
AD-AO86 791 AIR FORCE WRIGHT AERONAUTICAL LABS WRIGHT-PATTERSON AFS OH F/G 11/4

AN INVESTIGATION OF A COMPOSITE OXIDE FILM AS A CORROSION INHIB--ETC(U)
JUN 80 N T MCDEVITT. F N WEAVER

CLASqWAn AFLAL-TR-8O-4065 NL

Ehh.llll.E,,EE
EEElillElll El EEEil END8l



2__ 2.2

4I.' 2.0

IIIIIN.A

MICROCOPY RESOLUfIO3N - ( HARi



2"i:AFWAL-TR-80-4065 LEVEL

AN INVESTIGATION OF A COMPOSITE OXIDE FILM
AS A CORROSION INHIBITOR FOR 2024 ALUMINUM

NEIL T. MCDEVITT

MECHANICS AND SURFACE INTERACTIONS BRANCH
NONMETALLIC MA TERIALS DIVISION

FRANK X WEA VER DTIC
CHEMISTR Y ELECTE
MORRIS BROWN UNIVERSITY an
JUNE 1980

TECHNICAL REPORT AFWAL-TR-804065
Interim Report for period January 1979 - December 1979

Approved for public release; distribution unlimited.

MATERIALS LABORATORY
I0- AIR FORCE WRIGHT AERONAUTICAL LABORATORIES "/

AIR FORCE SY91EMS COMMAND
WRIGHT-PATIERSON AIR FORCE BASE, OHIO 4548

_807 715 017



NOM~E
When Government drawings, specifications, or other data are used for any purposne

other than in connection with a definitely related Government procurement operation,
the United States Government thereby incurs no responsibility nor any obligation
whatsoever; and the fact that the government may have formulated, furnished, or in
any way supplied the said drawings, specifications, or other data, is not to be re-
garded by implication or otherwise as in any manner licensing the holder or any
other person or corporation, or conveying any rights or permasion to manufacture
use, or sell any patented invention that may in any way be related thereto.

This report has been reviewed by the Office of Public Affairs (ASD/PA) and is
releasable to the National Technical Information Service (NTIS). At NTIS, it will
be available to the general public, including foreign nations.

This technical report has been reviewed and is approved for publication.

S..oDEv - S. W. TSAI, Chief
Mechanics & Surface Interactions Br.Mechanics & Surface Interactions Br. Nonmetallic Materials Division

Nonmetallic Materials Division

FOR THE COMMANDER

F. 0. CHERRY, Oef /:
Nonmetallic M erials Division

"If your address has changed, if you wish to be removed from our miling list, or
if the addressee is no longer employed by your organization please notify AFWALI/fIM,
W-PAFB, OH 45433 to help us maintain a current mailing list".

Copies of this report should not be returned unless return is required bg security

considerations, contractual obligations, or notice on a specific document.
AIR FORCE/S7s0/25 June 1980 - 160

.. ~ -



SECURITY CLASS' FICATION OF THIS. *aGE ( *i Dat eosd READ INSTRUCTIONS
REPORT DOCUMENTATION PAGE DPR OPEIGFR

1.RPR U ra 1iTAeSION NO .ECVT *

17 AFWAL-TR-8 -165 is
~: .2E~nIJ 5 T FF~aT TIPERIOD COVERED

NSTGATION OF A JOMPOSITE XIDE /~II.D

fi AS ACOROIO ;HBITOR Fk ,24 IJa ' *-Dc 107 92
Nei T.s 11vtt1. COwl RACT OR GRANT NUMUERR(.)

3PERFOR1itNG ORGAN RATION NAME AID ADORE O.PcGOAM FLEMENT. PROJECT. TASK
1asLbrtr FAMB) Air A...A WORK UNIT NUMBERS

Force Systems Command, Wight-Patterson
Air Force Base, OH 45433 and *ChemistrDept, Morris Brown Univ., Atlanta, GA 14 ( ] 10

11. CONTROLLING OFFICE NAME AND ADDRESS .0qPRM61

Materials Laboratory (ML) Jun 198Fp
Air Force Wright Aeronautical Labs '-
Wright-Patterson APB, OH 45433 37_________

- _14. MONITORING AGENCY NAME A ADORESSO'f different from, Conltrollingj office) IS. SECURITY CLASS. (of tis eport)

UNCLASSIFIED
15a. DECLASSI FCATION/OOWNGRAING

* SCHEDULE

16. DISTRIBUTION STATEMENT (of this Report)

Approved for public distribution; publication unlimited.

