proposed that pore growth

occurs by simultaneous formation and dissolution of oxide. This occurs initially at
regions experiencing a locally high dissolution rate; Joule heating in the ad j acent

electrolyte then enhances the process at these sites.

While Hunter and Fowle (6) 
explained pore formation simply in terms of chemical

dissolution , h oar and Mott~
7
~ postulated that the dissolution was electrical—field

assisted and that both formation and dissolution of oxide were enhanced by the locally
high field at the pore bases. The mechanism appears most generally accepted at

- - - — - — s- 
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prt-sent~~~. To exp la i n the observat ion that pores do not initiate unti l  a barrier—type

layer of at least a cr i t ic-a l  thickness has formed , Hoar and Yahalom~~ have suggested
th at proton ent i-v in to  the oxide f i lm is necessary to pore formation arid that thi s is

pos sit h- , :i I n s t  I he anodic field , only when the f i t-I d has decreased to a value eharac —
teristie of th e critical thickness. Random local defects in the in i t ial barrier film are

seen as important  to pore nucleat ion by ,- \ t r o w s m i t h , (‘ulpan, and Smith~
91 who studied

pore nucleation in films formed on aluminum substrates of vary ing purities.

I b a r  and Y ahalom have reported that  both barr ier—t ype f i lms  (formed in ~~
ammonium t art r a te  at p 11 7 .3 , 2 5’C , 14. 4V ) and porou s f i lms  (formed in l5~ sulfuric
acid , 25’( ’ , 14. -IV) develop their structures after only a few seconds of anodizing.

~everal i nvestigat ars h ave  reported the format ion  of porous—like cellular structures
i n f i lms formed in borate or t ar t r at e  soluti ons at high . formation voltages or prolonged
anodi zing times. Fr ank lin~

1
~~ observed an irregular polygonal cell structure in f i lms

formed at SOOV in aqueous 3 boric acid by ~ eigh t. In this investigation the cell diam-
eter was proporti onal to the formation voltage and the cells grew into both the elec-
trol yte and the substrate .  Stirl and and J3icknell~~~ confirm ed this observation and ,
th rough electron diffraction of thin f i lms , demonstrated that the centers of the cells
were amorphou s, while th c- edges were y~4l2 O3. Hoar and Yaha 1om~

8
~ report ed pore

formation in f i lms formed in 3 ;  ammonium tartratc , p 11 7.3 , at 14. lv fo r 10 minutes.
Hunt er and Towner~ ~ found a porous layer had formed above the barrier layer on
aluminum which was anodized in 3~ ammoniun i tartr atc , pH 5.5 , for times up to 90
minu tes. The substrate su r - fac -e after anodiz in g WaS seen to have a cellular pattern
s imi l a r  to t h a t  seen in the case of porous f i lms.  They observed that the barrier layer
reached a l imi t ing  thickn ess after twelve minu l c -s , af ter which the porou s layer formed
at a linea r ra te  of abou t 175 ~ h r .  Leach and N eufeld~~~ obscrvcd pore fo rmation in
f i lms  fo rmed in aqu eous borate at p 1! 9. 7 subsequent to at tainment of a steady leakage
cur re nt under  c nstant applied potential. Pore growth was affected both by fo rmation
rate and 1 -ct ro lvt e temperatu re.

\ Ia n ~- studie s have  emerged in recent years on the durability of adhesive bonded
structur es .  ~lnst of these studies have been related to the definition of the capability
of variou s adh e s iv e  syst ems  and cor ros ion—inhib i t ing  primers to withstand the corn—
hin at ion of applied load and corrosive envir onment.  They have shown that failure will
occur in a Corrosive env i ronment  much more rapidly if the structure is placed u nder

load at the same time. Very few studies h a v e  been concerned with the definition of the
su r ia ( -e chemistry of the adhorend and the effectivity of corrosion inhibition by the
sn rfa ce pr ( pa i - a t  ion pr ( ( ~Ss .

- . - - --  — -  -___5__ - - -  — .5 .— —-



Up to a very few years ago, the two major advances in adhesive bonding were:

1. The development of the FPL etch treatment for a l u m i n u m  to improve the
humidity and salt spray durability of adhesive bonds.

2. Th e development of corrosion—inhibiting primers for adhesi ves.

The FPL etch system was developed abou t 20 years ago. At present , numerou s
variations of both the pretreatment FPL etch processes exist throughout the industry .
Corrosion resistant primers were developed in the last fi ve years in response to IX 11)
requirements. Work on these primers is continuing . A combination of the F I L  eU-h
system and a corrosion resistant primer results in an adhesive bonding sy stem that
has good corrosion resistance in humidi ty and salt spray environments .

Up until a few years ago, good techniques were not available for analyzing and
studying the oxide layer on aluminum surfaces. The anodic fi lm can be anywhere  f rom
50A to 500O~l~ thick; it can be an amorphou s hyd rated oxide , a mixture of specific crys-
talline hydrates , or mixtures of these materials; it can be amorphous or crystallized ;
it can vary from nearly uncontaminated aluminum hydrate to a hs-drate conta in ing 20
impurity ; and , it can be either a very dense “barrier” layer , a weak bulky ‘porou s ’
layer , or a combination of both . With the advent of techniques such as scanning elec-
tron microscopy, Auge r electron spectroscopy , electron diffraction , and others , all
of these characteristics of the oxide film can be deterniined. Processing can now be
varied to produce changes in the oxide fi lm which can be observed directly ins tead  of
by indirect corrosion or adhesion tests. A “model” oxide surface may Ic postulated
for adhesive bond i ng and developed through processing changes and direct observation
of the surface.

Based on current knowledge, exper ience , and the state—of—the— art , the followin g
characteristics we-r e postulated as being most desirable for producing a durable anodic
film on aluminu m for adhesive bonding .

• (‘rystallino form:

1. Coru ndu m (preferred) —

2. Dlaspor (second choice — $.Al2O
3~ 1120

3. lboehmite (most readily achieved) — o .A l O~~ 112 1)

3
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Structure:

1. “Barrier” film (very dense, crack—free, moisture—proof)

2. “BarrIer ” film with adherent porous oxide (second choice)

Thickness:

1. 1000A or less (for good bond strength at —65° F)

Chemical properties:

1. Chromium , added for corrosion inhibition. The presence of catalytic ions

forces the parent metal to form the same oxide in open crack areas as the
stable oxide fi lm; thu s, a self—healing oxide film is formed .

Mechanical properties:

1. High strength, “hard” porous oxide film. Good bond to “barrier” film.

Porosity sufficient for good adhesive penetration or a “barrier” film that

bonds well to adhesives.

For this program, it was intended to produce anodic f ilms on alum inum that are
environmentally stable. The basic premise for this program was that the most readily

achieved stable form of anodic coating was a “barrier” film of alpha-aluminum oxide

monohydrate called boehmite. The corrosion resistance of thi s type of oxide film

should be proportional to its thickness. It was felt that an alpha—alum inuni oxide

(corundum ) f i lm or a beta—aluminum oxide monohydrate (diaspore) f i lm may be equal

to or better than a “barrier ” layer of boebmite. However , it is d i f f icu l t  to prepare

these f i lms under conditions which are suitable for use in production adhesive bonding.

Nevertheless , anodizing processes were selected which produced a max imum variation

in crysta l structure , composition , and physical or mechanical properties.

In this progr am, we selected baseline conditions for anodizing by five different

electrolytic methods. Samples were prepared on two aluminum substrates by these
- 

-

‘ 

- 
baseline r~ind lt ions and completely characterized and evaluated for environmental

resistance. -~Ve also screened the processing variables for each of the five anodizing

systems to determ ine what changes in phys ical, chem ical, and mechanical character-

istics were achieved. Processing conditions that produ ced extreme variations in
• characteristics of anodic films were selected for continued characterization and deter-

mination of environmental durability . The resulting dat a were compared to those
obtained on the specimens made under baseline anodizing conditions. The relationship

between anodic film characteristics and environmental durability was determined.
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To achieve the above goals, a systematic investigation was conducted which

followed the abbreviated Program Plan presented here. This plan will serve the
reader as an outline of the work reported herein.

Task I - Select Anodization Treatments

1. Review anodizing literature and experience

2. Select metal substrates and pretreatment

3. Define FPL etch comparison system
4. Select anodizing system

Task II — Study Anodizing Processing Parameters

1. Define criteria for selection of process variables
2. Define effects of process variables

3. Process specimens under baseline conditions

4. Screen processing variables; prepare specimens

5. Select extreme processing conditions and prepare specimens

Task III — Characterize Anodic Films

1. Select oxide film characterization techniques
2. Characterize baseline systems

a. FPL etch
b. Phosphoric acid anodize
c. Chromic acid anodize
d. Ammonlu m chromate anodize
e. Ammonium pentaborate/ethylene glycol anodize
f. Potassium/sodium nitrate anodi ze

Task IV - Determine Environmental Durability of Anodic Films

1. Develop corrosion resistance evaluation technique
2. DetermIne corrosion resistance of baseline anodic sy8tems

• 3. Determine corrosion resistance of anodic films made under extremes of
processing

4. Correlate anodic film character to corrosion resistance
5. Select and recommend optimum anodizing process for corrosion resistance

for each alloy

5
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SECTION II

TEST PROCEDURES

This section describes the various procedures that were used to clean and
anodize the aluminum alloys, to evaluate the electrical properties during anodization,
to prepare the specimens for examination, and to examine the specimens with the
scanning electron microscope , the Auger electron spectrograph, and the transmission
electron microscope (electron diffr action).

