Bucknell University
Bucknell Digital Commons

Master’s Theses Student Theses

2011

Corrosion Characteristics And Mechanical
Prolperties Of Aluminum Coatings Applied By The
Cold Spray Process

Ben Bouffard
Bucknell University

Follow this and additional works at: https://digitalcommons.bucknell.edu/masters theses

b Part of the Mechanical Engineering Commons

Recommended Citation

Bouftard, Ben, "Corrosion Characteristics And Mechanical Properties Of Aluminum Coatings Applied By The Cold Spray Process”
(2011). Master’s Theses. 33.
https://digitalcommons.bucknell.edu/masters_theses/33

This Masters Thesis is brought to you for free and open access by the Student Theses at Bucknell Digital Commons. It has been accepted for inclusion in

Master’s Theses by an authorized administrator of Bucknell Digital Commons. For more information, please contact dcadmin@bucknell.edu.


https://digitalcommons.bucknell.edu?utm_source=digitalcommons.bucknell.edu%2Fmasters_theses%2F33&utm_medium=PDF&utm_campaign=PDFCoverPages
https://digitalcommons.bucknell.edu/masters_theses?utm_source=digitalcommons.bucknell.edu%2Fmasters_theses%2F33&utm_medium=PDF&utm_campaign=PDFCoverPages
https://digitalcommons.bucknell.edu/student_theses?utm_source=digitalcommons.bucknell.edu%2Fmasters_theses%2F33&utm_medium=PDF&utm_campaign=PDFCoverPages
https://digitalcommons.bucknell.edu/masters_theses?utm_source=digitalcommons.bucknell.edu%2Fmasters_theses%2F33&utm_medium=PDF&utm_campaign=PDFCoverPages
http://network.bepress.com/hgg/discipline/293?utm_source=digitalcommons.bucknell.edu%2Fmasters_theses%2F33&utm_medium=PDF&utm_campaign=PDFCoverPages
https://digitalcommons.bucknell.edu/masters_theses/33?utm_source=digitalcommons.bucknell.edu%2Fmasters_theses%2F33&utm_medium=PDF&utm_campaign=PDFCoverPages
mailto:dcadmin@bucknell.edu

I, Ben Bouffard, do grant permission for my thesis to be copied.






CORROSION CHARACTERISTICS AND MECHANICAL PROPERTIES OF
ALUMINUM COATINGS APPLIED BY THE COLD SPRAY PROCESS

by

Benjamin Bouffard
(A Thesis)

Presented to the Faculty of
Bucknell University
In Partial Fulfillment of the Requirements for the Degree of
Master of Science in Mechanical Engineering

Approved: /M ﬁ &

Professor Mala Shamz;&es’iii?er
(o k.

Professor Charles Knisely, Depért}ént Chairperson

//7 M% !, r/” %f’)\f Af

Profesfor Constance Ziemian, Committee Member

Professor Jie Lin, Committee Member

ApcDil, 20/

ate




Acknowledgements

| first and foremost would like to thank my advisor, Dr Mala Sharma, for her
invaluable assistance and support throughout the research process. Without her guidance,
intellect, and willingness to help | would not have been able to complete this thesis.

I would also like to thank my thesis committee members, Professors Constance
Ziemian and Jie Lin, for their aid in this process. Their input was extremely valuable and
very much appreciated.

| thank Dan Johnson and Tim Baker of Bucknell University and Tim Eden and
John Potter of The Pennsylvania State University for their help throughout my research.
Without their skill, knowledge, and hard work this thesis would never have been
completed.

Thank you to Josh Steele and Travis Nissley, two undergraduate students who
spent summers helping me complete experiments in a timely fashion. Their independence
and work ethic was always appreciated.

Thank you to the other graduate students, both Mechanical and Chemical, who
have helped me stay sane throughout the setbacks always associated with research.

Finally, thank you to my parents, Dave and Beth, and to my brother Tom and
sister Melissa. Your love and support have and always will be critical to my success.

Without you | would not be the man | am today.



TABLE OF CONTENTS

ACKNOWLEDGEMENTS ..vetuveesureesuseesureesuseessesssseesssesssseesssessssessssessssessssessseessessseesssessseesssessseesseesssesssseessseesns I
LIST OF TABLES .uvtesuteeeuveesuresaseesssesasseesssesanseesssesanssssssesanssssssssesssssnsesansssssssssnssssssesassssensesesssssnsssesssesnssessssesssees Vi
LIST OF FIGURES 1.vteuutteeuteesiteesiteesuteesiteesabeessseesateessseesateesssaesabeesnsaesabeesnsaesabaesasaesabeesnsaesabaesnsaesabeesnsaesasaesnseesnses Vil
AABSTRACT 1.tteeeteeeuteeseteeauteessreeasseesateaasseesateeanseessseassseessseassseessseessseesssessnsessssessssessnsessssesssesnssessssesassessssennssessns X
CHAPTER 1: INTRODUCTION ....cooiiiiinneeeiiinssssssnnsessssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssnnssssssssss 1
RESEIEICES ...ttt ettt ettt ettt s e et s e et e st e st e st e e nee s 6
CHAPTER 2 : BACKGROUND........ccccotnrunneniiiisissssnnseenssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssnnssssssssss 7
2.1 Application of 2xxx and 7xxx Series Aluminum AllOYS..........cceovueeevueencieeniieniieseesteseee e 7

2.2 Corrosion of 2xxx and 7xxx Series AlUminum AlIOYS ............oeeeecveeeeeiiieesieeeeeeieeeeeieeeesieeaeseaeeeeens 8

2.3 Methods to Apply Hard Coatings to Prevent or Inhibit COrroSion...............cccceevveenceeenceeenceeenneenane. 9

2.4 Methods to Evaluate Corrosion on Hard COQtiNGS...........cccvueeeevivereesivieeeiiieeesiiieeesiiveeesissaeesisenaens 13

2.5 TYPES Of COOLINGS ..ottt ettt ettt et ettt e sttt et e ettt e ateeuneenateenneenaeeenns 18

2.6 Fatigue of 2xxx Aluminum alloys and Common Surface Preparations.............cccccccvveeeevvveeesvennnn. 21
RESEIEICES. ...ttt ettt sttt s e st e e st e et e et e et e e nat e e e e naeeene 25

CHAPTER 3 : DC CORROSION TESTING OF COLD SPRAY APPLIED CP-AL COATINGS ON AA2024-T3 AND

AATO075-T6 SUBSTRATES.......cccottiiitunniiiniiiinnnnssissssiiimesmsssssssssmmssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssanes 32
Y X 1 Lo SO PRSPPI 32
Ld Ao [V ot Lo ) s OO USSP 33
EXPEIIMENTAI PrOCEAUIES ......occeveeeeeeie e eeee e ettt e e et e e ettt e e ettt e e e tasaa e estsaaaeastsaaessssaassatssasasssesananes 36

OPEN CIrCUIL POTENTIAI (OCP) ..uviiiieriieiisiieie sttt sttt sttt sttt sttt st et e s bt et sbe et e sbeeatesbeesbesbeentesaeebesaeeneens 38
LiN@ar POlarization TESTING .....ccccuviieiiiieciie ettt ettt ee e e et e e et e e e ebaeesstbeeeetbeeeeabaaeenssaeeasseeesnsaeesnsseeessnes 39
[T a1 foTe NV g =T oL ol T o =SSR 40
Galvanic Testing vs Graphite, Stainless Steel and TitaniUM ......ccviiiiiiiiiiiee e 41
LR L= X Y0 R T Lo B DT KT ol XY (o] £ S 41
Open Circuit Potential (OCP): AA2024 .........oocvieeieeeieeeieeeiteeseeeeteesaeesteesaeesteesbeessaeeseessseeseessseasseesnseesssenses 41
Open Circuit POTENTIAl: AATOTS5 ..ottt et ee e s e et e s ae et e eateesaeeesteesaeeeseesrseenseeenseenseeensens 43
Polarization ReSiStAaNCe: AA2024 ........ccueeeieeieeeieeetieeeieesteesteeseeesteeseteesseesseesseesnteessseenseessaeeseesnseenseeenseesnseens 44
Polarization ReSISTANCE: AATOTS5 ...couiiiiiieiieiee ettt ettt ettt ettt et e bt e sbeesabeesatesbeesabesabeesabeenneesnbeenanenas 46
Potentiodynamic Polarization — Corrosion Rates: AA2024 .........ccceevueereeeieeneeeieeseeesreeseeeseeesseesseeenseesnneens 48
Potentiodynamic Polarization — Corrosion Rates: AATO75 ...ccc.ueiiiiiiiiiieeeiiiee e eete e sie e sree s sbee s sstaeesenes 49
Potentiodynamic Polarization — Passivation Region: AA2024 ...........eeevuieieiiieieiiieeenireeesieeeseeessreeessssneesenes 50
Potentiodynamic Polarization — Passivation RegioN: AATOT5 ......ccceevueereeeieeneeeieeseeesreeseeenseesseesseesseesnneens 52
Galvanic Corrosion-Graphit@: AA2024 .........cooeieieerieeiieetteree ettt et ste et e sb e e sbeesbeesaee s bt e sanesbeesaseenseesasees 54
Galvanic Corrosion-Stainless Steel: AA2024... ...55
Galvanic Corrosion-TitaniUumM: AA2024 .........coccuieieerieeeeeeteeseeesteeseeesseesaeesseesseesseesseesseeenseesssesnseesseesseesnsees 56
Galvanic Corrosion-Graphit@: AATOTS ...ccuueiieiieeiiieeceiee st e st e et e e s tae e e sateeessabeeesbaeesssseeessbeeesseeesnssaeenns 57
Galvanic Corrosion-Stainless Steel: AA7075... ...58
Galvanic Corrosion-TitanNiUM: AATOT75 .....occuieeiiereeeieeseeeteesee e teeseeesseesaeesseeeseesseessseesnseenseesseesseesnseesseesnsees 59
CONCIUSIONS ...ttt ettt et s e st e st e st e et e st e s bt e s bt e s st e s abeasseasabeasseasneeanseeenns 61
APPENiX |: RAW DAL Of DC TOSES ....uvveieeeeeieeeee e e eeettt e e e ettt e e e e e e ettt aaaeeeesstassaaaaaeeeasstsasaaaaeaanas 62

References



CHAPTER 4 : LONG TERM AND EXFOLIATION CORROSION TESTING OF COLD SPRAY APPLIED ALUMINUM

COATINGS ON AA2024-T3 AND AA7075-T6 SUBSTRATES ......cciirrrruuiiiiniiinniinnissisiiinssssssssssinnssssssssssnnnns 69
Y X 1 Lo SO PRSP 69
L g o [V ot 4 Lo T BRSSP 70
EXPEIiMENTAI PrOCEUUIES ......cceeveeeeeieie e eee e ettt e e et a e ettt e e e ettt e e e tataaeesasaaasatsaaessssaassasasasasssenannnes 74

SAMPIE DESIGNATION ... eiiiiiiiee ettt st s e e sttt e sttt e e s bt e e e sabeeesabeeeeabteeeaabaee s abeeeebaeeeantaeens 74
Electrochemical Impedance SPectroSCOPY (EIS) ...uiiiiiiiiiiiieiiiie ettt ettt svae e ssareeeennes 75
[ G o] L= 1A o o e 1Y [ USRS 76
FANd g gTo T o] a1l o Tol =T a1 oY - O POUUPTI 76
Accelerated AtMOSPNEIIC TESTING ...vviiiiiiiiiiie ettt e e e e e st a e e e eabe e e e baeeesabaeeseabeeessaeeeansseeas
[ oY= K= oo o [ e =T 3 o oI (I USRS
RESUILS ONA DISCUSSION ..ottt e et e st e e e sttt e e s atea e saseaessatseeesassassansanesssssesennaes
Long term constant immersion with EIS for CP-AL coatings on AA2024-T3 (.01 Hz)......
Long term constant immersion with EIS for CP-AL coatings on AA2024-T3 (.001 Hz)
Long Term Immersion: Scanning EI€Ctron MICIOSCOPY ...cccvvieeiriieiiieieeiieeeireeeceireeeetreeesateeeetreeesbaeesssseeeennes
B-117 Accelerated Cabinet Testing — EIS for As-Sprayed CP-AL coatings on AA2024-T3 ......cccceeveeveernieennenns 85
B-117 Accelerated Cabinet Testing - EIS for Sealed CP-AL coatings on AA2024-T3 .....cccceviervvenieeneeniveeninenns 87
B-117 Accelerated Cabinet Testing - EIS for As-Sprayed A7005 coatings on AA7075-T6 ......cccceeeverveeeeneeennns 89
B-117 Accelerated Cabinet Testing - EIS for Sealed A7005 coatings on AA7075-T6 .....ccccecuerveerieenieerieennnenns 90
B-117 Accelerated Cabinet Testing — EIS Curve Shape and Equivalent Circuit Analysis .......ccocveevveeveernieennenne 92
AS SPrayed SAMPIES . ..veiiiiiieectiee ettt e e e e e e et et e e e et e e e e ba e e e abee e e btreeataeeeebaeeebraeearaeeas 92
SCAIEA SAMIPIES ..ttt ettt h e et b et b e e s ab e e b e e sar e e b e e ear e e naeenrees 101
EIS EQUIVAlENt CIrCUIT ANGIYSIS .oouviieiiiiieeiiie ettt ettt et e e et e e e st e e e eeabeeesabaeeesateeesnbeeeensaeesansaeeanns 105
B-117 Accelerated Cabinet Testing — Visual Observations.... ....108
As-sprayed CP-AL coatings 0N AA2024-T3: .. .cooieiiiieieerteeieeete ettt e site st e setesbeesaeeesseesareesbeesaneenneeenneas 110
Sealed CP-AL coatings 0N AA2024-T3: . ..ot i ceiee e ettt e ettt eeete e e e staee e s baeeesabeeeesteeeeasaeeeeabaeesssseeennanes 115
As-Sprayed A7005 coatings on AA7075-T6:. ... 115
Sealed A7005 cOatings ON AATO75-TO: ....iiiiiiiiiiiiieiiieeesrieeeereessreeeesttee e sbaeesssbeeessseesssbaeessbaessssseessnnes 116
Atmospheric Exposure Testing: Visual Observations and EIS..........cccvvierieeniierieenie et esee e see e 116
Observation and evaluation after 3-months of ocean front eXposure ........cccecevvvcieeeiiiee e, 116
Observation and evaluation after 6-months of ocean front eXpoSUre ........cccceeveciieeriiee e, 119
Observation and evaluation after 9-months of ocean front @XPOSUre ........ccccevvvveveerceenieeieere e 122
Observation and evaluation after 12-months of ocean front @XPOSUre .........cceceeveerieenienieeneenieennens 125
EIS after 12 months of 0CEAN frONt EXPOSUIE .....cccuiiiiiiiieiiiiee et ceeee et e e sre e st e e e sbe e e seteessseaeeenes 128
LG o] [ 14 o J o e XY [o ] o F PSS 133
CONCIUSIONS ...ttt ettt ettt s e st e s e st e e st e s te e s ateesateesateesaseesaseasaseens 136
Appendix I: As-Sprayed AA2024 ASTIM B117 PROLOS .....cccceeeeeuuvveeieeeeeeiiiieeeeeeeeesiiseeeeaeeessiisssnsaaaaenns 138
Appendix Il: Sealed and AA7075 ASTM B117 PROTOS........ccccuueeeeciieeeeiieeesiieeeeiieaeesieaessiesaesssieaannans 142
Appendix lll: Photo Documentation of Select Atmospheric Exposure Samples...............ccoeeeevveenn. 155
=g =] = Lol =TS 162