17. DISTRIBUTION STATEMENT (of the abstract entered In Block 2,If differeint from Ropon)

Is. SUPPLEMENTARY NOTES

19. KEY WORDS (Conltinue. on reverse side it necessary and Identify by block rmmober)

2024 Aluminum Conversion Coating
Surface Treatments Corrosion
Anodization

20. USTRACT (Continue on reverse side It necessar and iden~tify by block nmber.)

"__' This study shows the corrosion resistance of the oxide film
on 2024 aluminum can be improved over the neat anodic oxide by
forming a composite oxide film using as a sequential process a
chromate conversion solution dip followed by phosphoric acid
anodization.

DD 173EDTIO O INO65 S SSL ECUIT CLASSIFICATION Of THIS PAGE abtet ffinfo.0

~'9 4 0 -A



FOREWORD

This technical report was prepared by Neil T. McDevitt,
Mechanics and Surface Interactions Branch, Nonmetallic Materials
Division, Air Force Materials Laboratory (AFML/MLBM), and Dr.
Frank N. Weaver, Chemistry Department, Morris Brown University.
This work was initiated under Project 2419 "Nonmetallic and
Composite Materials:, and W.U.D. No.(44?"Improved Materials,
Processes, and Life Prediction Method?ogy of Adhesive Bonding"
monitored by T. W. Haas.

This report covers work conducted inhouse during the period
January 1979-December 1979.

The authors are especially grateful to Mr. James Solomon
for his helpful technical discussions and Mr. William Baun for
his valuable advice. Also to Mr. Gary Jones and Mr. Douglas
Hanlin for their technical assistance.

Aoo..lm ,

JuIf leation

Distribution,

Alablity Codes

Avall and/or
DIla. special



TABLE OF CONTENTS

SECTION PAGE

I I BACKGROUND 1
II INTRODUCTION 2

III EXPERIMENTAL 3

IV RESULTS AND DISCUSSION 5

1. CHARACTERIZATION OF OXIDE FILMS 5

A. Phosphoric Acid Anodic Oxide

B. Chromate Conversion Oxide 5

2. CHROMATE-ANODIC OXIDE COMPOSITE FILM 6

3. SALT SOLUTION ENVIRONMENT 8

REFERENCES 12

fv

IL
V

L..



LIST OF ILLUSTRATIONS

FIGURE PAGE

1 SEM Micrograph of a 1.OM H PO, 10V, 12 Minute
Anodization of Bare 2024-TIA|NlnUm 14

2 Auger Depth Profile of Specimen Examined in

Figure 1. 15

3 SEM Micrograph of Specimen A-044. 16

4 SEM Micrograph of Specimen A-121. 17

5 Auger Spectrum of Surface of Specimen A-121. 18

6 Auger Depth Profile of Specimen A-121. 19

7 SEM Micrograph of Specimen AP-121. 20

8 Auger Spectrum of Surface of Specimen AP-121. 21

9 Auger Spectrum of Metal-Oxide Interface of
Specimen AP-121. 22

10 Auger Spectrum of Surface of Specimen AP-095. 23

11 SEM Micrograph of Specimen P-036, a) 10OX,
b) 50OX. 24

12 Auger Spectrum of Pit and Edge of Pit of
Specimen P-036. 25

13 SEM Micrograph of Specimen A-036, a) 10OX,
b) 50oX. 26

14 Auger Depth Profile Through Center of Healed Pit

Specimen on A-036.

15 3X Photo of Specimen AP-040 Showing the
Leaching Effect of Salt Solution. 28

16 3X Photo of Specimen AP-036, X) Sulfuric-Chromic
Pretreatment, Y) Nitric-Hvdrofluoric iPretreatment. 29

17. 3X Photo of Specimen AP-190, X) Sulfuric-Chromic
Pretreatment, Y) Nitric-Hydrofluoric
Pretreatment. 30

v



LIST OF TABLES

TABLE PAGE

I Experimental Conditions for Specimens Studied. 31

______ ______ _____vii _ _

.AN.



SUMMARY

Placing a corrosion retardant directly in the oxide film

should greatly improve the corrosion resistance of that film

in comparison to the primer-inhibitor method. This study shows

a retardant can be placed in the oxide film of 2024 aluminum by

forming a composite oxide from the sequential generation of a

chromate conversion coating-anodization process. A composite

oxide film formed from a two minute conversion coating, and a

10 volt, 8 minute anodization in 1.OM H3PO4 showed a corrosion

resistance on the average of twice that of a 10 volt, 10 minute

l.OM H3PO4 anodic oxide.