ANODIZATION CONDITION S

Material

Four substrate compositions were used in this program including 2024-T3 bare
and clad and 7075-T6 bare and clad 0.063-inch sheet. Upon receipt of these alloys in
the form of 48—inch by 96-inch by 0.063—inch sheets , the material was sheared into 12-
inch by 12-inch panels for storage. Prior to anodizing, this material was sheared into
1-inch by 4-inch strips , which was the standard specimen size for all anodizing.

E lectrolytes Selected

The following five electrolytes were selected for aluminum anodizing in the pro-

gram . They will he compared to each other and to the FPL etch (sulfuric acid/di-
chromate ) baseline system in later sections of this report.

Phosphoric acid anodizing
Chromic acid anodizing

Ammoniuin chromate anodizing

Ammonluin pentaborate-ethylene glycol anodizing
- - Potassium-lithium nitrate eutecttc salt anodizing

Deionized water was used In making up all aqueous solutions. In all chemical

treatments and anodizing baths, chemical composition was controlled by periodic wet
chemtr ~al analysis . Low temperature and high temperature anodizing solutions were
constantly agitated by stirring. PH was controlled by bath additions or dilutions .

6
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FPL Etch

The FPL etch process used for this program is in use at Northrop. Processing

Is as follows:

1. Degrease: Trichiorethane vapor (3-4 minutes)

2. Alkaline Clean: 10-15 minutes

Turco 42 15—S: 6-8 ± 1 wt. oz/gal of solution
Operate at: 155F ± 1OF

3. Rinse: 5 minutes in DI water

4. Etch: 10 ± 1 minute

Sulfuric acid: 38. 5-41.5 fl. oz/gal of solution
Sodium dichromate: 4. 1-4. 9 wt. oz/gal of solution
Operate at: 145F-160F

5. Rinse: 5 minutes in DI water

6. Oven dry : 150F-160F for 30 minutes

This system was the baseline for compar ison of all surface characterization

performed during the program.

Phosphoric Acid Anodi zing System

This is a system that has been used for years both for electropolishin g and for
producing a thin porous oxide film which can be electroplated. One anodizing tech-

nique is based upon the use of a 25-30% phosphoric acid solution at room temperature

and 30-60 volts for 10 minutes to produce a porous oxide about 3 microns or 30, 000A
thick. Recently, the Boeing Aircraft Company has found that thin phosphor ic ac id

anodized coatings have excellent corrosion resistance and are good surfaces for
adhesive bonding. Northrop has used a somewhat similar system for adhesive spot-

weld bonding 
(14) (weldbonding) and has generated both characterization and durability

data on this type of anodize layer. The baseline phosphoric acid system used in this

program follows:

1. Degrease: Trichiorethane vapor (3-4 minutes)

2. Alkaline Clean : 10-15 minutes

Turco 4215-S: 6-8 wt. oz/ga l of solution
Operate at: 155F ± 1OF



3. Rinse: 5 minutes in DI water

4. Deoxidize: 7 minutes

Amchem 7: 2. 7-3.3 wt. oz/gal of solution
Nitric Acid: 8—16~ by volume

Operate at: R.T.

5. Rinse: 5 minutes in DI water

6. Anodize: 20-25 minutes

Phosphoric Acid: 11-16 fi. oz/gal of solution
10 ± 1 volt D.C.

Operate at: R.T.

7. Rinse: 5-10 minutes in Dl water

8. Oven dry at: 150F-1GOF for 30 minutes

Anodizing was conducted in a lead-lined stainless steel tank.

Chromic Acid Anodizing System

Many modifications of the chromic acid anodizing process have been used. Con-
centration , temperature , and voltage can vary widely and sulfuric acid can be substi-
tuted for some of the chromic acid. The following chromic acid anodizing procedure
was used on this program.

1. Degrease: T richiorethane vapor (3-4 minutes)

2. Alkaline Clean: 10-15 minutes

Turco 4215-S: 6-8 wt. oz/ga l of solution
Operate at: 155F ± 1OF

3. RInse: 5 minutes In. Dl water

4. Deoxidlze: 7 minutes
Amchem 7: 2. 7-3.3 wt. oz/gal of solution
Nitric Acid: 8-16% by volume
Operate at: R.T.

5. Rinse : 5 minutes In DI water

8
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6. Anodi ze: 40 minutes (see schedule below)

Chromic Acid: 10 wt. oz/gal of solution
Operate at: 104F ± 4F
Voltage : D.C.

Gradually increase voltage for first 10 minutes front 0 to 40 volts

in steps of not more than 5 volts.

Hold at 40 volts for 20 minutes.
Increase to 50 volts within 5 minutes.
Hold at 50 volts for 5 minutes.

(Note: The current density at the higher voltage should be 2.5 amps/
sq.ft. of anode surface).

7. Rinse: 5 minutes in DI water

8. Dichromate Seal : 15 minutes

Sodium Dichromate: 5.0-6.5% by weight/gal of solution

9. RInse: 5—10 minutes in DI water

10. Oven dry : 150F-160F for 30 minutes

Anodizing was conducted in a lead-lined, stainless steel tank.

Ammoniuni Chromate

The baseline process used for ammonlum chromate anodizing is as follows:

1. Degrease: Tricholorethan e vapor (3-4 minutes)

2. Alkaline Clean : 10-15 minutes

Turco 4215-S: 6—8 wt. oz/gal of solution
Operate at: 155F ± 1OF

3, Rinse: 5 minutes in DI water

4. Deoxidize: 7 minutes

Amchem 7: 2. 7—3. 3 wt. oz/gal of solution

Nitric Acid: 8-16% by volume
Operate at: R.T.

9
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5. Rinse : 5 minutes in Dl water

6. Anodi ze : 10 minutes

Ammonium chromate: 3’~ by weight
p11: 5.5 (adjust with ammonia or chromic acid)
Voltage: 50 volts D.C.
Operate at: R. T .

7. Rinse: 5—10 minutes in Dl water

8. Oven dry: 150F— 1GOF for 30 minutes

Th is anodizing process produces a “barrier” layer oxide with a film thickness of
about 1000A. All anodizing was performed in a stainless steel tank.

Ammonium Borate in Ethylene Glycol

“Barrier” layer films were thought to be a mixture of gamma-aluminum oxide
(anhydrous) and boehmite , with possibly some additional water which could make the
film amorphous. Decreasing the water content in this electrolyte makes possible the
formation of an almost pure , anhydrous gamma-aluminum oxide. Two typical systems
of this type are oxalic acid in alcohol solutions and boric acid or ammonium borate in
ethylene glycol . The use of ethylene glycol as the non-water solvent in the electrolyte
permitted us to use temperatures below 0°F. The baseline system used was as follows:

1. Degrease: Trichlorethane vapor (3-4 minutes)

2. Alkaline Clean: 10-15 minutes

Turco 42 15—S : 6-8 wt . oz/gal of solution
Operate at: 155F 1OF

3. Rinse: 5 minutes in Dl water

4. Deoxidize: 7 minutes

Amchem 7: 2.7-3.3 wt. oz/gal of solution

Nitric Acid: 8-16% by volume
Operate at: R.T.

5. Rinse: 5 minutes in DI water, followed by 5 mInutes in ethylene glycol

6. Anodize : 10 minutes

10
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Ammonium Borate: 25~i by weight in ethylene glycol
Voltage : 50 volts 1).C.
Operate at: R.T.

(
7. Rinse: 5 minutes in Dl wate r

8. Oven dry : 150F-160F for 30 minutes

All anodizing was performed in a stainless steel tan k .

This system produced an anhydrous gamma-aluminum oxide “barrier” Iay (-r.
The main consideration in using this system was in gaining a second method of control
of the degree of hydration of the oxide layer on the aluminum surface .

Potassium/Lithium Nitrate Eutectic Salt Anodizing System

Three anhydrous salt mixtures have been foi.m d which can be used as electro-
lytes in the fused condition for producing anhydrou s a l um i n u m  oxides; these are: (1)
the lithium acetate/lithium acrylate system , (2) the potassium bisulfate / sodium bi—
sulfate system , and (3) the potassium nitrate/lithium nitrate system .

The lithium acetate system melts at 15SF and decomposes at slightly over 2 12F.
The bisulfate system melts at 350F and the nitrate system melts at about 300 F. These
systems produce a white matte anodic oxide coating which is a highly porous and very
hard corundum oxide. The corundum formed is insolublc’ in hydrofluoric , sulfuric ,
or phosphoric acids or by caustic soda. It is non-hydroscopic and is not sealable in
boiling water or dichrom ate solution. The lithium acetate system is expected to pro-
duce more gamma-aluminum oxide than the other two systems.

The bisulfate system is probably safer to handle than the nitrate system s ince the
nitrate is a powerful oxidizing agent. Howeve r , the sulfate- system operates at a tem-
perature where the 7075- ’l’G aluminum alloy may become “overaged. ” Th -reforc , w-
used the nitrate eutectic salt anodizing system. This system produced a dense , t -na-

- 
- - -

~~
. cious , adherent anhydrou s film of almost pure corundum , alpha-alUminum oxide . The

procedure for the potassium/lithium nitrate anodizing process is as follows:

1. Degrease: Trichlorethanc vapor (3-4 minutes)

2. Alkaline C lean : 10-15 minutes

Turco 4215-S: 6-8 wt. oz/gal of solution
Operate at: 15SF ~ 1OF

11
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3. Rinse: 5 minutes in Dl water

4. Deoxidi ze : 7 minutes

Amchem 7: 2 . 7-3.3 wt . oz/ga l of solution

Nitric Acid: 8— 1G~ by volume

Operate at: R. T.