CHAPTER 5 : THE EFFECT OF SURFACE PREPARATION ON THE FATIGUE PERFORMANCE OF COLD SPRAY

APPLIED COATINGS ONTO AA2024-T351 SUBSTRATES .....cceteeeeuuereeerrreeeennsseeerreennnnsssseesseessanssssssesssssnnnns 164
WY 1 g Lot N 164
L Ao [V ot Lo s OO USSR SPRP 164

EXPEIIMENTAI PrOCEAUIES ......covveeeeieeiee ettt ettt e ettt e e e e e e e et aa e e e e sstaasaaaaeesssssssenaaas 166



RESUILS .ttt ettt e s e st e st e st s e st e e e s be e s e e s be e s be e e e e s beeebee s 169
STALISTICAl ANAIYSIS oottt e sttt e st e e s bt e e e s bt e e s ab e e e s bt e e e s baee s abaeeebtaeeeanen 173
SEIMIANGIYSIS .vveeiitiieeitiieeiitee et e e ettt e e et e e ette e e e tteeeeabeeeeetbaeesssbeeeasabeeeaabeeeaasbeeeanbbeeeaabaeeabbeeeanbaeeeenbaeeestaeeaares 175

CONCIUSIONS ..ottt ettt s e st e st e s te e s ate e s baesateesabaesabeesataesaseesabeasaseasasaesasesns 179

References

CHAPTER 6 : CONCLUSIONS. .......coittttieiiiiiiiitieeeiiiiiieeteeetisisieessassssisssieesssssssssssseesssssssssssseesssssssssssssees 183
Conclusions: .....................
[Oo] 4 0 1Y (o] o F OO PP PP UUPPPUUPRUPPRNY
CP-Al 0N AA2024-T3: AS-SPraYed .....ceiiuiiiiiiiieeiiiee ettt e sitee e sttt e s sbteesstbeeessbeeessubeeessteeessseeesasseessssseesssseens 184
CP-Al 0N AA2024-T3: SEAIEA ..eoivieiieceeste ettt sttt e s e st esat e e sbeesateesbeesabeesbaesnteesaeeeas 184
A7005 0N AA 7075: AS-SPIaYEQ ..cooueiiiiiiiiieiiie ettt e sttt e e st e e st e s abe e e s bt e e e sbae e s ebaeeeanteeeeanes 184
AT7005 0N AA 7075: SEAIEM ...ttt ettt e sttt e e et e et be e e s bae e e nntaeeeanes 185
[ L= { VLT PP PPR PP 185
Appendix |. COrrosion SUMMQAIY TADIES..........ccc.eeoveeeiiiesieeiiiesee ettt ettt et siee e 186
CHAPTER 7 : RECOMMENDATIONS FOR FUTURE STUDY.......ccoittttreeiiiiiiiinnenisiniiieeseeessssssnesssassssssneees 191

RESEIEICES. ...ttt ettt e s e et e s e sttt e st e st e st et e e ree s 193



Vi

List of Tables
TABLE 3-1. SAMPLE IDENTIFICATION OF AA2024-T3 AND AA7075-T6 TEST SPECIMENS....cccvverrurrenirernrreeninesnieeesvesnseees 37
TABLE 3-2. THE AVERAGE OF THREE REPLICATES OF OPEN CIRCUIT POTENTIAL MEASUREMENTS .....uuuiiieireeeeeniiieeeeeeeesanes 62
TABLE 3-3. THE AVERAGE OF THREE MEASUREMENTS OF CORROSION RATES OBTAINED FROM POLARIZATION RESISTANCE
EXPERIMENTS ... s 63
TABLE 3-4. THE ICORR AND CORROSION RATE DATA OBTAINED FROM POTENTIODYNAMIC POLARIZATION TESTING.....ccuveenneee. 64
TABLE 3-5. THE AVERAGE PASSIVATION REGIONS, OF SAMPLES RUN IN TRIPLICATE, OBTAINED FROM POTENTIODYNAMIC
POLARIZATION GRAPHS. 1. .ttetutteettesuteeesutessseeesseessesssssessesesssessseesssseessesesssesnsesesssesssseesssesssseessseesssessssessnseesns 65
TABLE 3-6. THE AVERAGE CURRENT, FROM SPECIMENS RUN IN TRIPLICATE, OF SAMPLES COUPLED WITH GRAPHITE, STAINLESS
STEEL, OR TITANIUM ..eeuttteuteenueeesueeesseeesuteesuseesssesssesesssesssesesssessssessssesssssesssesssesssssesssesesssesssseesssesssesensesssenes 66
TABLE 4-1. SAMPLE IDENTIFICATION OF AA2024-T3 AND AA7075-T6 TEST SPECIMENS ...ceveeiieiunieeereeeeeniiieeeeeeeeesnnes 75
TABLE 4-2. THE AVERAGE PIT SIZE AND DISTRIBUTION OF LTI SAMPLES ....vevvvieriieeieteniiessiteesitesnieeesaeessseeessnesnseeesssesnsenes 83
TABLE 4-3. THE ASTIM D 1654 RATING SCALE ...etttetiieiiittteeeeeeeeiiitteee e e e s eiitteeeeeesesaanbeteeeessesanbeteeeeesesannseneeeeeaesas 109
TABLE 4-4. THE ASTIM D 610 RATING SCALE ...uvveeureiiieeeteeenieesteeenseesssesenseesssesssseesssessnsessssessnsessssessssessssessnsessnses 109
TABLE 4-5. THE ASTM D1654 RATING OF ALL B117 SPECIMENS. ...eeeieiurireesreeeeitieeeesreeessseeessssseessssseesssssnesssnnseees 112
TABLE 4-6. THE ASTM D610 RATING OF ALL BL117 SPECIMENS...ccuvvtirureeteteriiersteeenieesseeenseesseesnseesseesnsessnsesenseesnnes 113
TABLE 4-7. THE ASTM D714 RATING FOR ALL B117 SPECIMENS, WHICH DOES NOT EVALUATE THE SCRIBE. ..cccovveeernerennnn 114
TABLE 4-8. THE VISUAL OBSERVATIONS OF ATMOSPHERIC SPECIMENS AFTER 3 MONTHS EXPOSURE ...c.vvveeuveeeveesreesneeesnnns 118
TABLE 4-9. THE VISUAL OBSERVATIONS OF ATMOSPHERIC SPECIMENS AFTER 6 MONTHS EXPOSURE. ....vvveeeureeesrevneeesnneeens 120
TABLE 4-10. EXFOLIATION SUMMARY OF ATMOSPHERIC SPECIMENS AFTER 6 MONTHS EXPOSURE. ...veeuvverreeeveesieesneeesnnns 121
TABLE 4-11. THE VISUAL OBSERVATIONS OF ATMOSPHERIC SPECIMENS AFTER 9 MONTHS EXPOSURE. ....eeveureeeeneveeeesneeenns 122
TABLE 4-12. EXFOLIATION SUMMARY OF ATMOSPHERIC SPECIMENS AFTER O MONTHS EXPOSURE. ...eevuvverreeeveesveesnveesnnns 125
TABLE 4-13. THE VISUAL OBSERVATIONS OF ATMOSPHERIC SPECIMENS AFTER 12 MONTHS EXPOSURE. ...ccevuvveeereveeeesnvenns 126
TABLE 4-14. EXFOLIATION SUMMARY OF ATMOSPHERIC SPECIMENS AFTER 12 MONTHS EXPOSURE. ..cvvveruveeeveesreeenseesnnes 128
TABLE 4-15. THE CODES AND CLASSIFICATIONS USED TO REPORT THE EXFOLIATED SPECIMENS ....vvveeerevreeeeereeesnneneessnneeeas 133
TABLE 4-16. A SUMMARY OF THE G-34 TEST. ..uuttttteeeeaiaureteeeeeeeaaiiereteeesesaaunnretetesssaaannreeeaeessesannsereaesesesanreneeesesesan 134
TABLE 4-17. A CONVERSION OF SAMPLE DESIGNATION FROM THE ATMOSPHERIC PHOTOS TO THAT USED IN THIS REPORT. ....155
TABLE 5-1. THE AVERAGE SURFACE ROUGHNESS OF SAMPLES AFTER EACH SURFACE PREPARATION. ....cuuverireeeeanirineeeaeannns 167
TABLE 5-2. THE CYCLES TO FAILURE OF EACH SAMPLE TESTED AT BOTH THE 26 AND 30 KSI STRESS LEVELS. .c.cvevevererererenenens 171
TABLE 5-3. THE AVERAGE NUMBER OF CYCLES TO FAILURE THAT THE COATING PROCESS ADDS TO THE SURFACE PREPARATIONS.
........................................................................................................................................................... 173
TABLE 5-4. THE AVERAGE NUMBER OF CYCLES TO FAILURE THAT THE SURFACE PREPARATION AND COATING ADD TO THE BARE
SAPLES. . utteeutte ettt etteestte ettt e sute e bee e s bt e e abe e e bt e e b et e bt e e b et e hee e be e e b e e e bt e e bt e e bt e e bt e e be e e bee e be e e bt e e beeeneeeabes 174
TABLE 6-1. SUMMARY TABLE COMPARISON WITH CP-AL COATINGS ON BARE, CHROMATE, AND AS-SPRAYED AA2024-T3.
........................................................................................................................................................... 186
TABLE 6-2. SUMMARY TABLE COMPARISON OF SEALED AA2024-T3 SPECIMENS ...cceteeeiaiuererereeesaanreeeeeeesesannneeeeeesesas 187
TABLE 6-3. SUMMARY TABLE OF ALL CP-AL COATINGS ON AA2024-T3 .....uiiiiieeiieeiieeieeenieesieessiee st e s snee s e sneee e 188
TABLE 6-4. SUMMARY TABLE COMPARISON OF BARE AA7075 AND A7005 COATINGS ON AA7075-T6..ccccevvuuririeenannn. 189
TABLE 6-5. SUMMARY TABLE COMPARISON OF SEALED AA7075-T6 SPECIMENS. ....ccevueerrreerreerireeeseeessreeenseesnseeenseesnes 189

TABLE 6-6. SUMMARY TABLE COMPARISON OF ALL AA7075-T6 SPECIMENS. ..eevvvrrruieeeeererrrnniaeeeeeerssnneeeeessesssmnneeeseees 190



vii

List of Figures

FIGURE 2-1. PARTICLE VELOCITY VS. GAS TEMPERATURE FOR COLD AND THERMAL SPRAY PROCESSES [15] ..cvvevrvvierirennnenn 12
FIGURE 2-2. CONCEPTUAL DRAWING OF THE COLD SPRAY EQUIPMENT AND PROCESS [16]....cceicuvieiiiiiieiniieeeniieeeeniiee e 13
FIGURE 2-3. THE RESIDUAL STRESS DISTRIBUTION OF A SHOT PEENED SUBSTRATE [35]....ceiiuiiiriieiiiiiniieniiieenieenieeesee e 22
FIGURE 3-1. AN EXAMPLE OF AN ELECTROCHEMICAL CELL USED TO PERFORM DC TEST MEASUREMENTS .....uvveeervreeeerreeeenns 38