A follow on study has been formulated to determine if the

composite oxide film maintains the bonding characteristics of

the original phosphoric acid anodic oxide.
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SECTION I

BACKGROUND

Extensive research programs have shown phosphoric acid

anodization to be one of the better methods for preparing the

surface of bare aluminum alloys for adhesive bonding. (1) While

acting as a surface preparation in forming good metal-to-metal

adhesive bonds the formed anodic oxide should also have reason-

able passivation properties for the bulk metal. The passivation

properties of an oxide formed in phosphoric acid are known to be

minimal when compared to other anodic oxides. Consequently,

the chemical breakdown properties of this oxide film are of

great interest for bond-line corrosion resistance.

Corrosion control of airframe structures exposed to the

environment has always been a concern (2) of aircraft manufacturers.

However, at the present time bond-line corrosion, as a primary

cause of failure, does not seem to be a major concern. Since

the anodic oxide offers minimal corrosion protection, and the

airframe aluminum alloys contain copper, bond-line corrosion may

limit the desired durability of adhesively bonded structures.

A recent study (3) on unbonded specimens has shown copper to be

present in a large majority of the corrosion pits formed on the

bulk aluminum alloy. A survey study to improve the corrosion

resistance of the anodic oxide was recently completed.
(4 )
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SECTION II

INTRODUCTION

Current technology for improving the corrosion resistance

of the oxide layer incorporates corrosion inhibitors directly

into the primer layer. The primer layer is placed on top of

the prepared oxide layer. These inhibitors remain as particulate

matter in the primer and actually lay on the surface of the

oxide. In order for these inhibitors to be effective as

corrosion retardants for the oxide-primer, or metal-oxide

interface they must come into contact with the environment,

partially dissolve, and then be physically adsorbed by these

interfaces. Placing the corrosion retardant directly into the

oxide film should greatly improve the corrosion resistance of

that layer when compared to the primer-inhibitor method.

The initial aim of our present research program is to

improve the corrosion resistance of the phosphoric acid anodic

oxide film. In the preliminary survey study (4 ) one method

seemed to show some promise as a corrosion retardant for the

anodic oxide film formed on 2024 aluminum. This method generated

a composite oxide on the 2024 aluminum by the sequential pro-

cesses of treating the deoxidized metal surface with a chromate

conversion solution followed by phosphoric acid anodization.

The purpose of this report is to chemically characterize

a large number of 2024 aluminum surfaces having a chromate-anodic

composite oxide film and evaluate the corrosion resistance of

this film with reference to a salt solution environment.
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SECTION III

EXPERIMENTAL

Rectangular specimens were cut from a sheet of 2024-T3

bare aluminum alloy. Each specimen was 5.0 x 2.5 x 0.05 centi-

meters. All of the specimens were degreased with an acetone

wipe and then ultrasonically cleaned in carbon tetrachloride

for five minutes. Specimens were deoxidized with either a

nitric-hydrofluoric acid (3 minutes at room temperature), or a

sulfuric-chromic acid (15 minutes at room temperature) solution.

The composite oxide film was generated by a chromate con-

version solution (Alodine 1201*) followed by anodization in a

1.OM phosphoric acid electrolyte. A number of different para-

meters were used in forming the composite oxide film and the

specimens reported in Table I represent a cross section of the

surfaces studied in this report.

The instruments used in this study were the IST 60 Scanning

Electron Microscope (SEM) and the PHI Scanning Auger Microprobe

(SAM).

Corrosion resistance of each composite oxide film was

determined by a salt solution dip. Fifteen specimens were

attached to a 15-centimeter diameter wheel that was driven by a

stepping motor. Each specimen was insulated in order to prevent

galvanic interaction with the wheel. The specimens were

*Amchem Products, Inc.
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dipped through the salt solution for one minute followed by a

three minute air-dry cycle.

41
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SECTION IV

RESULTS AND DISCUSSION

1. CHARACTERIZATION OF OXIDE FILMS

A. Phosphoric Acid Anodic Oxide

The surfaces generated by phosphoric acid on aluminum,

clad aluminum alloys, and bare aluminum alloys was reported in

a recent study. (5 ) An SEM micrograph of a phosphoric acid

anodized surface of bare 2024 aluminum is shown in Figure 1. An

Auger depth profile of this oxide film (Figure 2) shows copper

present at the metal-oxide interface.