5. Rinse: 5 minutes in DI water

6. AnodIze: 30 minutes

Potassium nitrate: 60~ by wei~!,ht

Lithium nitrate: 40% by weight

Voltage : 50 volts D. C .
Operate at: 300F

7. Rinse : 5—10 minutes in Dl water

8. Oven dry : 150F-160F for 30 minutes

All anodizing was performed in a stainless steel tank.

ELECTRICAL PROPERTIES

A relatively simple system was used to record voltage, current , surface
potential , and temperature as a function of time . A Moseley X-Y and a Hitachi strip
chart recorder were used to record electrical information . The Hitachi recorder was
a dual pen recorder , whereas the Moseley X-Y recorder was a single pen unit . The
voltage was read directly across the input leads to the anode and cathode of the anod-
izing bath. Current was recorded as voltage drop across a resistor and was calibrated
for the recorder system. Surface potential was measured directly from surface con-
tact with a liquid potential probe. A schematic of the electrical arrangement is shown
in Figure 1. The anodizing bar with the specimen holders is shown in Figure 2. The
specimens were immersed into the electrolyte about 3. 5 in. of the 4 .0 in. length.

ANALYT I CAL C IIARACT ERIZATION

Scannin g Electron Microscopy ~ EM)

Scanning electron microscopy ~ EM) was used to Investigate the physical
characteristics of the oxide layer. The 90-degree bend technique prior to SEM analy-
sts was employed , the purpose being to crack the oxide layer so the substrate adhesion

12
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properties , mechanical strength , and thickness could be evaluated. The specimen was
mounted on a standard SEM sample stub using a conductive cement , It was coated , in
all directions , with 200A to 400A of gold using vacuum evaporation techniques . This
examination technique is depicted in Figure 3. The sample was examined perpendicular
to the surface (A—direction) for pore size type measurements and it wa s examined
across the thickness (B—dire ction) for continuity ,~pore shape, thiclaiess , etc . A se ries
of SEI~1 photomic rographs ranging from low, to high magnification (50X to 19, 000X)
were taken documenting the physical character of the oxidized su rface.

The density and porosity of the oxide layer was evaluated at high magn i fication
while lowe r magnific ations were used to provide information on the pr -sence of flaws
and cracks in the oxide , as well as cleanliness and general physical appearance of the
oxide surface layer. The oxide layer thickness was determined by obs(-rv ing the
cracked oxide normal to the fracture surface. In addition , the type of oxide , that is ,
barrier or porou s, and the extent of stratification was also determined from high mag-
nific ation observation of the oxide from this perspecti’-e .

Auger Electron Spectroscopy (AE S)

The Physical Electronics Indu st ries Inc. Auger spectrograph with cylindrical

mirror analyzer (CMA) was used to chemically characterize the outer 1 5A-25A of the
surface of the material. In many cases this surfac e was then bombarded with
argon ions to remove layers of oxide and thus monitor the chemical content
through the thickness of the coat ing. All the representative specimens which were
analyzed with the AES in this program were examined as follows :

1. An Auger spectrum was obtained of the as-anodized surfac e.

2. Up to 6 elements were monitored during in depth-profiling of the
oxide cross-section.

3. The specimens were ion milled until after the oxide was removed then
- 

- an Auger trace was obtained from the final aluminum surface (below the
oxide layer).

— 
4. The ion milling guns were calibrated after each Auger sample loading (10

specimens) using a standard phosphoric acid anodized specimen. The

phosphoric acid anodized specimens were prepared as a part of this pro—
gram and they provided a very reliable (4000A ) a luminum oxide thickness.

14 
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FIGURE 3. SEM 90° BEND SAMPLE CONFIGURATION FOR OXIDE
THICKNESS EXAMINATION , 2X
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Electron Diffraction

The morphological character of the oxide films was determined using high
resolution electron diffraction . Cry stallogr a phic characteri zation of the developed
oxide surfaces or corrosion products was performed with a Hitachi IIV — 1 1A c’lec-
tron mic roscope. The specimen was placed in the lower lens position to obtain
the high re solution electron diffraction reflect ion . An electron difi  ract ion patte rn
was obtained by either transmitting the bc-an th rough the edge of the oxide -at the
bend or by reflecting the beam off of the face of the sample. The resu l t ing  dif-
fraction plate was then read on a convention al  rotating nu- a sur t - m et i t  stage . -Si nce
the oxide layers were grown from the bare metal outward , the di f f rac t ion  patterns
show a great prevalence for a ‘ s ingle c ry s ta l”  type or epitaxial growt h l)a t t ( ’rn  of
c i~ stal l izat ion , Thus, the rt-s uItint .~ diffraction patterns varied from e mtp lcte spot
patterns (single crystal type ) to eontinuou ~ r a g  pat terns igr a in  —~i it’ 1O~~ to 10 -

~

mm ). T h -  AST \1 card lile index ~as used to  anal ~- ie the nsult~ a nd d i l l  r act i  m
patterns .

(‘orrosion_ Resistance lc~ting

The corrosion resistance of the anodic fi lms was ev alua t e d  by dctern i in in ~.,
the time required for initial formation of baveri te on the ‘-face and by qual ita-
t ivc lv  determ ining the rate of growth under various condit ions.  To accomplish
these measurements , s imple  spec imen s , 0 .063—inch by 1-inch by 4—inches , ~ erc
prepared and exposed to standard humidity conditions (140F at 1OO~T R . l l . l .  These
spec) men s ~vc- re exposed in a flat , uns t ressed conditio n and in a beat condition s imi ta i -
to that shown in F i g u r e  4 to provide a constant stress level of 35, 000 psi on the alu n i i—
nu m surface .  These surfaces  were then ex a m i n e d  wi th  SI -  \ l and electron di f l i ~act i on
after Var io u s  CN~~O5U re t imes  to determine the ti flie of i n i t i a l  have r i t e  f o r m a t i o n  a ad
a rate of hayerite growth. Anodize treatments were ranked in accord ance with a
re la t ive  time f rame based on in i t i a l  app ear ane - - of b ayt - r i te  and the t ime  at which  ap—
p r o x i  ma telv 50~X of the surface has been converted. Comparisons were similarly
drawn between stressed and unstressed condit~ ons.
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S1-C’l’lON 111

1(1- SUl, I’S AND DISCUSSION

In order to pre sent a logical progression from the selection of anodizat ion
treatments  through the characterizat ion and evaluation of the anodic svs teni s . the
results ire presented by Tasks , followin g the outline presented in Section 1.

T - \sIc I sl- : L l-:c-r ANO I) 1ZATIO N THFA T ~ i F;N ’rs 

(‘omparison of Aluminum Oxides

The corrosion resistance or environmental durability of adhesive bonds on
aluminum a l l oy s  involves three areas of stability. l-irst , moisture can be absorbed
through the adhesive lay e r and accumulate at the adhesive ‘aluminum ox ide interface.
H ere , it can be mechanically absorbed or be chemically combined with the oxide. The
preferred oxide f i lm is one that will mechanically absorb the mini mun i  amount ui
moisture and that will not chemically combin e with absorbed moisture . ~econd . the
alum inu~ oxide layer should be thermod ynamica l l y  and environmentall stable. ‘I’h ir I .
when a crack , fl aw , or scratch extends through the aluminum oxide la \ -er  to th e ba re
metal , the new oxide that  grows on the exposed bare metal surface should be either
the same as the surrounding oxide layer or it should be morpho IogicaI l~- and me eha ni—
cal ls- compatible with it.

~1an v oxide and ox ide—hydra te s  of a luminum exist;  however , we ia n cat(-~ ( ) r i  y e
th e i x -  use fulness  in adhesive bonding by considerin g all  at  them to be e s s e n t i a l l y  one of
the fo l lowing six oxide combinations.

- 

-
- -Stable below 200 1- : a lpha—a lum inum oxide trihydraic - Gibb site

beta-aluminum oxide tr ihydrate — Bayc rit e

Roth of these oxide s are natural  forming at room tempe rature. R ecent ly
work has shown th at  hayerite fo rm s in cracks on bare a l u m i n u m  in an
environ ment , of eithe r humidi ty  or a corrosive medium.

I s
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Stable above 200 1- ’ : a lpha-aluminum oxide monohydrate - Boehmite
beta—aluminum oxide monoh ydi’au- — I)iaspore
gamma-a luminum oxide (anhyd roust
alp ha-alum m u m  oxide (anhydrous) — Corundum

Based upon our current experienne and a rev iew at  the l i terature , we t n t - I
that all of these latter oxides and hydrate s are also stable at low tempera-
tures. Uv this,  we mean that they wi ll  not crlange their crystal l ine fo rm
when cooled below room temperatu re. For example , gib bsite may change
to boehmite by heatin g above 200 F, but boehmite will  not revert to gibhsitc
in a moist atmosoh~ rc at temperatures between R I  m d  200 F.

Also , any of the anh’,’drous or partially dehydrated oxides , lik e ~:tm ma—
aluminum oxide , are \-cry porous and hvgroscop ic . They are used as
desiccants and act lik e a sponge in the presence of moisture. h oweve r,

so far , we have found no evidence that gamma oxides or par t ia l l y  dehvd rated
oxide—hydrate s will convert back to a specific hydrate in the presence of
water or moisture. The most stable aluminum oxide is corundum , but
there is current ly  no economicall y practical procedure for fo rming thi s
oxide on aluminum under production conditions.