FIGURE 3-2. OPEN CIRCUIT POTENTIAL MEASUREMENTS FOR AA2024-T3 SAMPLES ....eevvvierirerreeeniresnieeesiaeesseeesseenseees
FIGURE 3-3. OCP OF BARE, CHROMATE COATED, AND AS-SPRAYED AA2024 SPECIMENS
FIGURE 3-4. OPEN CIRCUIT POTENTIAL FOR AAT7O75-T6 SAMPLES ....ceervveerreeirernteeesieessteeesssesssesesssesssesesssessseeesssesssens
FIGURE 3-5. CORROSION RATE DATA FOR AA2024-T3 SPECIMEN. ....uvtteeeeeieuierieeeesesaaiarteeeesssesnnreeeeesssesanseeeeesssassnses

FIGURE 3-6. LINEAR POLARIZATION CURVE AND CURVE FIT USED TO CALCULATE RP OF CHROMATE COATED SAMPLE. ............. 46
FIGURE 3-7. LINEAR POLARIZATION CURVE AND CURVE FIT USED TO CALCULATE RP OF SAMPLE G4-H-C. ......ccoevviiiiininnnnns 46
FIGURE 3-8. CORROSION RATES OBTAINED FROM POLARIZATION RESISTANCE TESTS OF AA7075-T6 SAMPLES. .....ccveevvennenns 47
FIGURE 3-9. LINEAR POLARIZATION CURVE AND SLOPE LINE USED TO CALCULATE RP OF BARE AA7075-T6 SAMPLE .............. 47
FIGURE 3-10. CORROSION RATES OBTAINED FROM POTENTIODYNAMIC POLARIZATION TESTS FOR AA2024-T3 SAMPLES. .....49
FIGURE 3-11. POTENTIODYNAMIC POLARIZATION PLOT AND CORRESPONDING TAFEL SLOPE FIT OF SAMPLE G4-H. ................ 49

FIGURE 3-12. CORROSION RATES OBTAINED FROM POTENTIODYNAMIC POLARIZATION TESTS FOR AA7075-T6 SAMPLES. .....50
FIGURE 3-13. THE POTENTIODYNAMIC POLARIZATION REGION OF BARE AA2024, CHROMATE COATED, AND A REPRESENTATIVE
AS SPRAYED SPECIMENS. ....cveuveueereseseeressessesessessesessessesessessasessessasassessesessessasessessstassessssessessesessessasessessesensens 52
FIGURE 3-14. POTENTIODYNAMIC POLARIZATION TESTS WHICH INDICATE THE PASSIVATION REGIONS FOR THE AA2024-T3
SAMPLES. .v.uvevteteteseetesseseetesseseesessessebesseseatessessebassessetessessetessessebeseseebessessebe s eseebe b eseebe s eaeebeseneetesbeneetensens 52
FIGURE 3-15. POTENTIODYNAMIC POLARIZATION TESTS WHICH INDICATE THE PASSIVATION REGIONS FOR THE AA7075-T6
SAMPLES. .v.uvevteteseeseetessesseseseseesesseseesessessetessessebessessetessessetessessebaseseebessessebe s essebe b eseebe b eseebeseneebesseneetensens 53
FIGURE 3-16. GALVANIC CORROSION DATA SHOWING THE CURRENT OBTAINED FOR AA2024-T3 SAMPLES VS GRAPHITE........ 55
FIGURE 3-17. GALVANIC CORROSION DATA SHOWING THE CURRENT OBTAINED FOR AA2024-T3 SAMPLES VS STAINLESS STEEL.

............................................................................................................................................................. 56
FIGURE 3-18. GALVANIC CORROSION DATA SHOWING THE CURRENT OBTAINED FOR AA2024-T3 SAMPLES VS TITANIUM....... 57
FIGURE 3-19. GALVANIC CORROSION DATA SHOWING THE CURRENT OBTAINED FOR AA7075 SAMPLES VS GRAPHITE. ........... 58

FIGURE 3-20. GALVANIC CORROSION DATA SHOWING THE CURRENT OBTAINED FOR AA7075 SAMPLES VS STAINLESS STEEL. ..59
FIGURE 3-21. GALVANIC CORROSION DATA SHOWING THE CURRENT OBTAINED FOR AA7075 SAMPLES VS TITANIUM..

FIGURE 4-1. THE SALT SPRAY CABINET (LEFT) AND SOLUTION CHAMBER (RIGHT). 1eeeeiuviieieiieeeiiieeeeireeeeeitreeesesreeeessaeaennns 72
FIGURE 4-2. AN EXAMPLE OF AN ELECTROCHEMICAL CELL USED TO MEASURE CORROSION CHARACTERISTICS ..veevuvvveeerveeeennns 76
FIGURE 4-3. IMPEDANCE VALUES OF LONG TERM IMMERSION SPECIMEN MEASURED AT 0.01 HZ. .....eevviiieeiiiiiiiienee e e 81
FIGURE 4-4. IMPEDANCE VALUES OF LONG TERM IMMERSION SAMPLES MEASURED AT 0.001HZ. ....ccooeveviieiiniiiininieeeeeeen, 82
FIGURE 4-5. TYPICAL PIT ON AS-SPRAYED SAMPLE (A) AND G9-N SURFACE WITH LARGE PIT DISTRIBUTION (B)......ceeeeevveeennns 84
FIGURE 4-6. THE POROUS SURROUNDING SURFACE OF SAMPLE A-N (A) AND THE SEVERELY PITTED BARE SURFACE (B). .......... 85

FIGURE 4-7. PIT FOUND ON CHROMATE COATED SURFACE ...ttt evteeteeensueesesenseessseeesssesssesessssnsesesssesssssesssesssseessseessenes
FIGURE 4-8. IMPEDANCE VALUES OF UNSCRIBED AS-SPRAYED AA2024-T3 SPECIMEN. ...cerveteurerreeereresnneeesseeesseeesneesseees
FIGURE 4-9. IMPEDANCE VALUES OF SCRIBED AS-SPRAYED AA2024-T3 SPECIMEN ...cceieuuiiieeeeeeeeinieeeeeeeeesanreeeeeeesesaaneee
FIGURE 4-10. MAXIMUM IMPEDANCE AT LOWEST FREQUENCY OF UNSCRIBED SEALED AA2024 SPECIMEN ....ccocuveeeerreeennnns
FIGURE 4-11. MAXIMUM IMPEDANCE AT LOWEST FREQUENCY OF SCRIBED SEALED AA2024 SPECIMEN ...ccceevuuveeereeeaannnne
FIGURE 4-12. MAXIMUM IMPEDANCE AT LOWEST FREQUENCY OF UNSCRIBED AS-SPRAYED AA7075 SPECIMEN
FIGURE 4-13. MAXIMUM IMPEDANCE AT LOWEST FREQUENCY OF SCRIBED AS-SPRAYED AA7075 SPECIMEN ........ceevrureennnne
FIGURE 4-14. MAXIMUM IMPEDANCE AT LOWEST FREQUENCY OF UNSCRIBED SEALED AA7075 SPECIMEN ...ccevvveeerrneeennnns




FIGURE 4-15. MAXIMUM IMPEDANCE AT LOWEST FREQUENCY OF SCRIBED SEALED AA7075 SPECIMEN .....evvveruveeeenreeennnns 92
FIGURE 4-16. THE BODE AND NYQUIST PLOTS FOR AS-SPRAYED PLATE GO-N .....coiiiiiiiiiiiiiiieiee et ee et e e s 96
FIGURE 4-17. IMPEDANCE VALUES OF UNSCRIBED AS SPRAYED AA2024-T3 SPECIMEN WITH CHROMATE SAMPLE REMOVED. .97
FIGURE 4-18. THE BODE AND NYQUIST PLOTS FOR AS-SPRAYED UNSCRIBED PLATE GA-H.......ccciiiiiiiiiiiiiiieeeeeniieieee e, 100
FIGURE 4-19. THE NYQUIST PLOTS OVER THREE MONTHS OF EXPOSURE FOR UNSCRIBED SPECIMEN A-N-NC......ccceeerrunneen. 103
FIGURE 4-20. THE MAXIMUM IMPEDANCE AT LOWEST FREQUENCY DATA FOR UNSCRIBED, SEALED AA2024 SPECIMENS...... 103
FIGURE 4-21. THE NYQUIST PLOTS FOR THREE MONTHS OF EXPOSURE OF THE CHROMATE COATED SAMPLE.....cccvcuveeernnrennnn 105
FIGURE 4-22. THE PROPOSED EQUIVALENT CIRCUIT TO MODEL COATED EIS DATA. ..cciiiiiiiiiieiee ettt 106
FIGURE 4-23. AS-SPRAYED SAMPLE S-N MODELED WITH EQUIVALENT CIRCUIT AFTER 4 MONTHS OF EXPOSURE. .....c.....eee... 106
FIGURE 4-24. SEALED UNSCRIBED SAMPLE A-N-NC MODELED AFTER ONE MONTH OF EXPOSURE WITH EQUIVALENT CIRCUIT.
........................................................................................................................................................... 107
FIGURE 4-25. UNSCRIBED CHROMATE SAMPLE AFTER 2 MONTHS OF EXPOSURE MODELED WITH EQUIVALENT CIRCUIT. ........ 107
FIGURE 4-26. SCRIBED SEALED SAMPLE G4-H-NC-S MODELED AFTER THREE MONTHS OF EXPOSURE WITH EQUIVALENT CIRCUIT.
........................................................................................................................................................... 108

FIGURE 4-27. AS-SPRAYED SCRIBED SAMPLE G4-H-S MODELED AFTER 2 MONTHS OF EXPOSURE WITH EQUIVALENT CIRCUIT.108
FIGURE 4-28. SAMPLE A-N-S (LEFT) AND S-N-S (RIGHT) THAT SHOWED SIGNIFICANT MATERIAL LOSS ALONG THE SCRIBE. ...111
FIGURE 4-29. A COMPARISON OF A BARE SPECIMEN WITH SIGNIFICANT CORROSION (LEFT) AND AN AS-SPRAYED SAMPLE WITH

NO CORROSION DAMAGE (RIGHT) . 1.euvtteteeeteeeiteesteeesseesseeessseessesessaesnsesasssessesassssensesasssesssssesssesssssssssesssses 117
FIGURE 4-30. AN EXAMPLE OF EXFOLIATION ON THE BACK OF AN AS-SPRAYED SAMPLE ...ccevvteiueerieeenreesreesnseesnseeenseesnnns 123
FIGURE 4-31. AN EXAMPLE OF EXFOLIATION ON THE BACK OF A SEALED SAMPLE...cccuvveeeeureeesserreeesnreeessseeesssssesssnsseeens 124
FIGURE 4-32. EIS OF AS-SPRAYED SCRIBED SAMPLES AFTER 12 MONTHS OF EXPOSURE ...cevuveeeveesnteeereesreeeseesnseesnseesnnns 129
FIGURE 4-33. EIS OF AS-SPRAYED SAMPLES (UN-SCRIBED) AFTER 12 MONTHS OF EXPOSURE. ...veeruveeeveesreeeseesreeenseesnens 130
FIGURE 4-34. EIS OF NON-SCRIBED BARE AND CHROMATE COATED AA2024 SAMPLES AFTER 12 MONTHS OF EXPOSURE.....131
FIGURE 4-35. EIS OF SEALED SAMPLES (SCRIBED) AFTER 12 MONTHS OF EXPOSURE. 1.euveeruveeeveessreeesseesresenseesssesensessnens 132
FIGURE 4-36. EIS OF SEALED NON-SCRIBED SAMPLES AFTER 12 MONTHS OF EXPOSURE. ..cuvveeveersreesreesreesnseesnseeenseesnnns 133
FIGURE 4-37. A BARE AA2024 SAMPLE WITH SIGNIFICANT PITTING (A) AND A TYPICAL AS-SPRAYED SPECIMEN WITH NO

APPRECIABLE ATTACK (B). 1veeeeutteeeiitreeeesuteeeeeisteeesitseeeeisseseeassseessssesasssssesasasesssssssanssssesasssssssssesssssssessnnsens 135
FIGURE 4-38. A BARE AA7075 SAMPLE WITH EB RATED EXFOLIATION (A) AND A TYPICAL AS-SPRAYED AA7075 SAMPLE WITH