B. Chromate Conversion Oxide

Chromate conversion oxide films are dependable

corrosion resistant films when formed on aluminum alloys. They

are generally applied by immersion processes. Most conversion

coating solution compositions are proprietary with each manu-

facturer and the specific chemical constituents are very seldom

known. The Alodine 1201 solution used in this study meets the

requirements of Military Specification MIL-C-5541B and contains

ferricyanide salts, acidic chromates and fluorides. The immersion

process dictates open circuit potential conditions. Under these

conditions the surface morphology generated can usually be de-

scribed as "dried mud" (Figure 3). Similar passivating oxide

coatings have been studied by a number of researchers. (6- 11) The

thickness of the film was obtained by bending the specimen into

a "U" shape and observing the cracked oxide at the apex with

the electron microscope. Figure 4 shows a micrograph obtained

5;2



in this manner. The measured thickness of this film is approxi-

mately 0.4 u'm. The films prepared in this study grew rapidly in

the first 90 seconds, then the rate decreased until a thickness

of 0.4 to 0.55 u'm was obtained after four minutes. These same

thicknesses were generated with eight minute immersions. Similar

(6)results were reported by Katzman. A SAM spectrum of the

surface (specimen A-121) is shown in Figure 5. These data

indicate the first part of the surface is composed of chromium

and iron compounds. No aluminum compounds are detected. Accord-

(9) 3+ing to Koudelkova, the chromium species are Cr203 (Cr )and

2- 6+Cr04  (Cr ).An Auger depth profile (Figure 6) of this

specimen shows chromium to be prevalent throughout the oxide

coating. Copper appears to be present at the metal-oxide inter-

face similar to that found in the depth profile of the anodic

oxide film (Figure 2). Several specimens were made the anode in

an electrolytic bath of Alodine 1201 and subjected to an applied

* potential of 30 volts. A SAM analysis of this specimen did not

show any chromium present in the oxide layer. (12) This indicates

that an open circuit potential is required to place the chromium

throughout the oxide film.

2. CHROMATE-ANODIC OXIDE COMPOSITE FILM

A large number (200) of specimens were prepared and examined

during this study. The specimens notated in Table I are repre-

sentative of surface parameters evaluated. The chromate con-

version coating was grown on a deoxidized surface of bare 2024

aluminum and then dried. The specimen was then anodized in a

6



phosphoric acid electrolyte. Composite aluminum oxide films

have been studied by Alwitt; (13 14 ) however, these films were

formed from the growth of a hydrated oxide and a barrier layer

forming electrolyte.

Phosphoric acid is an aggressive, pore-forming electrolyte

and we expected the chromate conversion coating to be thoroughly

mixed with the anodic oxide. The initial SEM study on this

composite oxide film showed the anodic oxide growing under the

conversion coating (Figure 7). The thickness of the initial con-

version coating was 0.4 um. The anodization process thinned the

conversion coating to about 0.2 um while the anodic oxide thick-

ness is measured at 0.26 um. The Auger analysis of the surface of

this specimen is shown in Figure 8. Chromium and iron are detect-

ed similar to the conversion coatihg spectrum shown in Figure 5;

however, the anodization process does leave aluminum in the

surface oxide that was not observed in the conversion coating.

With the anodic oxide growing under the conversion coating we

were interested as to the elemental condition of the metal-oxide

interface. An Auger depth profile was performed on the specimen

shown in Figure 7. An Auger spectrum was obtained at a point

where the sputter profile indicated the oxygen peak-to-peak

intensity was small (Figure 9). From all indications (Al 67eV,

Cu 940eV) the Auger data was obtained close to the metal-oxide

interface, with the interesting aspect that chromium (530 eV)

was still detected. It is apparent, under the conditions of this

anodization, that some mixing of the conversion coating and

anodic oxide does take place at the metal-oxide interface.

7



In comparison to the above study a composite oxide film

was formed at a lower voltage but four times the anodization

time. The SEM micrograph showed only a singular film and the

Auger spectrum (Figure 10) indicated only the presence of aluminum

oxide. An Auger depth profile showed chromium to be absent

throughout the thickness of the oxide film. From the work of

(15).Mackintosh *it is apparent that the chromium ion is highly

mobile under an applied potential. In order to keep some chromium

at the metal-oxide interface the length of time of anodization

had to be smaller. Composite oxide films formed at 10V and 10

minutes or less show similar Auger data as observed in Figure 9

with a small amount of chromium remaining at the metal-oxide

interface.