Currently after 2 hours at 2001-’ only boehmite, diaspore, and corundum films
are stable. Gamma-aluminum oxides are stable at 2001”, but unless they i-an be
densified and made almost non-porous , they are too }lvgroscopie .

The second very import ant facto r is that some of the oxide-hydrates  can be
formed in either a very dense , non—porous “barrier ” hive i’ or is :1 “porous ” oxide
layer; and , in many case s, a ‘‘barrier ’ laye r will be obtained at the metal surface
w ith a ‘‘porous ’’ oxide Live r on top of it. Processin g parameters  can be used to v a r
the relative proportions of “barrie r” and “Porous ” oxide l ay e rs , and the~- i-a n be used
to essentially eliminate the “ po rous” oxide layer. The “porous” oxide laye r mi ght

., 
- 

improve bond strengt h by improvin g the mechan ical intei -lockin g of the adhesive and
the oxide layer, whereas the “barr ier ” laye r does not appeai- to have this capability .

Pt However, our results indicate that the adhesive lap shear strengths of “bar r ie r ” lay ers
are 5000 to 6000 psi which are as high as those which can be obtained with “porous ”
oxide layers.
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Selection of Aluminum Alloys

The 2024-T3 and 707 5-T6 alloys we-re selected because they represent over

of the aluminum alloy used for aircraft structu ral adhesive bonding in the United States.

Chemically and metallurgically, these alloys are widely different. The 202-1 (4. 3~ Cu ,

0. 6’~ Mn , I. 5~ Mg) is a precipitation strengthened aluminum base alloy. In the ‘[‘3

condition , it consists of a microstructure of S-Cu A12 platelets and Guinier -Prest on

zones (copper concentration areas) in the aluminum grains. These copper concen-

tration zones in the grains should produce a diffe rent reaction to the processing and

anodizin g treatments than that which occurs in the 7075 alloy . The 7075 (5. 7~~, Zn ,

2. 69~ Mg, 1. 5’7 Cu) is also a precipitation strengthened aluminum base alloy . It is
strengthened, however, by the precip itation of an Al-Mg-Zn inte rmetallic phase. In
the T6 condition it is fully aged and stable.

The use of bare alloys represents a major trend in structural bonding today
due to the increased bond durability in highly stressed environments. However , it
was unknown why the clad alloys anodized so diffe rently. It was our contention that

the major differences occurred in the format ion and morphology of the oxide layer.

These differences were characterized in this program using 2024—T3 bare and clad
alloy and 7075-T6 bare and clad alloy.

Othe r major diffe rences that occur in production and that have an effect on the

anodizing results obtained in this program are the condition s of the starting surface ,

e.g. , light corrosion , mill conditioning, machin ing, etc. Since this program was
• designed to develop basic data on anodizing characteristics related to bonding, these

other variables were kept to a minimum by cutting all test samples fro m the same

sheet. A nomin al sheet thickness of 0.06a-inch was used (standard lap shear panel
thickness) and the anodizing sample size was 1-inch by .1-inches. Test specimens for

surface analys is were cut fro m the processed 1—inch by 4-inch sample. Samples were

carefully analyzed for uniformity of anodic coatings and typical areas representing the
surface were selected.

- 

‘

I A major effect on the anoclic coatings , exclusive of the previously discussed
var iables, is caused by the pretreatment conditioning of the sheet surface. A sequence

• of vapor degreasing, alkaline clean ing, and acid deoxidizing was used prior to anodizing.
llinsmg after cleaning and deoxidizin g is done with room temperatu re deionized water.
The importance of each of these pretreatment -,teps is shown in the following SEM
photographs, Figu res 5 through 7. The first photo, Figure 5, shows the surface of
an “as-received” vapor degreased aluminum sheet bent 90’ to fracture the oxide layer.
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rtiis surface is primarily bayerite , fair ly thick , and loosely adhering. Figu re 6
shows a si milar  surface which has been alkaline cleaned. This surface has now been
lightly etc hed and broken up to a condition which will enhance the deoxidizer attack.
Figure 7 shows the surface after deoxidizing. No surface oxide laye r is now visible .
mean in g that the layer (still charac terized p rimarily as bayerite) has been removed
to a thi ckness  of less than 60A , which is the resolution capability of the mic roscope .
[‘his sui -fac ’t ’ condition is especially critical for the formation of subsequent non-
reactive or “ba rrier ” layers. Since barrier layer anodizin g solutions do not react
with the surface to dissolve the residual oxide layer remaining after pretreatment ,
anodizing in these solution s will merely add oxide onto the bayerite. rhe residual
baye rite laye r is loosely adhe r ing, whi ch is undesirable; thus , the bayerite must be
removed as completely as possible. [‘his requ irement may not be as critical for the
acid anodiz in g solutions , since th ese solutions remove some of the sub-oxide laye r
durin g the anodizing process.

Selection Criteria

The ob)ec tive of this study was to determine the characteristics of the anodie
fil ms on aluminum alloys which have a telati onship to adhesive bondin g technology
and that might have excellent environmental stability. Evaluation of durab i l i t y  in this
study was done on the anodic films themselves and not on pr imer-  or adhesive-coated
fi lms.  Since we evaluated onl y th e anodic f i lms , our first criterion for the selection
of a.nodic films is-as to obtain as many diffe rent crystalline types of f i lms as possible.
The se were :

l’wo aluminum oxide trih ydrates - bayerite and gibbsite
Two aluminum oxide monohydrates - boehmitc and diaspore
Two anh ydrous aluminum oxides - gamma and alpha (conm dum )

l’he second criterion used for the selection of the anodizing systems was the
physical char ante ’r of the oxide film formed. [‘his was either a very dense “harrier ”
laye r oxide film , or a “porou s” le ss dense fi lm , or a stratified oxide of a - ‘barrier ”
la yer on the metal su rface with a “porous ” laye r on top of it. The “barrier ” layer
films, as the name implies, are a continuou s thin oxide coating ove r the metal and
they effectivel y prevent entrance of moistu re or other corrosion media to the aluminum
surface. However , there are some cracks and flaws in the ‘barrier ” layer and flexin g

‘> -)
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or stressing of the parent metal may produce additional flaws or c racks in the “barrie r ”
layer. As a goal , we wanted to obta in the maximum corrosion resistance or environ-
mental du rability in the anodic film , with a flawless, flexible, “barrie -“ layer. Since
“flawless” and “ flexible ” probably cannot be achieved , we compromised by using a
thicker film which incorporated the properties of “self-healing. ” When a crack , flaw.
or scratch penetrates through the oxide film to the parent metal , the - -  sel f-healing ”
aspect of the film will cause the exposed parent metal to oxidize to a c ystalRn e form
completely compatible with the existing surrounding “barrier” layer fi ’m.

The third characteristic of the anodic film that is considered important is its
moisture absorptivity. This may or may not be related to its crystalline structure
and its mechanical strength. Low temperature anodization produces “hard ” films
that may have high mechanical strengths. High temperature molten salt electrol ytes
produce gamma or possibly alpha-aluminum oxide (corundum). Other tnodizin g
conditions produce various aluminum oxide hydrates , but none of these anodizing
systems appears to produce a pure, high density crystalline fo rm . Po rosity, cel l
size , density, and othe r physical properties can vary widely. Even when these
physical properties are nearly the same, the absorptivity of the anodic film on differ-
ent alloys may va ry widely. So also , the ability of the anodic film to pick up moistu re
may vary considerably, even when morphology, chemical composition , and physical
properties are nearly the same. Thus, variations in processing conditions were used
to permit the production of films from the same electro lyte system that varied widel y
in moisture absorptlvity.

The fourth criterion that was used to select the anodizing processes was the
ease of process control. The system had to be accurately reproducible with easy
control over the range of thickness of anodic film desired. This included a fa cto r
such as degree of oxide contamination with electrolyte anions or cations. These may
catalyze crystal formation , improve corrosion resistance , or they may be left over
as ordinary absorbed contamination from the anodizing process. However , the systems
which were selected were controllable such tha t the type and degree of processing was
the same as each batch of samples.

Additional factors affecting the selection of anodizing systems were :

I. The known corrosion resistance of systems like the phosphoric acid
anodizing system.
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2. The adhesive bondability of the anodic film.

3. Adhe rence of the anodic film to the base metal.

Currently, we know of no anodic films that produce poor bondability because of
their chemical nature. The poor bondability observed in practice is due to surface
contamination , poor mechanical strength of the oxide layer , or poor adhesion to base
metal. To summarize, the main criteria used for the selection of the anodizing sys-
tems capable of forming thin, corrosion resistant anodic films for adhesive bonding

were:

1. Maximum number of c rystalline fo rms.
2. Control over ratio of “barrier” laye r to “porous” layer.
3. Minimum absorptivity for moisture.
4. Ease of process control.
5. Degree of known corrosion resistance.

6. Bondability of anodic film to adhesives.

Characterization of FPL System

The FPL (Fore st Products Laboratories) surface preparation (ASTM/D265 1-67-A)

is not an anodic coating system but rather a chemical treatment method for fo rming a

surface oxide on aluminum. The pro ’edure is fully described in the Test Procedures ,

Section II. Since this treatment has been the mainstay of aluminum surface treatment
fo r the past several years, it was used as the baseline for comparison of the physical ,
chemical and crystallographic character of the five anodic surface treatments.