NO APPRECIABLE ATTACK (B). +eeeuvreeeitreeeestreeeeeitteeesitseeeestseeesasssesesassesesassssseesssssesassssesssssssasssssssssssssesassenens 135
FIGURE 5-1. THE SCHEMATIC USED TO MANUFACTURE RR MOORE FATIGUE SPECIMEN [16]. veevveeeieiirieeeeeeeecirrreeeeeeen, 167
FIGURE 5-2. A TYPICAL BARE RR MIOORE ROTATING FATIGUE SAMPLE. ...ceeteieiiuiirieeeesesaniereeereessesnnreeereessesannnneeeseseaas 167
FIGURE 5-3. AN EXAMPLE OF THE COATING AND SUBSTRATE ON A FRACTURED GRIT BLAST AND COATED SPECIMEN... ...168
FIGURE 5-4. THE INSTRON RR MOORE ROTATING FATIGUE TESTING APPARATUS USED IN THIS STUDY. ..veveeruvrreeruvreeesneeenns 168
FIGURE 5-5. AN S-N CURVE OF THE RESULTING DATA. ... .uuuttttteteaaiunrereeeeesesauserteeeesssaannnseeesesssesannseeeeesesesaansnsseeseseans 170
FIGURE 5-6. A SCATTER PLOT OF THE CYCLES TO FAILURE OF SAMPLES TESTED AT A STRESS OF 30 KSl...eceevvveeiieiiieeeeeeeeennn. 172
FIGURE 5-7. A SCATTER PLOT OF THE CYCLES TO FAILURE OF SAMPLES TESTED AT A STRESS OF 26 KSl....evvvereeereninrieeeeneennns 172
FIGURE 5-8. THE CRACK INITIATION POINTS OF BARE SPECIMENS AT 26 KSI (LEFT) AND 30 KSI (RIGHT). .veeeeevveeeevreeeenrenenn 175
FIGURE 5-9. THE CRACK INITIATION SITE FOR AN UNCOATED SHOT PEENED SAMPLE. ..ceeveeeveeereesteeereesraeenseesnseeensessnnns 176
FIGURE 5-10. THE TYPICAL CRACK INITIATION SITE FOR NON COATED GRIT BLAST SPECIMENS. ....ceeruverereerreeeieesareeenseesnns 176
FIGURE 5-11. PORES ON THE SUBSTRATE/COATING INTERFACE THAT LED TO THE FAILURE OF BOTH TYPES OF COATED SAMPLES AT

B0 KSIe vteeureeereeeueeenteeeateeetteesuteesute e sttt e s h b e e eaee e s a b e e e ab e e sa b e e eabeesabeeea b e e sa b e e e abeesabeeebeesabeeebeesabeeebee e baeeneesares 177

FIGURE 5-12. THE DIMPLE AND RESULTING CRACKS OF A GRIT BLAST AND COATED SAMPLE TESTED AT 26 KSl. .vveeeeeevevrnnnnn. 177



FIGURE 5-13. THE FAILURE INITIATION SITE OCCURRING ON THE SUBSTRATE/COATING INTERFACE OF A TYPICAL SHOT PEENED
AND COATED SPECIMEN TESTED AT 26 KSl. vuuuunreeerereruuiereeerersrsneeeeessrssssnnaeesesssssssnneeesesssssssmneeesssssssssnesessssssses 178



Abstract

Aluminum coatings were applied to 2024-T3 and 7075-T6 aluminum alloys via
the Cold Spray process as an alternative to the conventional toxic chromate conversion
coatings currently used in the defense industry. The coatings were applied to substrates
with various surface preparation and Cold Spray carrier gas combinations. Some samples
were coated with an additional sealant with and without a chromate conversion layer. An
exhaustive corrosion analysis was then performed which utilized a number of long term
and accelerated tests in order to characterize the corrosion protection of the coatings. RR
Moore rotating bend fatigue testing was also performed on commercially pure (CP-Al)
coatings applied to AA2024-T351 substrates to study the effect of surface preparation on
the coated sample’s fatigue life. It was found that the pure aluminum coatings offered
corrosion protection to the bare AA2024 substrate, and that sealed AA2024 specimens
without a chromate conversion layer provided similar protection to those with a chromate
conversion layer. Along with providing superior corrosion protection, it was also found
that the factor combination of glass bead grit blast surface preparation with nitrogen
carrier gas provided the best fatigue life of all samples tested in the rotating bend
experiment. These samples experienced an increased average fatigue life, in comparison
with bare AA2024 substrates, of 4,751,000 cycles at a stress level of 30 ksi; an increase
of 511%. Applying a Cold Spray coating increased the fatigue life of the surface prepared

specimen by 20% at a stress level of 26 ksi and 16% at a 30 ksi stress level.



Chapter 1: Introduction

Aluminum is considered one of the most important and prominent structural materials
used in the aerospace industry. This can be attributed to its high strength to weight ratio,
low fracture toughness, and ease of formability relative to other materials. Unfortunately,
aluminum is still prone to various mechanisms of failure. One important failure that
needs to be addressed is corrosion. Corrosion is the degradation of a material as a result
of a reaction with its environment, and according to a 2001 study costs the United States
276 billion dollars every year [1]. Specifically, this same study estimates the cost to the
US defense industry to be $20 billion per year. As funding for the acquisition of new
systems becomes less available, the maintenance and corrosion prevention of the current
fleets become even more vital. Both the galvanic corrosion caused by the contact of
aluminum with other materials and the pitting corrosion that can claim the life of some
alloys in aggressive chloride environments need to be minimized in any current aircraft.

It is therefore often necessary to apply a coating to these alloys in order to protect
them from degradation. Several coating methods exist, the most common being organic
coatings applied to the aluminum alloys. Currently a hexavalent chromate conversion
coating is used in order to prevent the corrosion of these alloys without hindering their
advantageous mechanical properties. Unfortunately, the chromate coatings currently
utilized are a known carcinogen and can have detrimental effects on both the
environment and those applying the coatings. The Occupational Safety and Health

Administration (OSHA) has limited the amount of hexavalent chromium to which a



person may be exposed. Also, these coatings inherently chip away in the field and cannot
be easily repaired, leaving sites for corrosion initiation and failure. Therefore, there has
been an effort to find a more environmentally friendly means of protecting aluminum
alloys from corrosion and the department of defense (DoD) has been trying to phase out
the current chromate conversion coatings.

Several different coatings have been proposed to improve corrosion resistance, with
the majority being applied by a thermal spray method. Thermal spray processes, such as
flame, arc, and plasma, use a high energy source to heat metal powders to a molten or
semi-molten state for deposition. Although these methods require inexpensive materials
and gases to operate, it is difficult to apply coatings that experience phase transformations,
oxidation, or recrystallization [2]. Also, the high temperatures required for deposition,
coupled with two different thermal coefficients of expansion existing for the coating and
substrate, result in residual stresses between the coating and substrate that may reduce the
fatigue characteristics of the material [2].

In an effort to resolve these problems, various hard aluminum coatings applied by the
Cold Spray process have been proposed. The Cold Spray process is an emerging
technology used mostly in the defense industry. This process uses pressurized gas and
unique nozzle designs to accelerate the particles to a critical velocity to achieve a solid
state deposition. Because the deposition temperatures are much lower than those of the
thermal spray processes, problems associated with recrystallization in both the coating
and substrate are eliminated and oxide contamination is reduced [2]. The Cold Spray

process has also been shown to be safer and more economical than other thermal spray



techniques, and a portable system exists that can re-apply coatings that have been
damaged in the field [2]. Pure aluminum coatings have been proposed due to their high
corrosion resistance, non-toxicity, and relative ease of application. However, as the Cold
Spray process is still in the developmental stage, there has been insufficient research
conducted towards determining the corrosion characteristics of coatings applied by this
method.

Any coating application method is likely to change the surface of the substrate, and
therefore affect its mechanical properties. The Cold Spray method would hold little value
if it protects the aluminum alloys from corrosion yet diminishes their strength to weight
ratios or fatigue characteristics. One of the most important material properties to consider
when designing aircraft wings is the fatigue life of the material, and it is imperative that
the coatings used are not a detriment to this property.

The objective of this study is to compare the corrosion characteristics of coatings
applied by the Cold Spray process to both bare and chromate coated AA2024 and
AAT7075 substrate materials, while also gaining insight into how the Cold Spray coatings
affect the mechanical properties of these aluminum alloys. This analysis will demonstrate
whether the application of aluminum coatings via the Cold Spray process is in fact a
viable alternative to those presently used on aluminum alloys in aerospace applications.
Obtaining statistically relevant data for corrosion characteristics is notoriously difficult,
and as a result, several tasks were employed in order to fulfill the objective and to get a

variety of data types which include qualitative and quantitative, real time and accelerated:



(1) Electrochemical Tests. Four direct current (DC) tests were used in order to
compare the coating’s tendency to corrode with the substrate, the tendency to
corrode if coupled with other common aerospace materials, and corrosion
rates were obtained and compared with the bare and chromate coated
substrates. Also, an alternating current (AC) electrochemical test known as
electrochemical impedance spectroscopy (EIS) was used in order to
characterize coating degradation on tasks (3), (4), and (5).

(2) Exfoliation. The samples were subject to ASTM standard G34, which test the
resistance of the substrates to exfoliation corrosion.

(3) Atmospheric Testing. Samples were exposed directly to a marine environment
at the Kennedy Space Center corrosion site located in Kure Beach, NC for a
period of one year. Quarterly, the samples underwent visual and
electrochemical inspection.

(4) Accelerated Atmospheric Testing. Utilizing a salt spray chamber, the samples
underwent three months of accelerated atmospheric testing based on ASTM
standard B117. Each month the samples were removed and inspected both
visually and electrochemically.

(5) Long Term Immersion. Samples were subjected to immersion in an artificial
seawater electrolyte for a period of one year. Each month, the samples were
tested electrochemically in order to determine the coating’s resistance to

corrosion.



(6) Scanning Electron Microscopy (SEM). SEM was employed on samples that
underwent long term exposure and in long term immersion tests. This
demonstrated on a microscopic level the pitting mechanisms that are common
with aluminum and its alloys.

(7) Fatigue Analysis. The ASTM E468 standard for cyclic fatigue testing was
used on specified specimens in order to gain insight into the effect of Cold
Spray applied coatings and substrate preparation on the fatigue characteristics

and performance of the 2024 series aluminum alloy.

The data collected throughout this study is organized into three chapters that will
be the basis of three papers submitted to peer reviewed journals, following a literature
review included as chapter 2. DC electrochemical test results will be included as chapter
3, and the results of tasks (2) through (6) will be included in Chapter 4. The results of the
fatigue analysis will be included in Chapter 5. Chapter 6 of this thesis will include the
overall conclusions of all work done, and finally chapter 7 will include suggestions for

future work and analysis.
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Chapter 2 : Background

2.1 Application of 2xxx and 7xxx Series Aluminum Alloys

Aluminum has long been known as one of the lightest structural materials, although
in its pure form provides minimal strength. In the early 1900s it was found that by
alloying aluminum with small amounts (<5%) of other elements, the strength could be
drastically increased while keeping the material relatively light. Modern strength
increases in aluminum are also obtained by work hardening and precipitation hardening,
combined with mechanical and thermal treatments [1]. Several different aluminum alloy
series have since been created, each providing unique characteristics useful to individual
industries. The two highest strength series are the 2xxx and 7xxx, which have copper and
zinc as their primary alloying elements, respectively.

Due to this high strength to weight ratio in the 2xxx and 7xxx series aluminum alloys,
they have many advantages in the aerospace industry which demands high performance
materials. Typically, an aircraft’s wing box structure consists of a 7xxx series alloy upper
wing skin and a 2xxx alloy lower wing skin [1]. Specifically, two aluminum alloys of
interest for these applications are the high strength 7075-T6 alloy and the medium
strength, high fracture-resistant 2024-T3 alloy. These are two of the most common alloys

used on aircraft structures in the aerospace industry today [1].



2.2 Corrosion of 2xxx and 7xxx Series Aluminum Alloys

Pure aluminum forms an aluminum oxide layer on its surface that protects against
corrosion. However, a chloride containing environment can reduce the performance of
this oxide layer with the formation of aluminum chlorides [2]. This often leads to pitting
corrosion, a common problem encountered in working with aluminum alloys. Pitting
corrosion is considered one of the most detrimental classes of corrosion because large
amounts of material can be removed from the inside of a body while the structure does
not show detrimental signs on the outside. Also, the localized attack caused by pitting
corrosion reduces the lifetime of a structure much more quickly than would uniform
corrosion. The growth of stable pits occur above a certain potential termed the critical
pitting potential. However, metastable pits, which grow for a short period of time and
then repassivate, can occur at potentials below the critical pitting potential. It has been
shown that the physical and chemical properties of the passive film strongly influence the
formation of pits, but play a secondary role in pit growth [3]. Pit growth has also been
shown to be under either ohmic or diffusion control [3].

Intergranular corrosion occurs in aluminum when precipitates form at the grain
boundaries [4]. Specifically in the 2024 and 7075 alloys, the copper depleted zone
adjacent to the grain boundary precipitates is attacked anodically [4]. Aluminum also
suffers from exfoliation corrosion, a severe form of intergranular corrosion. In rolled
aluminum, like that used in aircraft design, the grain boundaries are oriented parallel to

the rolling surface. Corrosion product can form in these elongated grain boundaries,



which have greater volume than the aluminum [4]. These large precipitates split apart and
force open the structural layers of the material [4], and thus can have detrimental effects
on an aerospace structure [4].

When aluminum is used in aerospace applications it is often in contact with an
electrochemically dissimilar metal, such as fasteners or an underlying material, and this
can cause galvanic corrosion. Galvanic corrosion causes one of the metals to become
anodic and corrode sacrificially while the other becomes cathodic and corrodes slower
than it otherwise would alone. The galvanic series can be used to predict the activity of
given galvanic couples. Tavakkolizadeh et al [5]. showed that when carbon fibers coated
with epoxy are coupled with a steel substrate the corrosion rate of the steel increases by
over 20 times that of the steel with no carbon fiber coupling. This behavior demonstrates

how much effect a galvanic coupling can have on a substrate’s corrosion rate.