3. SALT SOLUTION ENVIRONMENT

The most difficult aspect of any corrosion study is the

method of assessment chosen to determine the breakdown of the

surface under the influence of an environment. Pitting attack

on the aluminum surface was the primary cause of corrosion in

this study. Most specimens were masked leaving one square centi-

meter of surface exposed to the corrosive environment. All

composite oxide specimens were run as duplicates with three

phosphoric anodic oxide surfaces as controls. The corroded

specimens were classified according to the size and number of

pits in the one square centimeter area. The classifications

were based on a purely visual and subjective assessment of

appearance analogous to the charts reported by Carter. (16)

8



When an individual specimen was assessed as having a "moderate"

number of pits present on the exposed surface it was removed

from the test and the time-in test notated. Each test was com-

posed of 15 specimens on the dipping wheel. The time-in test

was used only for comparison of the duplicate specimens in the

same test. It did not appear to be a valid number from one test

to another. The wetting, air-dry cycle of the test produced an

accelerated corrosion when compared to wet-environment-only test-

ing and may have introduced some vagaries that would not allow

for time comparison between individual tests.

Some corrosion studies were performed on the neat phosphoric

anodic oxide surface and the neat chromate conversion coating.

Figure 11 shows the results of a phosphoric anodic oxide surface

after exposure of 15 hours to a 4 percent salt solution. Pitting

was allowed past the moderate classification in this particular

test. An Auger spectrum was obtained from one of the pits on

this specimen (Figure 12). Data obtained from the edge of the

pit indicates the presence of sodium and chlorine which is

understandable. However, data obtained from the center of the

pit shows only a small amount of sodium and chlorine with a larger

amount of copper. The driving force of this local cell builds

salt mounds at the edge of the pits while exposing the copper at

the base of the pit. The chromate conversion coating required

45 hours in test (Figure 13) in order to achieve a small number

of pits. In this case a true pit does not form but more like a

"plugged" pit. An Auger depth profile was performed on the

9



center of one of these pits and a spectrum recorded after 0,

20, and 80 minutes of profiling. The zero minute scan shows

only aluminum and oxygen present. After 20 minutes chromium

appears to be part of the oxide layer. After sputtering com-

pletely through the oxide layers (80 minutes) we again observe

the presence of copper. These data indicate a pit is caused

by the environment and the chromium compounds in the oxide

layer heal the pit with the formation of aluminum oxide on the

external portion of the pit. Since the pit does form initially

the conversion coating appears to be a retardant to the rate of

corrosion. This effect can be seen in Figure 14. The coloration

of the composite oxide specimens is a light gold. As the speci-

men goes through a wet, air-dry cycle in a clockwise direction,

the gold color starts to leach out at the bottom of the specimen

and eventually takes on the pattern shown in Figure 15 as the

salt film is drained off the surface by the motion of the wheel.

One set of results from this study that was not expected was

the role the pretreatment deoxidation step plays in the apparent

overall corrosion rate. This can be seen in the photos of

Figures 16 and 17 taken at 3 times normal size. The x designated

photos in each figure were pretreated with the sulfuric-chromic

acid solution, while the y designated photos were pretreated with

a nitric-hydrofluoric acid solution. The number of pits per

square centimeter were always greater for the same time period

in the nitric-hydrofluoric acid pretreated surfaces when the

composite oxide film formation was the same for both pretreat-

ments. This trend was prevalent throughout this particular study.

10



In general the overall results from this program show the

composite oxide to resist pitting corrosion twice as long as

the neat phosphoric anodic oxide. However, the neat chromate

conversion coating provides three times as much protection as

the phosphoric anodic oxide.
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Figure 1. SEM Micrograph of a 1.OM F13PO4 , 10 V1
12 Minute Anodization of Bare 2024-T3
Aluminum.
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Figure 3. SEM Micrograph of Specimen A-044.
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Figure 4. SEM Micrograph for Thickness
Measurement of Specimen A-121.
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Figure 7. SEM Micrograph of Specimen AP-121.
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Figure 11. SEM Micrograph of Specimen P-036,

a) lOOX, b) 500X.
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Figure 12. Auger Spectrum of Pit and Edge of
Pit of Specimen P-036.
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Figure 13. SEM Micrograph of Specimen A-036,

a) lOOX, b) 500X.
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Figure 14. Auger Depth Profile Through Center of
Healed Pit on Specimen A-036.
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Figure 15. 3X Photo of Specimen AP-040 Showing

the Leaching Effect of Salt Solution.
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Figure 16. 3X Photo of Specimen AP-036, x) Sulfuric-
Chromic Pretreatment, y) Nitric-Hydrofluoric
Pretreatment.
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Figure 17. 3x Photo of Specimen AP-190, x) Sulfuric-
Chromic Pretreatment, y) Nitric-Hydro-
fluoric Pretreatment.
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