Scann ing electron microscopic characterization of the resultant oxide is shown

-In Figure 8. The oxide was measured to be 100A-400A thick. This measurement was
confirmed by Auger profiling as well as by euipsometry~~~ methods. The oxide
appears to be porous In nature when observed at higher magoifications. Reflected

h igh energy electron diffraction analysis (HIIEI - D) was performed on the surface of
a FPL etched specimen. FIgure 9 shows the resulting diffraction pattern from the
oxide layer on the FPL etched surface. Analysis of the pattern showed the oxide to

Pt 
be oAl 2O3~ H2O.

The 2024-T3 bare and clad and 7075—T6 bare and clad alloys which were treated
by the FPL process were analyzed using Auge r electron spectroscopy (A ES). Data
from the 7075—T6 bare alloy surface is shown in Figure 10. The oxide surface (A)
shows the normal contaminants of S, C and N2 which appear in nearly all surface
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FIGURE 8. CHARACTE R OF BA RE 7075-16 AFTER
FPL ETCH TREATMENT

. 1
FIGURE 9. RHEED PATTERN FROM OXIDE ON FPL ETCH SURFACE

ON BAR E 2024-T3
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preparations. These elements are from eithe r the rinse water or exposure ~o
atmospheric conditions. The important elements are Fe, Zn , Cu and Mg which come
from the as-received aluminum surface. The peak s with the greatest peak-to-peak
intensity are for the aluminum and the oxygen. The profile trace (B) shows the two
Al peaks and the 0

2 
peak prof iled through the oxide layer. The final trace (C) shows

a very slight amount of 02 . Of course , the aluminum alloy contains small amounts
of oxides. The FPL treatment of 2024-T3 alloy resulted in the format ion of the same
oxide thickness and crystalline character but the AES revealed higher concentrat ions
of Cu than that present on the oute r surface of the 7075. Both the 7075-T6 clad and
2024-T3 clad conditions showed essentially the same surface chemistries. Only the
normal contaminant s of S, C, N 2 were detected in addition to the Al and 02 .

TASK H — STUDY ANODIZING PROCESSING PARAMETE RS

There are four steps in the anodizin g processing which must be controlled to
achieve consistent results.

1. The heat treatment and surface finish of the base metal.
2. The degreasing, clean ing, and deoxidiz ing pretreatment before anodizing.
3. The anodizin g process.
4. The washing and drying afte r anodizing.

The main variables that we studied in this program were those associated with
the anodizing process. There fore , all other variables were specified and held as
nearly constant as possible. To avoid problems in heat treatment and surface finish
of the base metal , we used one sheet of each alloy for the entire program. For each
of the anodizing processes selected , the degreasing, clean ing, and deoxidizin g p re-
treatments were held constant as desc ribed in the Test Procedures section . Rin sing
procedures can result in sealing, absorption of contamination into the anodic oxide
films , hydration of the anodic oxide films , desorption of electrolyte anions and cat ions

• fro m the anod ic ox ide film , and continued growth of the anodic oxide film. Drying
procedures can remove absorbe d water and may change the degree of c rystallinity in
the anodic oxide film. Thus , these processes were controlled so that the effect of
anodizing processing variables were not masked by the subsequent washing and drying.

The prime question for this study was: what effect do the processing variables
have on the characteristics of the anodje oxide films — the chemical, phys ical , crys-
tallographic , and mechanical prope rties? The processing variables were selected
to produce the following results :

28



1. Thickness variation from 1000 to approximately 10, 000 Angst roms.

2. Maximum and minimum “barrier” layer/” porous” layer ratio.

3. Varying degrees of hydration of the anodic oxide.

4. Changes in the type and quantity of absorbed ions in the anodic ox ide.

5. Change in the degree of crystallinity in the anodic oxide.

6. E ffects on the pore size , cell size , density, porosity, and mechanical
strength of the anodic oxide.

7. Changes in the “layer ing” in the anodic oxide.

8. Changes in the crystal struc tu re — corundum instead of gamma-oxide ,
boehmite instead of bayerite.

9. Minimizes the water absorption of the anodic oxide.

The anticipated effects of some of the process variables on the anodizing systems
is given below:

Concentration : (increased)

Acid Systems: Increased dissolution of aluminum.
Thinner anodic oxide layer at the same

voltage.

Increased contamination of anodic film.
Increased porosity.

“Barrier” Layer Systems: Little effect.

May increase contamination in anodic oxide
layer.

May reduce voltage drop in solution and

prevent hot spots on anode.

• Ratio of ethylene glycol/water in ammo-
nium borate system will change the

degree of hydrat ion in the anodic oxide .

Molten Salt System: No effect as system is 100 percent solids

(no concentration change). No water
present.

Ratio of lithium/potassium nitrate

will change the melting point of the system.
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Time :

Acid Systems: Thickness is proportional to anodizin g t ime .
- , Bar r ie r” Layer System.~: Thickness is independent of time — depends

on voltage .

Molten Salt System: Thickness increases with time , but not
linearly.

Ratio of corundum/gamma-oxide may change
with time.

Temperature:

Acid Systems: Very low temperature , 411-’, yields “hard”
anodized films.

High temperature increases rate of “disso-
lution , ” increases porosity, decreases
“barrier” layer thickness.

“Barrier ” Systems: E ffect of very low temperature s is unknown .
High temperature s should decrease hydration

and increase crystallinity.
High temperature should decrease contami-

nation .

Very high temperature and high glycol
content may produce corundum.

Molten Salt System: Temperatures below 300F cannot be used.
Higher temperatu res should produce purer

corundum.

Voltage: (increased)

Acid Systems: Decreased porosity.
Thickness depends on current density, which

in turn depends on voltage .

“Barrier ” Systems: Thickness proportional to voltage .

Molten Salt System: Thickness increase s with voltage .
High voltage “hot spots” might produce

gamma-oxide instead of corundum.
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p11 of Electrolyte:

All Systems: . High acidity, low pH , decreases “barrier”
layer thickness, increases dissolution.