2.3 Methods to Apply Hard Coatings to Prevent or Inhibit Corrosion

Several methods exist to apply coatings that can protect aluminum alloys from
corrosion. One of the most common methods used to apply coatings is the flame spray
technique. This involves heating a material to a plastic or molten state and then using a
compressed gas stream to accelerate the material onto an underlying substrate. As the
droplets of material hit the underlying substrate, they build up to form a coating. If the
material being deposited is a metal then the coating will often contain the oxides of this
metal. The bond holding the coating to the underlying material can consist, either

individually or in combination, of mechanical, chemical, or metallurgical bonding [6].
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Coatings applied via thermal spray can be either anodic or cathodic to the underlying
substrate. Corrosion occurs in the anode, and most coatings are designed to be anodic
with the underlying substrate so that they sacrificially corrode instead of the underlying
substrate [4]. Several studies have shown that thermal spray techniques can be used to
protect materials from corrosion. Schmidt et al [7]. showed that zinc coatings deposited
onto steel substrates by flame spray were more protective than those deposited by arc
spray as determined from visual observations, open circuit potential measurements, and
EIS impedance values.

Another method to apply protective coatings to aluminum alloys is the hot dip
method. This consists of dipping the aluminum substrate into a molten material. The
material then cools and adheres to the aluminum, forming a protective coating. The hot
dip method is normally associated with zinc coatings applied to steel as opposed to
aluminum coatings. Panossian et al [8]. found that hot dipped aluminum coatings only
offer cathodic corrosion protection to steel when in the presence of a very high chloride
containing atmosphere.

Electroplating, or electrodeposition, is another method used to apply coatings to
aluminum substrates through the use of electrical current. This involves polarizing a
given substrate in the presence of the ions of another metal, thereby attracting this other
metal to the given substrate. The coated metal usually exists as positively charged ions in
an electrolyte bath while the substrate to be coated is placed in this bath and acts as the

negatively charged cathode. A power supply provides the current needed to carry out this
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electrolytic process. Shah et al [9]. have shown that electroplating aluminum onto a 2024
substrate can reduce corrosion rates by an order of magnitude.

Alternative coating techniques to electroplating involve vaporization deposition,
specifically physical vapor deposition (PVD) or chemical vapor deposition (CVD).
These two processes are inherently similar, except that in the case of PVD the material to
be deposited starts in solid form while in CVD the material to be deposited starts in
gaseous form. The process works by bombarding a material to be deposited with a high
energy source to vaporize the atoms on the material. The atoms are then carried and
deposited onto the underlying substrate. Studies have shown that various coatings,
including pure aluminum, have helped to improve the corrosion characterizations of steel
substrates [10-12]. Aluminum coatings deposited onto carbon steel were shown to lower
corrosion current densities from 30 uA cmto 0.7 uA cm™ [11].

A fairly new technology that is quickly gaining popularity in the application of
coatings is High Velocity Particle Consolidation (HVPC), also known as the Cold Spray
process. HVPC can be classified as a thermal spray process, although it is unique in that
it does not require particles to be applied to substrates in a molten state [13]. This
process involves accelerating a coating material onto a substrate at extremely high speeds,
but at relatively low temperatures. A comparison of the particle velocities and gas
temperatures associated with the cold spray process with more conventional thermal
spray processes is shown in Figure 2-1. Due to this low temperature problems usually

associated with thermal spray processes, like coatings that experience phase
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transformations, oxidation, or recrystallization, are eliminated with the HVPC process

[14].
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Figure 2-1. Particle Velocity vs. Gas Temperature for Cold and Thermal Spray Processes [15]

Cold Spray consists of a metal powder with particle sizes ranging between five (5)
and forty-five (45) um that is inserted into a gas stream either at the subsonic or
supersonic gas velocity point and is accelerated to a velocity range of 450-1200 m/s. The
particles then exit the nozzle and impact the substrate in a solid state. Upon impact, the
particle creates a mechanical bond in dissimilar metals or a mechanical/metallurgical
bond in similar metals. The process temperatures in the Cold Spray process (23°-500° C)
are such that the powder particles remain in the solid state and no melting of the substrate
or formation of oxides occurs in the coating. A schematic of the cold spray process is
shown in Figure 2-2.

Another problem with thermal spray processes is that as the coating and substrate
cool, they have different coefficients of thermal expansion that lead to residual stresses

and distortions in the final coating [14]. These distortions cause a decrease in the
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mechanical properties and corrosion resistance of the coating. HVPC, working with
temperatures much lower than those of the thermal spray process, eliminates this issue
[14]. There are no metal fumes in the cold spray process, and there is a reduction in noise
levels in comparison with thermal spray processes [14]. Also, Cold Spray systems are
less complex than thermal spray systems and therefore the start up costs are more

desirable [14].

powder feeder

substrate
laval type nozzle
I )11 T Q]

gas inlet I
B — et

gas heater
800°C

Figure 2-2. Conceptual drawing of the cold spray equipment and process [16]

A significant benefit of the HVPC process, especially in respect to aerospace
applications, is the emergence of portable application designs [17]. If a coating were to
chip off in the field, it is possible to re-apply the coating on site which saves time, money,
and resources. There is therefore much interest in the researching of coatings applied by

the Cold Spray process.

2.4 Methods to Evaluate Corrosion on Hard Coatings

A number of methods exist that can be employed to test corrosion effects on hard
coatings. These tests can be organized into groups which include electrochemical,

intergranular, exfoliation, atmospheric exposure and simulated atmospheric exposure.
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Electrochemical tests can be further broken down into two categories, Direct Current
(DC) and Alternating Current (AC). A number of direct current tests are discussed along
with one alternating current test, Electrochemical Impedance Spectroscopy (EIS).

The Open Circuit Potential test is a DC scan that measures the voltage of a substrate
versus a reference electrode over time. This provides a representation of the summation
of half cell reactions occurring between the given electrolyte and substrate, and offers
insight into the activeness or passivity of a given coating. The test results are relative to
the reference electrode used, but materials with higher open circuit potentials are less
likely to corrode while materials with lower open circuit potentials are more likely to
corrode. This test is performed for most corrosion studies [18][2], and is often the
baseline used in corrosion rate obtaining DC tests. Open circuit potential scans have also
been used to gather information about the condition of the coating/electrolyte interface
and to show if a coating is providing adequate galvanic corrosion protection [19]. Merl et
al [10] show that, by increasing the open circuit potential by 200 mV, Cr-N coatings
provide corrosion protection to mild steel substrates.

The linear polarization experiment is a DC test that can give insight into the
corrosion rate of a coating and substrate. In the linear polarization experiment the open
circuit potential is first measured, and then varied by a small percentage while the
corresponding current is measured. A plot is then constructed with the voltage and log of
the current, which produces a linear curve. The slope of this curve, referred to as the

polarization resistance, can then be used to predict the corrosion rate of the material.
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Another DC test that provides information on corrosion Kinetics is the
potentiodynamic experiment. In this test the open circuit potential is varied over a much
wider potential range than that of the linear polarization experiment, and is again plotted
with the log of the resulting current. The anodic portion of the curve in this case can show
insight into the passive region of a given coating. Although potentiodynamic tests are
considered destructive due to the large potential applied to the coating/substrate, they
provide much more insight into corrosion mechanisms and are therefore widely used in
published corrosion research. Potentiodynamic tests have been performed to document
pitting potentials [20] [3], to obtain corrosion current densities from curve fits [18] [10],
to understand differences in passive regions [2] [21], and to obtain corrosion rates from
corrosion current densities [9]. For example, Guilemany et al [18]. used the
potentiodynamic polarization experiment to show that nitinol coatings reduce the
corrosion current densities and therefore offer protection to steel substrates, while
Vasconcelos et al [21]. showed that sol-gel silica coatings reduce the corrosion rate, but
also the passivation region, of stainless steel.

A DC test can also be performed to gain insight into galvanic corrosion. This
involves using a zero resistance ammeter and reference electrode to measure the current
between two dissimilar metals. A greater current flowing between two metals
demonstrates that galvanic corrosion is more likely to occur. Studies have used galvanic
test techniques to study the corrosion characteristics of aluminum coupled with steel, and
found that an aluminum-tin coating caused very large galvanic currents when in contact

with mild steel cathodes [22].
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Unfortunately, when evaluating coating performance DC tests can be limited due
to irreproducible results, high potential drops across resistive films, and large
polarizations induced by the coating-metal interface [23]. One of the most powerful
electrochemical tests to perform on hard coatings is therefore an AC experiment known
as electrochemical impedance spectroscopy (EIS). EIS involves applying only a small
signal voltage over a large frequency range, and then measuring the resulting impedance
values. Because the signal is kept small, the corrosion surface is not driven far from
steady state and the corrosion properties are not disturbed [23]. There has been a
significant amount of research into the best means of analyzing the bode and nyquist
plots resulting from EIS measurements. Senna et al. used nyquist plots to demonstrate the
corrosion protection of hard coatings deposited by PVD techniques [12]. One common
parameter that has shown promise in predicting corrosion behavior is the maximum
impedance at lowest frequency. The impedance of the coating can be thought of as the
coating’s resistance to penetration by the electrolyte [24]. This value, measured at the
lowest frequency, has been shown to correlate well with actual coating degradation and
has suggested that zinc sacrificial coatings with solvent based topcoats can show
impedance values six times higher than the same sacrificial coating with no topcoat when
applied onto steel substrates [19]. Calle et al. used both the maximum impedance value
and the coating resistance value obtained from an equivalent circuit to evaluate the
protection that molybdate conversion coatings offer aluminum alloys, and found the
maximum impedance values to be 10° for the bare 2024 alloy while they varied from 10°

to 10° for the coated substrates [25].
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Testing for the exfoliation corrosion of aluminum involves a continuous
immersion test set by ASTM standard G-34. The test consists of continuous immersion in
an acidic bath for one to three days while visual inspections are carried out throughout
the testing. A visual comparison is then made between the inspected samples and sample
pictures provided in the ASTM standard. Each sample is rated based on these pictures.
The ASTM G-34 standard has been used in conjunction with EIS measurements to
predict the exfoliation corrosion of the 2024-T351 aluminum alloy [26].

Although time consuming, the most accurate testing for corrosion evaluation is
field exposure testing. This involves placing the samples in a representative environment
(i.e marine, industrial) and performing visual and electrochemical inspections throughout
an extended exposure time frame. Studies have shown that extended atmosphere
exposure coupled with periodic EIS measurements have predicted corrosion behavior [7].
Atmospheric tests have also shown unprotected 2024 and 7075 aluminum to experience
severe exfoliation corrosion, and that marine atmospheres cause more corrosion than
urban atmospheres [8].

In an attempt to emulate field exposure results in a shortened time frame,
accelerated salt spray cabinet tests have become a popular means of imitating
atmospheric testing. This test involves placing samples in a cabinet that is connected to a
chamber containing artificial seawater. The seawater enters into the cabinet where it
atomizes and is dispersed as a salt spray fog. This fog is dispensed at specific intervals
throughout a 24 hour period. There are several variations on this test, such as fog

dispersion intervals and salt water composition, and the ASTM standard B117 salt spray
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test has been chosen for this study. Tests have shown that this standard may not be as
accurate at predicting corrosion rates for aluminum as other salt spray tests, but it is very
useful when a comparative study is of interest. Zhu et al [27]. demonstrated that a
magnesium substrate showed pitting corrosion after two hours in a salt spray cabinet,
while the same alloy with an aluminum-alloyed coating showed pitting after 72 hours and

very little pitting even after 30 days in salt spray cabinet testing.

2.5 Types of Coatings

There are several types of coatings that have been utilized in order to protect the 2xxx
and 7xxx series aluminum alloys from corrosion. Coatings can be organic or inorganic,
and can also consist of conversion coatings. A great deal of research into the protection of
aluminum has focused on conversion coatings, which convert the surface of the
aluminum into the coating. Perhaps the most accepted coating to protect against the
corrosion of aluminum alloys, especially in the defense industry, is the use of a chromate
conversion coating. Although the exact electrochemical mechanism is not known,
chromate inhibits the pitting of aluminum and therefore decreases the rate of corrosion
[3]. Chromate, however, is inherently toxic to both those applying the coatings and to the
surrounding environment when the coating chips away. Therefore, a significant amount
of research has gone into trying to find other suitable coatings to minimize or prevent
corrosion on aluminum alloys.

Another conversion coating that has shown to minimize corrosion in 2024-T3

aluminum is a vanadate conversion coating, which has been shown to increase the pitting
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potential and decrease the oxygen reduction reaction rate on the 2024-T3 alloy [20].
Anodic polarization curves also show that vanadate conversion coatings can make the
bare 2024-T3 substrate, which otherwise does not show a substantial passive region in
0.5M NacCl solution, spontaneously form passive regions when the coating is applied [20].

Molybdate conversion coatings have also been researched in order to decrease the
corrosion rate of the 2024-T3 aluminum alloy. EIS experiments have suggested that,
although future atmospheric tests are suggested, molybdate conversion coatings can show
an improvement in corrosion resistance when compared to a bare 2024-T3 sample [25].

A process for applying a cerium oxide conversion coating has been developed for the
7075-T6 aluminum alloy that has been shown to decrease the corrosion rate of the alloy
in B117 salt fog tests. Rivera et al[28]. showed that approximately 80% of panels
prepared using this process passed a salt fog test after two weeks, compared with only 20%
of previous processes.

There has also been research into protecting the 2024 alloy from corrosion by the use
of polyanilines, which have shown in multiple studies to reduce the corrosion rate of the
alloy [2][9]. Both these studies showed a reduction in corrosion rate from the bare alloy
of an order of magnitude, and Panossian et al [29]. suggested that the polymers remove
the copper from the surface of the alloy and therefore inhibit its corrosion.

Coating the AA2024 and AA7075 substrates with pure aluminum is another option in
the corrosion protection of aluminum alloys. Pure aluminum is more active on the
galvanic scale than the aluminum alloy, and therefore sacrificially corrodes if immersed

in an electrolyte. Pure aluminum has excellent corrosion resistance because of an oxide
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film that bonds to its surface. If damaged, this oxide film can quickly repassivate [13].
There are many studies that demonstrate the effectiveness of a pure aluminum coating on
the reduction in corrosion rate of steel substrates [8][11], but few that study pure
aluminum deposited onto an aluminum alloy. Research has shown that microcrystalline
aluminum coatings deteriorate more than cast pure aluminum coatings in acidic Na;SO,
solution, but microcrystalline coatings show higher pitting resistance in a NaCl acidic
solution [30]. When applying pure aluminum coatings by ion beam assisted deposition, it
has been shown that the parameters of the application process can vary the protection of
the coating by more than two orders of magnitude [31]. This information shows how
process parameters can play a vital role in the protection of a coating. Zinc coatings are
often used to protect steel because it is anodic to steel and will therefore corrode
preferentially instead of the steel. Aluminum coatings are less active than zinc, but are
harder, have better adhesion, and form a protective oxide that prevents self corrosion [4].
Irissou [32] deposited aluminum onto an AA7075 substrate by both the arc spray and
cold spray techniques. Arc spray required advanced surface preparations, including
chemical deoxidation and laser ablation in order to make the coatings have the same
coating properties as cold spray coatings without these advanced surface preparations.
Surface preparations studied included polishing, grit blasting, and shot peening. There
was no observed difference in bond strength between any of the surface preparations with
the cold spray process. Also, no difference was observed on bond strength between air or
nitrogen used as carrier gases for the cold spray process. Porosity of coatings was less

than 0.5% for the cold spray process, but 3-8% for the arc spray process.
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2.6 Fatigue of 2xxx Aluminum alloys and Common Surface Preparations.

One of the benefits of the cold spray process over other thermal spray processes is
that only minimal if any surface preparation is necessary for a substrate to be coated.
However, surface preparations can often increase the advantage of the coating by
increasing adhesion, cracking resistance, and even corrosion resistance in very thin
coatings.

The most common crack initiation points in high strength aluminum alloys are
inclusions and grain boundaries, although surface facets have also been shown to be sites
of crack initiation [33]. Fatigue failure tends to start at the surface of a substrate and in
general a smoother specimen is thought to have a higher fatigue life than a roughened
specimen, due to the stress raisers of a roughened surface. However, the application that
roughens the surface can impart residual stresses in the surface of a substrate that can
increase fatigue life. There is therefore contradicting data on any surface preparation and
its effect on the fatigue life of a given substrate.

Shot peening refers to a cold working process in which a substrate is impinged
with spherical particles in order to plastically deform the surface. This creates residual
compressive stresses in the surface of the substrate that have been determined to be the
result of the superposition of residual stresses produced by the surrounding steel shots
[34]. Figure 2-3 shows a typical stress distribution inside a shot peened material. There
are four main features [35]:

1. SS: Surface stress
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2. CSmax: The maximum compressive stress, usually found slightly below the surface
(often taken to be 25% of the thickness)
3. d: The depth at which the residual stress becomes negative
4. TS: Maximum tensile stress
The compressive residual stress has a magnitude that can very up to a maximum

stress of one half the yield strength of the material [36].

Tension Compression

c‘l SSJ
[

CS max

TS max

Figure 2-3. The residual stress distribution of a shot peened substrate [35].

These residual stresses have been shown to increase the fatigue life of AISI 430
steel [37]. Shot peening has also been shown to delay crack initiation and slow the
propagation of cracks in 316 stainless steel [35]. A shot peened surface may also contain
many grain boundaries and lattice defects, like dislocations, that can enhance the low
temperature solid state diffusion process [38]. When titanium coatings and shot peening

were applied to AA7075-T6, they increased the fretting fatigue life of the uncoated
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specimens significantly. Shot peening alone increased the fatigue life by 350%, while the
combination with the aluminum coating significantly increased fatigue life [39].

Grit blasting refers to a type of abrasive blasting in which glass bead media are
propelled onto the surface of a substrate. This can serve to roughen the surface of a
smooth material and allow for better coating deposition. The increased surface roughness
and inherent embedded grit that result from the process can reduce fatigue life, but the
residual stress imparted on the surface from the process serves to increase fatigue life.
Therefore contradicting data is often found in literature. Price et al [40]. showed that grit
blasting a titanium alloy and applying a pure titanium cold spray coating significantly
reduces the fatigue life of the original alloy in rotating bend tests. However, the grit
blasting technique has also been shown to increase the fatigue life of the 2024-T3
aluminum alloy by close to 50 percent [41]. Brandt [42] demonstrated that, depending on
the parameters of the grit blasting, the surface preparation may increase the fatigue life of
aluminum specimens in rotating bend tests.

Coatings can have either an advantageous or detrimental effect on the mechanical
properties of the underlying substrate. Saini [43] found that WC/C coatings increase the
endurance limit of steel by 7% while not negatively affecting the hardness or tensile
properties. Mcgrann et al [44]. showed that the residual stresses caused by coating 6061
aluminum and steel substrates with WC-Co coatings could increase the fatigue life by a
factor of ten. Fatigue failure can depend on the microstructure of the coatings themselves.
When WC-Co coatings were applied to AISI 4340 steel by the HVOF process, it was

found that the major contribution to increased fatigue life was the load carrying capacity
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of the coatings [45]. It has also been shown that the porosity of an applied coating can
have a large effect on the resulting fatigue strength of the coating and underlying
substrate [46] [47]. Strong coating adhesion, usually a desirable characteristic, can be
detrimental if the mechanical properties of the coating are less desirable than the covered
substrate. It is possible for cracks to initiate in the coating, and then due to strong
adhesion spread into the underlying substrate material and initiate failure [33].
Temperature and humidity can also affect the fatigue characteristics of a coating.
Liu et al [48]. found a low carbon steel coating to have superior fatigue strength at 300°C
than at room temperature while Voris et al[49]. found that, at low stress levels, increased

humidity had a negative effect on the fatigue properties of AA2024-T351.
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Chapter 3 : DC Corrosion Testing of Cold Spray Applied CP-Al Coatings on
AA2024-T3 and AA7075-T6 Substrates

Abstract

Direct current (DC) experimentation was used to test the corrosion protection of
commercially pure aluminum (CP-Al) and A7005 coatings that were applied to the 2024-
T3 and 7075-T6 aluminum alloys, respectively, via the Cold Spray process. Four DC
corrosion techniques were run to test the corrosion susceptibility of the samples: (1) Open
Circuit Potential, (2) Linear Polarization, (3) Potentiodynamic Polarization, and (4)
Galvanic Corrosion. These tests were employed on bare substrates without coatings along
with four other specimen types, including the alloys covered with: (1) CP-Al coating, (2)
conventional chromate conversion coating, (3) CP-Al coating and conventional sealant,
and (4) CP-Al coating, chromate conversion coating, and conventional sealant. VVarious
surface preparations and carrier gases were used in the Cold Spray process. The surface
preparations included: (1) Al,Og3 grit blast at 45°, (2) glass bead grit blast at 45°, (3) glass
bead grit blast at 90°, (4) SiC grit blast at 45°. The carrier gases included nitrogen and
helium. The surface preparation and carrier gas combinations were studied to see if any
offered superior corrosion protection to the aluminum alloys. Corrosion rates along with
passivity tendencies obtained from the DC tests were analyzed. It was found that Cold
Spray applied pure aluminum coatings offered increased corrosion protection over the
bare AA2024-T3 substrate, while no significant difference in corrosion protection was

observed between sealed specimens with or without the chromate conversion coating.
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Introduction

The 2024-T3 and 7075-T6 aluminum alloys are widely used in the aerospace
industry due to their excellent strength to weight ratios. Unfortunately, these are the least
resistant to corrosion of all aluminum alloys. Currently, chromate conversion coatings are
used to prevent the corroding of the alloys while maintaining their desirable mechanical
properties. Chromate coatings are inherently toxic, however, and the need arises for safer
coatings that can offer similar protection.

In some cases, proper heat treatment and aging can increase the corrosion
protection of these aluminum alloys. However, instances occur when the heat treatment
and aging processes are not possible. In these cases, several methods exist to apply
coatings that can protect aluminum alloys from corrosion. One of the most common
methods used to apply coatings is a thermal spray technique. This involves heating a
material to a plastic or molten state and then using a compressed gas stream to accelerate
the material onto an underlying substrate. As the droplets of material hit the underlying
substrate, they build up to form a coating. If the material being deposited is a metal then
the coating will often contain the oxides of this metal. The bond holding the coating to
the underlying material can consist, either individually or in combination, of mechanical,
chemical, or metallurgical bonding [1]. Coatings applied via thermal spray can be either
anodic or cathodic to the underlying substrate. Corrosion occurs in the anode, and most
coatings are designed to be anodic with the underlying substrate so that they sacrificially
corrode instead of the underlying substrate [2]. Several studies have shown that thermal

spray techniques can be used to protect materials from corrosion. Schmidt et al [3].
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showed that zinc coatings deposited onto steel substrates by flame spray were more
protective than those deposited by arc spray as determined from visual observations, open
circuit potential measurements, and EIS impedance values.

Anodizing, which consists of producing an oxide layer on aluminum that provides
protection from corrosion, is commonly used for both the 2xxx and 7xxx series alloys.
This process involves the use of chemicals that are hazardous to the environment and has
special safety requirements. Large components must also be fully submerged for this
process to be effective. Throughout the anodizing process, coating uniformity is difficult
to maintain. Additionally, anodizing can reduce an aluminum alloys fatigue strength by
60% [4]. In addition to the above issues, it is difficult to repair anodized surfaces.

Another method to apply protective coatings to aluminum alloys is the hot dip
method. This consists of dipping the aluminum substrate into a molten material. The
material then cools and adheres to the aluminum, forming a protective coating. The hot
dip method is normally associated with zinc coatings applied to steel as opposed to
aluminum coatings. Panossian et al [5]. found that hot dipped aluminum coatings only
offer cathodic corrosion protection to steel when in the presence of a very high chloride
containing atmosphere.

Electroplating, or electrodeposition, is another method used to apply coatings to
aluminum substrates through the use of electrical current. This involves polarizing a
given substrate in the presence of the ions of another metal, thereby attracting this other
metal to the given substrate. The coated metal usually exists as positively charged ions in

an electrolyte bath while the substrate to be coated is placed in this bath and acts as the
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negatively charged cathode. A power supply provides the current needed to carry out this
electrolytic process. Shah et al [6]. showed that electroplating aluminum onto a 2024
substrate can reduce corrosion rates by an order of magnitude.

Alternative coating techniques to electroplating involve vaporization deposition,
specifically physical vapor deposition (PVD) or chemical vapor deposition (CVD).
These two processes are inherently similar, except that in the case of PVD the material to
be deposited starts in solid form while in CVD the material to be deposited starts in
gaseous form. The process works by bombarding a material to be deposited with a high
energy source to vaporize the atoms on the material. The atoms are then carried and
deposited onto the underlying substrate. Studies have shown that various coatings,
including pure aluminum, have helped to improve the corrosion characterizations of steel
substrates [7-9]. Aluminum coatings deposited onto carbon steel in one study were shown
to lower corrosion current densities from 30 uA cm™ to 0.7 uA cm™ [8].

A fairly new technology that is quickly gaining popularity in the application of
coatings is High Velocity Particle Consolidation (HVPC), also known as the Cold Spray
process. HVPC can be classified as a thermal spray process, although it is unique in that
it does not require particles to be applied to substrates in a molten state [10]. This process
involves accelerating a coating material onto a substrate at extremely high speeds, but at
relatively low temperatures. Henceforth problems usually associated with thermal spray
processes, like coatings that experience phase transformations, oxidation, or
recrystallization, are eliminated with the HVPC process [11]. Another problem with

thermal spray processes is that as the coating and substrate cool, they have different
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coefficients of expansion that lead to residual stresses and distortions in the final coating
[11]. These distortions cause a decrease in mechanical properties and corrosion resistance
of the coating. HVPC, working with temperatures much lower than those of the thermal
spray process, eliminates this issue [11]. There are no metal fumes in the Cold Spray
process, and there is a reduction in noise levels in comparison with thermal spray
processes [11]. Also, Cold Spray systems are less complex than thermal spray systems
and therefore the start up costs are more desirable [11].