‘
~~~ Neutral , pH 5—7 , favors “barrier” layer.

Basic electrolyte , pH greater than 10,

increases dissolution.

Presence of alkali ion s may favor boehmite .

Based on the above considerations, we established the variations in processing

for each of the five proposed systems as shown in Table 1. The experimental con-

ditions shown were then used to obtain the specimens which satisfied the desired
parameter study for this anodic coatin g program.

TASK Ill — CHARACTERIZATION OF ANODIC COATINGS

Phosphoric Acid Anodize System

A tota l of 10 test series were anodized as described in Table 1. In addition to

this , 4 additional series were anodized at 20 , 30 and 40 volts at room temperature .
Electrical properties were obtained as described in the Test Procedure section for

each run of 4 specimens. The most descriptive electrical property which was obtained

during these runs was the current density as a function of time~ for the various anodizin g

conditions. Figure 11 shows a plot of the current density for the standard 10 volt
anodizing of the bare and clad surfaces of 2024-T3 and 7075-T6 in a phosphoric acid

electrolyte. In all cases, the bare alloy demands a higher current density than the

clad alloy. -

The initial “hump ” in the current density curve represents the rapid growth of
the barrier layer on the aluminum surface. The size of this “hump ” is directly pro-

portional to the applied voltage and the entire current density/time plot shifts upward
slightly as the voltage increases. The longer the time, the thicker the po rous oxide
layer that form s on top of the barrier layer. As the anodizin g temperature was in-
creased to 180F, the current density lacreased dramatically. As the anodizin g tem-
pera ture was decreased to 41 F’, the current density was reduced . Increased voltage s
at all temperatu res shifted the entire density/time curve upward.

The scann ing electron microscope (SEM) was used to measure the oxide thick-
nesses for each anodizing condition . Table 2 shows the measured thickness values.
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In cert ~ti n  instances both si : M and Aug er techniques were used for thickness
n-tea surenicnt.  The u x i t k -  thicknesses on the clad surfaces are , in general , greater

than on the bare surfaces for both 7075 — T ( and 2 02 - l—T ~ . I’he 7075— i’ G . in gene ral.
produced thicker  oxides than did the 202 - I — T 3 unde r the same anodiz ing conditions.
Ik th low ( I l l ’ ) and elevated temperatures (1~ 0 l- )  pro (luccd th inner oxide- s than were
hi rnu-d at U( ) (  m temperature

1-’igui-e 12 shows i plot of cell diameter versus anodizing voltage for 202 - I— l’3 and
70 75—T6 clad al loys.  A cc-li is formed 1w the solid oxide laye r su rroundj n~ the pore

and varies as a function of applied voltage.

Usin g m i i :  Fl) ( He’ liection High Fne rgv Electron l) i f f r ac t i on ) techniques , the
anoilic coat ing was determined to be ~~~~~~ JI ,,0 boeh m i t e  (see Figure l a) .

I- igu res 14 and 1.5 show i-eprc- senta t ive surface and cross—section photo—
mic rographs obtained from specimens which were anodized in phosphoric acid at
75F’ (HT ) .  12 1- and I ~0F. The normal porous oxide structure is evident on all speci-
mens anodized at room temperature. The oxide thickness inc reases as a function of
voltage and t ime.  Figu re 15 shows a pore structu re at the oxide surface which is very
well formed at :~o volts. .-\ t 1- ~0F and 10 volts the oxide appears to have formed into
individual solid globules which appear to he floatin g on the bent aluminum surface.
At 42F and 50 volts the oxide is very co lumnar  and conside rably thinne r than that
fo rmed at room temperatu re . 1-or comparison , l-’igui’c 14 shows that the oxide formed
at room temperature on the 2024-T3 is much more globular in its columnar growth
than the 707 5— F~; , and that  oxide fo rmed on the claddin g is identical with that on the
7075-TI ;. Finite columns can be seen. F ven a barrier layer is evident on the 40 volt
clad specimen . At Ii~0I’ and 10 volts the oxide is essentially the same as that formed
on the 707 .5 except that the globules are slightly smaller. At 42 1’ and 50 volts the oxide
is def in i te ly  of a harrier  laye r form and onl y very sli ght columnar markings are visible
on the side of the oxide layer. i- ven though change s occurred in the physical nature of

• the oxide as a result of temperature change s, crystallographically they were all
& A1 ,()

3
. I1 9 () (boehmitc ) oxide. Measurements of the barrier laye r thickness develop-

ment as a result of the applied voltage indicated that 17-21A of oxide formed per volt.

Auge r electr on spectrographic (A E S) analysis was performed on specimens
representin g each anodic surface condition. [‘he thickness of the oxide was then pro-
filed by ion bombardment m i l l i n g  of the layer until the base metal composition was
observed. l-’igures 1( and 17 show the sur face , profile , and final Ai- :S traces for the
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FIGURE 12. EFFECT OF VOLTAGE ON OXIDE FILM CELL SIZE FOR
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FIGURE 13. RHEED PATTERN FROM OXIDE ON 10 VOLT , R.T.,
PHOSPHORIC ACID ANODIZE ON BARE 7075-T6
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bare 7075-T6 and 2024-T3 alloys. The actual AES data are tabulated in Tables .3 and

4 . From these data, the Cu content was slightly higher on the oxide surface than it

was In the matrix of the 2024-T3 and the Cu content was higher on the 2024 oxide

surface than it was on the 7075-T6 oxide surface. Zn and Mg are retained at the oxi ”-

surface of the 7075-T6 along with the Cu. The Fe and Ni in the oxide surface are

believed to be contaminants from the anodizin g bath. Analyses on the clad surfaces

showed Al and 02 with traces of Fe, P, N~ and Ni appearing.

Chromic Acid Anodize System

Twelve series of specimens were anodized as outlined in Table 1. The standard
procedure for anodizing with chromic acid is to apply the voltage in 5 volt steps. During

each application of a voltage increment , the current density rises rapidly and then it
slowly decays. Figures 18 through 21 show curve s for current density versus time
for each material condition anodized at 104 F, usin g 50 volts and a 10 oz/gal solution.

The uppe r curve relates to the peak of the current surge and the lower curve the base
of the decay curve. Thus , a total energy of current density output is deve loped in each
curve . it is of interest to note that , in general , the current density/time relat ionships
are very nearly the same for all fou r alloy compositions with the standard 104 F’ oper—

ation . As the bath concentration was decreased to 3 oz/ga l there was a decrease in

the mageitude of current density. Conversely, as the concentration was increased to
50 oz/gal , the curre ’it density inc reased nearly two-fold , but it followed the general
shape of the 104 F, 10 oz/ga l curves. As the temperature was decreased to 41 F , the

standard 10 oz/gal curv,es shifted very slightly downward. Similarly, an increase in
temperature to ISOF caused a rise in current density values and an upward shift in the
curves.

The sc.-anning electron mic roscope (SE M) was used to measure the oxide thickness
for each anodizin g condition . Table 5 shows the measured thickness values. The thick-
ness of the oxide produced in the 10 oz/ga l solution shows that the clad surfaces pro-
duced thicker oxide layers than the bare material did. Increased concentrations of
chromtc acid produced thicker oxides in all specimens, and aga in the clad surfaces
had a thicker laye r than did the bare surfaces. The 3 oz/gal solution produced much
th inne r oxide layers , with those on the clad surfaces being thinner than those on the
ba re surfaces. The oxides on both 2024-T3 and 7075—T 6 wer” very similar in thickness
in this solution at 41F. In the 10 oz/gal solution at 4 1F , the oxide on the 7075-1 6 was
th inner  than the one on the 2024— T3 , but at 104 F the reverse was true. In the 50 oi./gal
chromic acid solution , the clad alloys developed thicker oxides than the bare mater ial
did.
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Rep resentative photoniic rographs of the oxide layers which fo rmed on the 2024—i’3

ba re and clad and the 7075—T6 bare and clad alloys are shown in l-’igu rcs 22 and 23. At

both 1011- ’ and 1~~5F , the columnar structure of a typ ical porous oxide ~s evident. At

-11 F’ the clad oxide of both material s shows a barrier layer structure. The bare alloys

produced large column-~ or gluoules of oxide. App ai- &- ntl y, the weak c ncentra t ion of
chromic acid is not sufficient to maintain an “acid — lik e” environment  ‘or anodic reaction

at the h F  temperature , so a porou s layer was not formed. Note the ut side diffuse
layer on the anodic coating formed in the 10 oz/ga l chromic acid anodii in g bath . This
resulted from the sodium dichromale sealing process.

U sin g lUh I - F1) technique s, both the porous and barricr oxides were (J .\1903 1120

boehmite ~see 1-’igure 2 -1).

Auge r electron spectrographic anal ysis was perfo rmed on the so rface of the thick

oxides and then the oxide layer was ion milled for 10 minutes and re-:nalyzed. Fig-

ures 25 and 26 show representative Auger traces from the surface ane just below the
surface of the chromic acid anodized coatings. it was found that the impurity elements
were all located in this outer 50-b OA layer. Elements such as (‘U were found in the
oxide on 2024-r3 and Cu. Mg. and Zn were found in the oxide on the 7075-T6 alloy
throughout its thickness. The elements (‘ U, Zn , and Mg appeare d in much lower con-
centrations in the anodic coatings produced in chromic acid than they did in the phos-
phoric acid. The lower temperatu re once again retarded elemental migration and
negli gible amounts of Cu . Mg, and Zn were foun d on the surface of the oxide . Chromium
was foun d on all oxide surfaces. l’lie ( ‘ r content was particularly high in the specimens
sealed in sodium dichromate . Tables 6 and 7 show a representative tabulation of the
element concentrations (k-t ected on the oNide surface under different cond itions of m o —
dizing. l)u e to the thickness of the mnodic films , complete profiling was not performed.
Scans %t ( ’re made fro m the su rface aga in after  mi l l ing  f o r  10 minutes by ion bombardment.

Ammonium Chromate Anodize ~y st &- m

A total of 6 variable test panels were anodized unde r varying condition s as de-
scribed in Table 1. Electrical properties we re recorded [‘or each run of four specimens.
Figu res 27 and 2~ show the electrical p i-op - rty plots b r  current ( lensi ly versus t ime.

• ‘I’he typical current curve for this system start s with a surge of current which is p ro-
portional to the voltage and then a decay to a low value, It is during the - high current
surge that most of the oxide is fo rmed in thi s system. .-ls is the case with the other

SI)
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FIGURE 22. SURFACE CHARACTER OF 2024-T3 ANODIZED IN CHROMIC ACID
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FIGURE 24. RHEED PATTERN FROM OXIDE ON 50 VOLT , 104F,
(100Z/GAL) CHROMIC ACID ANODIZE ON BARE 7075-T6
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anodic systems, the current density is directly proportional to temperatu re . At 1~ OF ’ ,
the long— time behavior shows a slight rise in current as a function of time. This Would
indicate a breakdown in the oxide due to the chemical activity of the hot ammonium
chromate.

The thicknesses of the oxide layers as measured with the SEM are shown in
Table ~ . in general , the oxides on the clad surfaces :u’e thicker  than those on the
bare surfaces. The oxide thickness increased as the applied voltage inc reased. In
general , the oxides fo rmed on 70 75—T6 at RT and - l iE  are th icker  than those which
formed on the 2024— T: l .

l- ’igu res 29 and 30 show representative surface and cross-section photo-
m ic rographs o f the ox ide layers wh ich were fo rmed with the ammonium chromate
anodize system. The expected barrier  laye r type of oxide was evident for all con-
dit ions investigated. Both the 2024-T3 and 7075-T6 anodize coatings show a “bubble-
lik e” pore structure on the surface of the barrier layer oxide . The 100 volt I(T
specimen actually shows rows of “pimples ” on the oxide surface . This behavior is
different from that of a normal barrie r layer oxide which is relatively smooth and
“ slab—lik e” in natu re ,

1~Hl-; F:D anal ysis showed these anodic layers to consist of the aA l 2 O3’ H 2
()

boehmite fo rm of oxide (see Figure 31).

Auge r electron spectrographic analysis was performed on the oxide sum -fe-es
and the oxide was then profiled. Figures 32 and 33 show representative Auge r t i-aces
and profiles. Tables 9 and 10 show a summary of the elcmc-nts k-tccted on the oxide
surface and their relative intensities. ‘The amoun t of (‘U sh win ~ & on the bare and clad
OXide su r f ac e s  is less than that which ~ippeared on the phosphoric or ( ‘h I’on ) ic acid
ano(t m ,, ( ’ su rfaces.  ‘The relative amoun t of ( ‘U appears gre ;I t I -r  on the 7075— ’f6 surface
than on the 20 2 -I — i’3 anodized surfaces. ‘rhe Zn and Mg appe a l’ on thi - Ii  i-v 7 0 7 5— !’I
I f l o d izI- i l  surfaces , and at the highe r voltage s on the c-lad surfaces.  ( ‘hron iiurn appeal’s

or) the oxide surface of all samples and it must be deposited from the bath itself , and
- ‘ the (‘ r content appears to he relatively unifo rm throughout the thickness. I ’d’ and ~ i

were also det ecU-d. ‘They we re believ ed to be associated with the sta inless steel
conta iner.
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FIGURE 31. RHEED PATTERN FROM OXIDE ON 50 VOLT , R.T., 30 M IN ,
AMMONIUM CHROMAT E ANODIZE ON BARE 7075-T6

64

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



- 
~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ I -[

-‘ - - - 
~~ ( 

Cu 4 1 ) 1 BARE 2024-T3
-
~ X10 OXIDE SURFACEIA I 

~ Cr Fe X10

02

0 500 1000 1500 2000
eV

CHANNEL ELEMENT GAIN
1 AL (1396eV) 1

2 2 0 (510eV) 1
3 Cr (571eV) 10

PROFILE
THROUGH
OXIDE ON

- - 1  BARE 2024-1 3

2

3

I.
2MIN / INCH 3OmA

‘S.
. - - 

~~ 0 
~~~~~

A
2~~~~~3

02 X10

Al

Xl Al
I X4

0 500 1000 1500 2000
eV

FIGU RE 32. AUGER TRACES FROM AMMONIUM CHROMATE ANODIZED
BARE 2024-T3, 10 VOLTS, 30 MI N, R,T.