A significant benefit of the HVPC process, especially in respect to aerospace
applications, is the emergence of portable application designs [12]. If a coating were to
chip off in the field, it is possible to re-apply the coating on site which saves time, money,
and resources. There is therefore much interest in the researching of coatings applied by

the HVPC process.

Experimental Procedures

The samples tested were 2024-T3 and 7075-T6 aluminum alloys (AA2024-T3 and
AAT7075-T6) coated with commercially pure and A7005 aluminum, respectively, applied
via the Cold Spray process. There were four surface preparations of the substrate: (1)
glass bead grit blast at 45 degrees, (2) glass bead grit blast at 90 degrees, (3) alumina
bead grit blast at 45 degrees, and (4) silicon carbide blast at 45 degrees. Two different
carrier gases were used to apply the Cold Spray coatings, helium and nitrogen. Coatings

were applied to a thickness of 0.006 inches + 0.003 inches. An AA2024-T3 sample was



37

also coated with a chromate conversion coating only and tested in order to compare it
with the Cold Spray applied coatings.

A sealant was applied to some as-sprayed coatings. Two different sealing types
were utilized; the first sealant type involved a chromate conversation coating to help with
adhesion of the paint layer. The second type was identical to the first type, except without
the chromate conversion coating. The chemical processing of the sealant, not including
the chromate conversion, involved an aqueous alkaline degreaser, deoxidizer, alkaline
etch, and a desmut bath (using Oakite LNC). The chromate conversion coating used was
an Oakite Chromicoat L25. The painting operation used a primer following MIL-PRF-
23377 (Type 1, Class C2) and a topcoat following MIL-PRF-85285 (Type 1). A chart
correlating sample preparation and carrier gas to sample identification used in this thesis

can be found in Table 3-1.

Table 3-1. Sample Identification of AA2024-T3 and AA7075-T6 Test Specimens

Sample Designation| Surface Preparation |Main Process Gas
A-N Al O3 Grit Blast at 45° Nitrogen
G4-H Glass Bead Applied 45° Helium
G4-N Glass Bead Applied 45° Nitrogen
G9-N Glass Bead Applied 90° Nitrogen
S-N SiC Grit Blast at 45° Nitrogen
X-X-S A sample described above that is scribed

A sample described above that is sealed and
X-X-C . .
with chromate coating
XXNC A sample described above that is sealed and

without Chromate Coating

All experiments were performed using a Gamry Reference600 potentiostat. A
conventional three electrode cell was used, consisting of a saturated calomel electrode

used as reference electrode, graphite rod used as counter electrode, and using the given
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samples as the working electrodes. The salt solution used in cells conformed to ASTM D-
1141-52 and consisted of a 3.5% NaCl solution. Approximately 40 milliliters of unstirred
solution was used in each cell. A representative electrochemical cell is shown in Figure

3-1.

Figure 3-1. An example of an electrochemical cell used to perform DC test measurements

Open Circuit Potential (OCP)

The open circuit potential measurement, also known as the corrosion potential, is
a summation of the half-cell reaction potentials in the electrolyte of interest and is
monitored by measuring the potential vs. a reference electrode using a high impedance
voltmeter or electrometer. The potential vs. time response data was collected and stopped
when the specimen had reached a steady-state potential with the 3.5% NaCl artificial
seawater electrolyte. Steady-state normally occurred within one to three hours of
immersion. The corrosion potential is the basis for the linear and potentiodynamic
polarization experiments, and so abbreviated OCP measurements were also taken before

these tests. The ASTM G-69 standard practice for testing OCP was followed.
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Linear Polarization Testing

The polarization resistance test is a non-destructive electrochemical technique in
which the potential of a metal is scanned over a small range relative to the open circuit
potential and the resulting current is measured. Over this small range, the current vs.
voltage curve plotted on a linear graph is a straight line for many metals. Using the slope
of the linear portion of the data, the polarization resistance value, Rp, can be obtained.
The polarization resistance is used to calculate the corrosion current density, icorr, by the
tafel slopes determined from polarization resistance tests and the Stearn-Geary equation
presented as Equation (1).

BaxBc

icorr= ——————
2.3*Rp*(Ba+fc)

Equation (1)
Where:

icorr: The corrosion current (Amps)

Ba: The anodic tafel slope constant (Volts per decade)
Be:  The cathodic tafel slope constant (Volts per decade)

Rp: The polarization Resistance value determined from the linear polarization
experiment

The corrosion current density can ultimately be used to determine the corrosion

rate of the metal/coating using Equation (2).

icorrxkxEW
DxA

CR = Equation (2)
Where:

CR: The corrosion rate in milli-inches per year (mpy)

icorr: The corrosion current in amps

k: A constant, 1.288x10° milliinches (amp-cm-year)

EW: The equivalent weight in grams per equivalent

D:  The density of the sample in grams per cubic centimeter
A:  The sample area in square centimeters
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All polarization experiments were performed at ambient room temperature on
specimen which had stabilized in artificial seawater, open to air, for 3 hours. The

potential was scanned at 0.2 mV/s over a sample area of 10 cm?.

Potentiodynamic Testing

In the potentiodynamic polarization test the sample is scanned over a large range
of voltages relative to the open circuit potential. Anodic and cathodic information along
with passivity information can then be ascertained. The potentiodynamic scans were run
at 5 mV/s from an initial voltage of -500 mV below OCP to a final voltage of 1500 mV
above OCP. The ASTM G-5 and G-59 standard practices for making potentiodynamic
polarization measurements were followed.

After the graphs were generated, Gamry Echem Analyst software was used in
order to generate corrosion rates for the samples. To do this, both an anodic and cathodic
section of the resulting curve was chosen. The software then used a linear regression to fit
the curve to the Butler-Volmer equation, shown in Equation 3, and to obtain the resulting

tafel slopes and corrosion current.

2.3x(E—EocC) 2.3x(E—Eoc) .
I =icorrl[e PBa —e PBc ] Equation (3)

Where:

I: The measured cell current (Amps)

icorr: The corrosion current (Amps)

E:  The electrode potential (Volts)

Eoc: The open circuit potential (Volts)

Ba:  The anodic tafel slope constant (Volts per decade)
Bc:  The cathodic tafel slope constant (Volts per decade)
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These values were then used in conjunction with Equation (2) to obtain the

corrosion rates presented in the polarization resistance section of this thesis.

Galvanic Testing vs Graphite, Stainless Steel and Titanium

When two dissimilar metals in electrical contact are exposed to a common
electrolyte, one of the metals can undergo increased corrosion while the other can show
decreased corrosion. This type of accelerated corrosion is referred to as galvanic
corrosion. Each as-sprayed and sealed sample was coupled to graphite, stainless steel and
titanium. The Reference600 potentiostat was then used as a zero resistance ammeter to
measure the current flowing between the sample and other material. This galvanic current
between the dissimilar materials was measured at a limiting current of 25 mA/cm?, while
both were immersed in artificial seawater. The ASTM standard G-71 was followed while

running the galvanic tests.

Results and Discussion:

Open Circuit Potential (OCP): AA2024

Figure 3-2 shows the open circuit potential measurements, run in triplicate, for as-
sprayed and sealed CP-Al coatings on AA2024-T3. All samples were more negative than
the bare or chromate coated AA2024 substrate. The as-sprayed samples offer cathodic
protection to the underlying aluminum alloys, and therefore the OCP’s of the as-sprayed
samples are significantly lower (more negative) than the bare AA2024 aluminum and
chromate coated AA2024 substrate. A minimum of 200mV exists between the lowest
OCP value obtained of the bare substrate and the highest OCP value of the as-sprayed

substrate. All as-sprayed plates were more negative than the bare AA2024 substrate on
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average by 350-450 mV. All sealed plates were more negative than the bare AA2024
substrate on average by 100-250 mV. Upon comparing all samples, the least negative
OCP was obtained most consistently by the chromate coated AA2024 substrate which
possessed an average OCP of -667mV. A comparison of the bare, chromate coated, and
as-sprayed AA2024 specimens can be seen in Figure 3-3. This figure demonstrates the
lower open circuit potentials exhibited by the as-sprayed specimens in comparison to the
bare or chromate coated AA2024 samples, and therefore the cathodic protection offered

to the 2024 aluminum alloy.
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Figure 3-2. Open Circuit Potential Measurements for AA2024-T3 Samples
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Open Circuit Potential of Bare AA2024, Chromate, and As-Sprayed Specimens
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Figure 3-3. OCP of bare, chromate coated, and as-sprayed AA2024 specimens

Open Circuit Potential: AA7075

Figure 3-4 shows the open circuit potential measurements, run in triplicate, for as-
sprayed and sealed A7005 coatings on AA7075-T6; the results varied significantly per
condition as well as per sample. The as-sprayed coatings displayed more negative OCPs
on average than the bare AA7075 substrate, while the sealed specimens showed OCP
ranges within that of the bare AA7075 substrate. As-sprayed plates were more negative
than bare AA7075 substrates by on average 200mV (See Appendix I: Table 3-2).

The as-sprayed samples which had substrates prepared with alumina grit blast
were significantly more negative than bare AA7075 samples. As-sprayed samples with
substrates prepared using the glass bead grit blast yielded a wide range of values, both
more and less negative than bare AA7075. This could be due to a defect in the coating at
one of the areas measured. A defect would cause the open circuit potential to change

from that of the coating and to approach the OCP of the underlying substrate, in this case
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the bare 7075 alloy. This would explain why some measurements were at the -1200 mV
range, consistent with the other as-sprayed AA2024 samples, while one was at the -900
mV range that was more consistent with the bare AA7075 substrate.

There didn’t appear to be a significant difference between the sealed specimen,
with or without chromate. The samples prepared with the alumina grit blast had a more
negative OCP in the sealed with chromate condition than in the sealed without chromate
coating. This means that, thermodynamically, the sample with the chromate coating has

a higher tendency to corrode than the sample without the chromate coating.
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Figure 3-4. Open circuit potential for AA7075-T6 samples

Polarization Resistance: AA2024

Figure 3-5 presents the corrosion rates calculated from polarization resistance
experiments for as-sprayed and sealed CP-AL coatings on AA2024-T3. Corrosion rates
were obtained by fitting the plot of the polarization resistance experiment and utilizing
the Stern-Geary Equation. Examples of polarization resistance plots with the fits used to

calculate the Rp values are shown in Figures 3-6 and 3-7. As-sprayed samples displayed
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corrosion rates similar to the bare AA2024 substrate. One as-sprayed plate, that was
surface prepared by glass bead grit blast at 45° and used nitrogen as the carrier gas (G4-
N), consistently yielded a lower corrosion rate (0.3 mpy on average) than bare AA2024.
The chromate coated AA2024 showed lower corrosion rates than the bare and as sprayed
AA2024 coatings by almost an order of magnitude. All sealed AA2024 samples produced
graphs much more erratic then those of the as-sprayed plates, but showed significantly
lower corrosion rates than bare or chromate coated AA2024. A significant difference in

corrosion rates between chromate and non-chromate sealed samples was not noted.

Corrosion Rates of 2024 Samples Obtained from Polarization
Resistance Tests Based On Rp Value
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Figure 3-5. Corrosion rate data for AA2024-T3 specimen.
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Linear Polarization of Chromate Coated Sample
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Figure 3-6. Linear polarization curve and curve fit used to calculate Rp of chromate coated sample.
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Figure 3-7. Linear polarization curve and curve fit used to calculate Rp of sample G4-H-C.

Polarization Resistance: AA7075

Figure 3-8 shows the corrosion rate data for as-sprayed and sealed A7005
coatings on AA7075-T6. The corrosion rates for the as-sprayed samples are an order of
magnitude higher than the bare AA7075 sample. The sealed samples have corrosion rates

four to five orders of magnitude lower than the bare substrate and five to six orders of



47

magnitude lower than the as-sprayed samples. There was no observed difference in
corrosion rates between the chromate and non-chromate sealed samples. An example of a
polarization resistance curve and fit is shown in Figure 3-9. The average corrosion rates

obtained from all samples can be found in Appendix I: Table 3-3.

Corrosion Rates of 7075 Bare and As-Sprayed Specimen
Obtained from Polarization Resistance Tests
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Figure 3-8. Corrosion Rates obtained from polarization resistance tests of AA7075-T6 samples.
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Potentiodynamic Polarization — Corrosion Rates: AA2024

Figure 3-10 shows the corrosion rates calculated for the CP-AL coatings on
AA2024-T3. The bare AA2024 yielded corrosion rates which varied over a very wide
range, from about 5 mpy to about 34 mpy. The as-sprayed samples, however, all resulted
in consistent corrosion rates, obtained by Tafel slopes and Equation (2), of less than 5
mpy. The data shows that the as-sprayed samples performed much better in this test than
the bare AA2024 substrate. The as-sprayed samples also had corrosion rates comparable
to the chromate coated AA2024 sample. An example a potentiodynamic polarization
curve for an as-sprayed sample and the corresponding fit used to find tafel slopes and the
corrosion current is included as Figure 3-11. Obtaining consistent data for sealed
specimens from the potentiodynamic polarization experiment was extremely difficult as
data yielded graphs that were erratic and difficult to analyze. The data that was accurate
and consistent showed corrosion rates an order of magnitude lower than those of the as-
sprayed samples. Appendix 1: Table 3-4 shows the corrosion rates obtained from the

potentiodynamic polarization experiment on all samples.
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Corrosion Rate Obtained From Tafel Slopes
For As-Sprayed AA2024 Samples
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Figure 3-10. Corrosion Rates obtained from potentiodynamic polarization tests for AA2024-T3
samples.
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Figure 3-11. Potentiodynamic polarization plot and corresponding tafel slope fit of sample G4-H.