65

“S. S. - - - - ‘_‘ -— “ — —,——-- ‘—‘--S.-- - ~~~~~ - — S., — — —

L• , - S.’~~i,’ - S. •
~ ‘~_. —



OXIDE SURFACE
CrFe

IA I
X l X 1O X 1o

Al

_____________ 

02 I X4
0 500 1000 1500 2000

eV

2 CHANNEL ELEMENT GAIN
1 AL (1396eV) 1
2 0 (510eV) 1
3 Cr (571eV) 10

PROFILE
THROUGH
OXIDE ON

, 
BARE 7075-T6

2- ‘ 3

1OMIN/ INCH 3OmA

A 02 SURFACE OF
7075-16

X10 X4_...
~ X10

Al Al

U 500 1000 1500 2000
eV

FIGURE 33. A UGER TRACES FROM AMMONIUM CHROMATE ANODIZED
BARE 7075-16, 100 VOLTS. 30 MIN , R.T.

66



I I I I ‘,. ~ I

I - I - I ,~ - I
I ~~ I ~~ I ‘ ‘ - I
I I~~~~~ I I

CL

U
0~~

I I I I I I I I I I
4.’, I I I I I I I I I I

I I I I I I I I I

CL — —_ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _

0<  ,.. I I I I I ..— I
I’] r I I I I ~~ I ~, ~ IV ~~~ I I I I ~~ I ~‘ ~- I— c.’J

E N  I I I I I I I I I I

— _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _

I I I I I I I ~~ I I
I I I I I I I I I

N I I I I I I I I I

~~~~~~ C’1 
_ _ _  _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _

~~~~~~~~~~~~~~ IU ~~~~~~~ i

CL CL CL CL CL CL CL CL CL CL
o ~~~~~~~~~~~~~~~~~~~

Cl) Cl) CL CL CL CL CL CL CL CL
F-C

CI; — —  _ _ _ _ _ _ _ _—_ _ _ _

z -
0 

~~~~~~~~~~— 0H o
H ~~~~~~~~~~~~ ~~~~~~~~~~~~Z r- - -Q - - - - !~~~C C ‘ ‘  “ C C -— ‘~~~ ~ — — -Li 

>~~~~~~~~CL
~~ • ,,~ •0 0 0  0 0  0~~~) ( ‘N 0 0  C’) C’) C’) C 0 0  C’) C”) C ’ ) C  l u l l ,
C”) C’) - - C’) C’) 

- , 0 z
o ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ - ~~~~~~~~~~~~~ ~
- — ~~

,

~~~ ~~ 0 0  0 1, 0 0  0t ~ F - ,  - ‘
•i : ,~~ 0 C’ 0 LI) LI’) C’ — 0 0 0 LI’) LI’) 0 Z ~~ — — ~~ ‘ ~~~

1a1 — II) — — — —  U — u~ •-4 ,-4 ~ 4 - 4  —

67

0 ‘ S. - ,  - “ - _  ~~~~~~~~~~~~~~~~~~~~~~~~~ —- -

• -:‘- —~~~~ .-~~ 
-‘ -S.- 

.
‘ ~‘— — S. _~~- ‘~~~“ —



- 
I I

~~~~~~~~~H

~~ S. 

1 : I  I I : :

1 I I
,,. I — I I- - I -‘ ,- I I

I.’ -

Li ~~~~~~~-~~~~ - - 
~~

~~~~— —  ~‘
S. o” I I

CL
— _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _

—
-~, 

LI) ‘.- — -

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

- 

_ _ _ _ _ _

• 

,

~N C L C L C / )  CL C L C L C L
C —~~~~~~~~~~~~~~- —

— _ _ _ _ _  _ _ _ _ _ _ _ __ _ _ _ _  -_ _ _ _ _ _ _

< S . -
CI) Cl) CL Cl) C L C l ) CL

~~~~~~~~~~~~~~~ ~,,S.

0 — _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _

‘-4

z
~~~ 

0 S. 
~~~

~
F- ~~~~~~~ ~~~~~~~~~~~~~~~~

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

Li C C 0

~~~~~~~~ ~~~~I I I I I I I
o ~~~~~~~~~~~~~~~~~~~~~~~~~~~~ - - Z

z ~
- “ ‘

~~~~~
‘
~~~

lj -- ”
~
’ ~~~~~~~~~~~

~~~~
— 

— ,-‘ Cl) r~ ~~ -‘

68 

.-~~~ — —‘- - S.— - “ - - —



Potassium/Lithium Nitrate Eutectic Salt Anodize System

A total of -i var iable  test panels we re anodized under varyin g conditions as
desc ribed in Table 1. A 60~’ potassium nitrate/4 0 ’ l i thium nitrate eutectk- salt bath

was prepared by heating the dry salts at 320F until  the entire bath was molten. A

to tal of 6-1 coupons were anodized at various voltage s and t imes at 3151” and 5001” .

Figu res 34 and 35 show the current density versus time plots for the 50 volt anodizin g
of ba re and clad 2024-T3 and 7075-T I ; . The normal surge of high current occurred
immediately after the voltage application and was followed by a gradual decay of the
current. The clad material produced lower current density curves than the bare alloys.
The 7075—T6 was slightly more reactive than the 2 0 24— T3 during the f irst  portion of
the anodizing reaction. The bare 2024-T3 started reacting aga in after 900 seconds.
Raising the bath temperature to 500 F resulted in an unstable anodizing bath and arcin g

occurr in g periodically. The resultant oxide thickness was , howeve m- , p roportional to
the increased voltage .

The oxide t h ickness resu lts as measured on the ~FM are shown in Table 11.
Inc reased voltage or temperature resulted in an increased oxide thickness. The oxide
fo rmation constant appears to be between 50 and 90$ volt at 315F.

Great di fficulty was encountered in r ins ing  the s a l t  f rom the surface of the oxide
after cool—down . Figures 36 and 37 show representative surface and cross-section
pho tomicrographs of the oxides produced by the euteetic salt anodizing system at 31SF.
The barrier laye r fo rm of this oxide is apparent. However , a “column-lik e ” oxide
growth is apparent on the 2024-T3 alloy. Direct viewing of the oxide surface shows
th at the o~~de is cracked as seen on the 707 5-T6 al lo~’s, This cracking probably occurs
while cooling down to room temperature from the anodizing temperature.  The clad

alloy surfaces produced a much more even growth of the barrier laye r oxide than did
the bare alloys which produced a “bubbled ’ or “column-l ike” oxide s tructure.  ‘I’he

surface of the 500F anodized specimens showed large pores and severe c racking in the
oxide. The electrical arcin g probably caused this attack of the oxide,

Usin g RH I- ED techniques , the anodic coatin g formed by th is  eutectic salt system
was determined to be oA l 9O3 corundum (see Figure 38) .

Auge r electron spectrographic analysis was performed on the oxide surfaces and
then the oxides were eithe r pro filed through to the base metal or they were ion milled
below the surface to determine the elementa l constituents in the oxide layer. Figu res
35 and 36 show representative Auger  traces and prof i les .  The compa rative intensity
data is tabulated in Tables 12 and 13. l’hc activ e elements are ( ‘U , Mg and Cr , and Cu ,
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FIGURE 38. RHEED PATTERN FROM OXIDE ON 100 VOLT , R ,T,,
POTASSIUM /LITHIUM NITRATE ANODIZE ON BARE 7075-T6
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Z n and \Ig lox - the 202~l — l ’ :~ and 707-~— I’; 
~~~~ m iens , r ( ’SI)ect ively . l lowevei’ , the

a C t i v i t y  I toes not :ipp e:i 1’ to Ix- :is st rong as that in the amnion ium chr omate sy stem as
the in t ens i t i e s  It  the o~ i k ’  SU i - t a c t ’  wi re not is S tr I ,nc ~. ‘l’he l” e and Xi :~ I- c believed to
be impu rities picked up ft - t m  the stainless steel tani c being used. ‘l’raee amounts of
pot:issium inil lithium were il so detected on the oxi l.Ic- su rf,ic-e. l’he ’ were probabl y
caused by incomplete washing of the bath residues,

Am monium Pentabo i ’ :it e— l”thy lent ’ ( ;l vc ’oi ,\flo (l ize ~~‘5t ( ’m

,-\ total of ~ ~‘a t ’iable test panels we t-c anod i’ ,etl at room temperature , 200 F’. and
-Il F accoi’thn g to Table 1. U ep i ’ e s e n l t t iv e  Cur r en t  density vei-sus t ime curves for the
100 volt liT data ai’e shown in I ’ i ~ ures  41 ~ind 42 . The room temperature 100 volt
curves show that ill of tin,- al l oy condition s had very s imi lar  electrical prope l-ties.
.-\t 11 F’, the maximum curi -ent density dropped sli ghtl y, but the shape of the curve s
w:Is the same. ~- imi l ar ly ,  ii  200 1” the current density increased . Great care was
cxc i’cised in runn ing th I s  :lnIsll/e system to min imize  or el iminate exposure to water.

~amp1es wi ’ i ’ t - washed be fo re anodizi ng wi th  ethy lene glycol.

The se:innin g elec tron mic roscope (~ l’M) was used to measure the oxide th ick—
nesses  resultin g from each anodiz in g condition. Table 1-i shows the measured

thickness values . In gem at , the hare alloy s produced sl ightly thicker oxid - layers

than did the clad alloys a t room temperature.  A sl ight ly  thicker oxide was produced

on the 707-3-16 than on the 2024-’1’3 at room temperatui- e . At 41F’ and 200F the oxide

thickness appeared to he independent of the base alloy composition but , aga in , the
oxide was thicker  on the ha re alloy than on the clad . Increased voltage resulted in an
increased oxide thickm-ss and the oxide formation constant was found to be between

15 and 20A ‘vol t at i’ooni tempe ratui- e ,

l”igu res ~13 and - i i  show representative sui’face arid cross—section photomicro—

graphs of the oxide to I ’med  wi th  the an imonium p ent a ls i i -a t e—ethy l en e  glvcol  anodizin g

sys tem.  The ex’p ( -c ’t ( -I  I h arr ie t’  layer is evident or both the clad 202 -l — ’l’3 and the clad

- . 707 5— l’I; with the appearanee of the conventional ‘ hloek~” ’ type h i i~h densi ty  oxide. I’he

structure of the oxide on the ha x’e ii  loys shows a ‘c’ ( Ilumn a r ’’ natu i’c- as comp i red to the
h i t ’  ti e r layer gr owth.  This is particularly evident on the spe ’ imen s anodized at d l i - ’ .
‘l’he iaye i’s 1-me Il it 200 I” on both the ha i-c and ci III  alloys ire the high (lens its ’ - ‘block’’ —

type ha rriet’ L i Ve  t’ ( ; x i I I ( - s .  ‘l’hese results tndicat ,e( l that  even (or Ici  t’i’it ’ r layers the

oxide formation t’ iti’ - 
S lepefl lent on base al loy composit iofl.

s i n g  RI I l ~ F: I) t e chn iques , th e ~In o ( 1i ( ’  coati ng on t lit-se SI V ‘C imi  - i s  w a s  d e t e r m i n e d

to be vA 12
( ~ (gum t i l l )  (S( ’e  I i gII  i i ’  ‘ 1.1 ) .
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FIGURE 45. RHEED PATTERN FROM OXIDE ON 50 VOLT, R.T., 30 MIN,
AMMONIUM PENTABORATE ANODIZE ON BARE 7075—T6

-‘I

I

86

~~~~~~~~~~~~~~~~~~~~~~~~~~ 1



Auger electron spectrographic analysis was performed on the oxide surfaces
and then the oxides were either profiled through or ion milled below the surface to
determine the elemental constituents In the oxide layer. Figures 46 and 47 show
representative Auger traces and profiles for the 2024-T3 and 7075-T6 specimens.
The comparative intensity data is tabulated in Tables 15 and 16. The activity of Cu
is apparent in the oxides fo rmed on both the 7075-T6 and 2024-T3 alloys. The 2024-T3
shows a large amount of Cu at the surface which slowly decreases to the quantity of Cu
in the metallic substrate. The Cu content In the oxide on the 7075-T6 is also higher
at the surface than in the metallic substrate, but to a lesser degree. The elements
Mg and Zn are also prevalent in the surface oxides on the 7075-T6 .

• TASK IV — ENVIRONMENTAL DURABILITY OF ANODIC FILMS

Anodized specimens were exposed in both stressed and unstressed condition to
both a standard salt spray and a humidity environment. These specimens were evalu-
ated after exposure using the optical and the scanning electron microscopes. Table 17
shows the tabulation of these results.

The stressed series of tests were conducted with a 0. 125-inch wire held behind
the center of the specimen. In this manner, the specimen surfaces were stressed to
approximately 35 ksi in tension . These tests (Table 17) showed the same general
ranking, except that the corrosion attack was more severe on these specimens
than on the unstressed specimens. Electron diffraction analysis of the severe and
heavy attacked oxide s showed the fo rmation of a hydrated $A1203• 1120 oxide (see
Figure 48). Scanning eLectron microscope examination revealed a ~sca Ee_ l ike !! attack
to both the chromic and pentaborate anodized surfaces. F’igure 49 shows the chromic
acid anodize surface with oxide present on the surface. FIgu re 50 shows the ammon-
lum pentaborate anodized surface. The attack on the ammonlum chromate anodized
surfaces was cente red around the grain boundary areas.
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FIGURE 48. RHEED PATTERN FROM SURFACE OF CHROM IC ACID (UNSEALED)
ANODIZE AFTER SALT SPRAY AND RELATIVE HUMIDITY TESTING
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FIGURE 49. CORROSiON PRODUCTS ON SURFACE OF CHROMIC
ACID ANODIZED SPECIMEN, 700X
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SECTION IV

SUMMARY A N D  CONCLUSIONS

The processing variables and the desired results for each anodizing system
were outlined in Tabl e I. These parameters were selected in general to establish
maximum and minimum in oxide thicknesses; to maximize the density of the oxide;
and to maximize the boehmite, corundu m or gamma aluminum oxide layer. In addition ,
the parameters selected were intended to vary the amounts of porou s or barrier layers
of anodic films. A baseline set of parameters were used to establish the properties
obtained from “normally accepted” or commercial conditions. Table 18 shows a
summary of the parameters established for the five anodizing systems.

TABLE 18. SUMMARY OF R ESU LTS
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During this program , different conditions were evaluated to determine the

relationship between voltage, bath temperature, bath composition and anodizing time

and the oxide which was produced with five different anodizing systems on bare and
clad 2024—T3 and bare and clad 7075—T6.

Two of the anodizing systems which were used produced a porous oxide on top

of a thin barrier layer oxide. Both the phosphoric acid and the chromic acid baths

were more reactive at higher bath concentrations , higher temperatures, and higher

voltages. This greater activity produced a less ordered oxide structure, and entrapped

more contaminant elements in the oxide. Low temperatures , voltages and bath con-

centrations had less chemical activity associated with them which allowed the forma-
tion of a regular cell—like porous oxide layer. The oxide layer s which formed on the

higher pu rity clad material were composed of a more regular pore structure than
those which formed on the bare alloys. The barrier layer film thickness also indicated

that the oxide growth rate is largely dependent on alloy content. In each of these cases,

the growth rate was greater than the “literature” constant. Of course, the literature
constant is based on oxide growth on a 99. 99~ purity aluminum. Lower bath tempera-

tures resulted in the formation of a barrier layer only on clad 2024—T3 in the phospho-
ric acid and both clad alloys in the chromic acid bath . The AES analysis indicated that
there was a high Cu, Zn , and Mg content in the oxide on bare 7075—T6. Neither of the
oxides on the clad alloy contained these elements showing that both the chemical actlv—
ity of the bath and the composition of the alloy influenced the oxide structure.

The barrier layer baths ammonium chromate , potassium/lithium nitrate
eutectic salt , and ammonium pentaborate in ethylene glycol all produced dense or
semi-dense barrier la~7ers of oxide. At low temperatures , a small amount of porou s
oxide developed on the surface of the barrier layer. Higher temperatures frequentl y
changed the baths activity and disrupted the barrier layer. Higher voltages produced
thicker barrier layers as expected , but the thickness was different from the constant
derived from oxides formed on pure aluminum. The AES indicated the presence of
Cu in the barrier layers of 2024—T3 , but to a lesser extent than in the porou s oxides.
The presence of Fe and NI In the oxides resulted from the use of a stainless steel ano—
dizing tank. Again , Cu , Zn , and Mg were present In the barrier layer oxides formed
on the bare 7075—T6 with all of the anodizing baths. However , smaller amounts of
these elements were present than in the porou s oxides.
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The crystalline structures of the phosphoric acid , chromic acid and ammonium
chromate oxide films were determined to be o-Al203 ’ 1120 (boehmite). The potassium/
lithium nitrate eutectic salt produced an oxide film which was analyzed to be a.A1203(corundum). The oxide film produ ced In ammonium pentaborate in ethylene glycol
was analyzed to be v’A1203 (gamma).

On the whole, all of the stable (low activity) anodizing systems tend toward the
formation of a constant thickness oxide depending upon the alloy, bath composition ,
temperatures and voltage but not time. Thu s, given sufficient time (seconds to
minutes) the oxide layer which is formed is essentially independent of further holding
time.

The corrosion resistance exposure tests showed the chromic acid and ammonium
chromate oxides to have the least resistance to 140F , 100% relat ive humidity testing.
Under certain conditions the oxides formed In ammonium pentaborate also showed a
hydration breakdown. Testing specimens under stress appeared to hasten the rate of
hydration failure, but did not change their ranking.

The significance of this program lies in the subsequent use of this data in studies
on the durability of oxide film s in conjunction with adhesives. The program has de-
veloped the basic relationship between the parameters and the physical, chemical , and
crystallographic char acter of the oxide films. The next step is to use these parameters
In the development of a durable interface for adhesive bonding.
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