Potentiodynamic Polarization — Corrosion Rates: AA7075
Figure 3-12 shows that the corrosion rates of as-sprayed A7005 coatings on

AAT7075-T6 varied an order of magnitude from 0.3 to 3 mpy, while the bare AA7075
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substrate had a range of corrosion rates that varied from 0.05 to 0.3 mpy. The bare
AAT075 therefore performed much better in this experiment than the as-sprayed coatings.
The sealed samples had corrosion rates on the order of 10° mpy, six orders of magnitude
lower than the as-sprayed samples and five orders of magnitude below the bare AA7075
sample. The non chromate sealed samples had slightly higher corrosion rates than the
chromate sealed samples. Appendix 1: Table 3-4 provides the raw data obtained from

each replicate.

Corrosion Rate Obtained From Tafel Slopes
For AA7075 Bare and As-Sprayed Samples
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Figure 3-12. Corrosion Rates obtained from potentiodynamic polarization tests for AA7075-T6
samples.

Potentiodynamic Polarization — Passivation Region: AA2024

The passivation region of a potentiodynamic polarization curve can show the
corrosion protection offered by a coating. This region shows that as the applied voltage
increases throughout the experiment, the corrosion current stays constant. These results

indicate a potential range which is a protective region of voltages in which the material
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will not corrode; a large passivation region is desirable. The as-sprayed samples provided
data that was more consistent and reproducible than sealed samples. Figure 3-13 shows
the potentiodynamic polarization curves for a representative bare, chromate coated, and
as-sprayed AA2024 specimen. There is a negligible passivation region for the bare
sample, a slightly larger region for the chromate coated sample, and a large passivation
region on the representative as-sprayed sample.

Figure 3-14 shows the size of the passivation region for each sample for the CP-
AL coatings on AA2024-T3. Pitting potential ranges for most of the sealed specimens
were in the positive range, while as-sprayed samples alone had pitting potentials that
were negative. The bare AA2024 sample showed a negligible passivation region during
these experiments. The chromate coated AA2024 sample provided, on average, a
passivation region of around 240 mV. The as-sprayed samples yielded passivation
regions anywhere from 400 to 780 mV, with the majority of data resulting in passivation
regions above 550 mV.

The sealed samples yielded data which varied significantly and was difficult to
analyze with confidence. Some passivation potentials were lower than the as-sprayed

samples, and some were as high as 1400 mV.
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Potentiodynamic Polarization Region of Bare AA2024, Chromate Coated, and Representative As-Sprayed Specimen

Bare AA2024
05F | e Chromate [
T G4-N
| ]
2
°
>
0.5 |
.--------ll===::i:
1 ...."-
Ak s Tl |
£ oy
___-——unnﬂ!ﬁ'\‘h’.'n‘:\.‘.; ; =
e
E: ; : : I I l I
10° 107 10° 10° 10° 10° 107 10° 10°

Current (mA/cm2)

Figure 3-13. The potentiodynamic polarization region of bare AA2024, chromate coated, and a
representative as sprayed specimens.
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Figure 3-14. Potentiodynamic polarization tests which indicate the passivation regions for the
AA2024-T3 samples.

Potentiodynamic Polarization — Passivation Region: AA7075
Figure 3-15 shows the results of the potentiodynamic polarization tests which

indicate the range of the passivation region for the A7005 coatings on AA7075-T6. As-
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sprayed plates had slightly larger passivation ranges than bare AA7075 samples, which
displayed passivation ranges from 130 to 250 mV. The G4-N sample resulted in
passivation ranges that varied in value from 100 mV to 400 mV, while the A-N sample
displayed a passivation region which ranged from 150 to 230 mV.

The passivation ranges of the sealed AA7075 samples were extremely difficult to
analyze due to the fact that the pitting potential was never reached in most tests. In
general, the passivation ranges seem to be an order of magnitude higher than either the
as-sprayed or bare samples. There is no difference in passivation regions between the
chromate and non-chromate coated sealed samples. The average values from three

replicates are presented in Table 3-5 of Appendix I.
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Figure 3-15. Potentiodynamic polarization tests which indicate the passivation regions for the
AA7075-T6 samples.
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Galvanic Corrosion-Graphite: AA2024

Figure 3-16 shows the galvanic corrosion currents obtained for CP-AL coatings
on AA2024-T3 vs graphite. The galvanic current between the bare AA2024 substrate and
graphite was the same order of magnitude as that of the chromate coated AA2024 and as-
sprayed samples. The data obtained was consistent and very reproducible.

The sealed samples had galvanic currents five to seven orders of magnitude lower
than that of the bare and as-sprayed AA2024. This means that sealed specimens have a
much lower tendency to corrode when coupled with graphite than bare or chromate
coated AA2024 samples. Non-chromate sealed coatings yielded a wider range of currents,
but all sealed samples acted similarly. The S-N-NC sample had currents an order of
magnitude higher than all other sealed samples. Table 3-6 of Appendix | shows the

average data for all samples.



55

Galvanic Current of AA2024 As-Sprayed Plates with Graphite
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Figure 3-16. Galvanic corrosion data showing the current obtained for AA2024-T3 samples vs
graphite.

Galvanic Corrosion-Stainless Steel: AA2024

After examining data shown in Figure 3-17 from AA2024-T3 specimens that
were coupled vs. stainless steel, the following was observed. The galvanic current
between the bare AA2024 and stainless steel was the same order of magnitude as the as-
sprayed samples. The chromate coated AA2024 sample displayed a galvanic current an
order of magnitude lower than the as-sprayed samples. This indicates that as-sprayed
coatings have a lower tendency to corrode than bare AA2024, but a higher tendency to
corrode than chromate coated AA2024 when coupled to stainless steel.

The sealed specimens had currents three to five orders of magnitude lower than
bare or chromate coated substrates when coupled to stainless steel. There were no
appreciable differences between the chromate and non-chromate coated sealed samples.

Appendix I: Table 3-6 shows the average data for all samples.
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Galvanic Current of AA2024 Samples with Stainless Steel
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Figure 3-17. Galvanic corrosion data showing the current obtained for AA2024-T3 samples vs
stainless steel.

Galvanic Corrosion-Titanium: AA2024

Figure 3-18 shows the data obtained for the AA2024-T3 specimens coupled to
titanium. The currents of as-sprayed samples are the same order of magnitude as bare
AA2024 and one order of magnitude higher than the chromate coated substrate.

The measured currents of sealed samples were four to five orders of magnitude
below that of the bare substrate. There was no appreciable difference between the
currents of the chromate and non-chromate coated sealed AA2024 substrates. Comparing
sealed coatings, the two with the highest measured currents were both non-chromate
sealed samples. Also noteworthy, the non-chromate coated sealed sample with alumina
surface preparation and nitrogen carrier gas (A-N-NC) displayed currents that measured
four to five orders of magnitude above all other sealed coatings. This appears to be due to
a defect that formed in the coating of this sample, which would explain why the first

measurement was comparable to other sealed samples while the final two measurements



were more comparable to those of the underlying AA2024 specimen.

Appendix | shows the average data for all samples.
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Figure 3-18. Galvanic corrosion data showing the current obtained for AA2024-T3 samples vs

titanium.

Galvanic Corrosion-Graphite: AA7075

Figure 3-19 shows the galvanic current obtained for the A7005 coatings on

AAT075-T6 vs. graphite. The galvanic current between the bare AA7075 sample and

graphite was the same order of magnitude as the as-sprayed coatings.

The sealed plates yielded currents eight orders of magnitude lower than the bare

substrate. This means the sealed coatings have a much lower tendency to corrode than

bare AA7075 when coupled with graphite. Table 3-6 of Appendix | shows the average

data for all samples.
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Galvanic Current of AA7075 Samples with Graphite
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Figure 3-19. Galvanic corrosion data showing the current obtained for AA7075 samples vs graphite.

Galvanic Corrosion-Stainless Steel: AA7075

Figure 3-20 shows data from AA7075-T6 samples that were coupled with
stainless steel. The currents of both as-sprayed samples were slightly higher, but still of
the same order of magnitude, than the bare sample.

The sealed specimens had currents seven to eight orders of magnitude lower than
the bare substrate when coupled to stainless steel. One sample, G4-N-NC, had the most
consistent data yet the highest average current. Both sealed samples prepared by alumina
grit blast had the lower currents when coupled against stainless steel then the samples

with glass bead grit blast. Table 3-6 of Appendix | shows the average data for all samples.
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Figure 3-20. Galvanic corrosion data showing the current obtained for AA7075 samples vs stainless
steel.

Galvanic Corrosion-Titanium: AA7075

Figure 3-21 shows the galvanic currents obtained for the AA7075-T6 samples
coupled to titanium. The bare substrate had currents consistently higher than those of the
as-sprayed samples, although they were on the same order of magnitude. The as-sprayed
sample prepared with glass bead grit blasting performed better than the sample with
alumina grit blasting.

The sealed samples displayed currents six to seven orders of magnitude lower
than the bare substrate. There was not a significant difference between the chromate and
non-chromate coated specimens. The glass bead sealed non-chromate sample (G4-N-NC)
had the lowest galvanic current against titanium. Table 3-6 of Appendix | shows the

average data for all samples.
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Figure 3-21. Galvanic corrosion data showing the current obtained for AA7075 samples vs titanium
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Conclusions
e As sprayed AA2024 specimens showed much lower open circuit potentials then

bare substrates, meaning that they could offer cathodic protection to the
underlying substrate.

e In corrosion rates obtained from the tafel slopes of potentiodynamic polarization
graphs, the as sprayed AA2024 samples performed much better than the bare
substrates but the bare AA7075 specimen outperformed the as sprayed samples.
Non chromate and chromate coated sealed samples performed similarly.

e Assprayed and sealed AA2024 samples showed large passivation regions while
the bare sample showed a negligible passivation region, showing that as sprayed
samples offer superior corrosion protection. Bare and as sprayed AA7075 samples
showed similar passivation regions.

e Sealed AA2024 and AA7075 specimens showed significant galvanic corrosion
resistance compared to bare samples when coupled with graphite, stainless steel,
or titanium.

e Chromate and non chromate sealed samples showed similar overall corrosion

protection.



Appendix I: Raw Data of DC Tests
Table 3-2. The average of three replicates of Open Circuit Potential measurements

Open Circuit
Plate Potential (mV)
AA2024
SEALED
A-N-C -1007
A -N-NC -934
G4-H-C -892
G4-H-NC -826
G4-N-C -853
G4-N-NC -878
G9-N-C -887
G9-N-NC -962
S-N-C -971
S-N-NC -982
As-Sprayed
A-N -1222
G4-H -1113
G4-N -1136
G9-N -1224
S-N -1183
Bare 2024 -759
Chromate -667
AA7075
Sealed
A-N-C -859
A-N-NC -806
G4-N-C -1041
G4-N-NC -825
As-Sprayed
A-N -1166
G4-N -1070
Bare 7075 -872




Table 3-3. The average of three measurements of corrosion rates obtained from polarization

resistance experiments

Corrosion Rate

Plate (mpy)
AA2024
SEALED
A-N-C 6.82E-07
A -N-NC 9.34E-06
G4-H-C 2.46E-06
G4-H-NC 3.84E-06
G4-N-C 7.33E-03
G4-N-NC 4.02E-06
G9-N-C 2.17E-05
G9-N-NC 1.87E-04
S-N-C 7.45E-07
S-N-NC 2.71E-06
As-Sprayed
A-N 1.20
G4-H 1.18
G4-N 0.86
G9-N 1.71
S-N 1.60
Bare 2024 1.17
Chromate 0.18
AAT7075
Sealed
A-N-C 1.02E-06
A-N-NC 2.79E-07
G4-N-C 3.04E-07
G4-N-NC 5.68E-07
As-Sprayed
A-N 1.06
G4-N 0.44
Bare 7075 0.050
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Table 3-4. The Icorr and corrosion rate data obtained from potentiodynamic polarization testing.

Plate Replicate 1 Replicate 2 Replicate 3

Icorr | Corrosion Rate|] Icorr |Corrosion Rate] Icorr Corrosion Rate
AA2024 | (Alcn*2) (mpy) (A/len2) (mpy) (Alcm™2) (mpy)

SEALED

A-N-C 4.88E-10] 2.09E-04 |2.06E-09 8.83E-04

A-N-NC | 557E-10| 2.39E-04 |1.12E-09] 4.78E-04 |1.19E-10 5.22E-05

G4-H-C | 2.77/E-11] 1.19E-05 [8.37E-11] 3.59E-05 [1.99E-10 8.52E-05

G4-H-NC 2.22E-09 1.02E-03

G4-N-C | 2.36E-10| 1.08E-04 2.66E-09 1.22E-03

G4-N-NC | 5.05E-09 ] 2.16E-03 |5.74E-13] 2.62E-07 |1.63E-09 7.00E-04

G9-N-C

G9-N-NC
S-N-C | 5.01E-08| 2.15E-02
S-N-NC 2.50E-10] 1.07E-04 |1.63E-09 7.01E-04
As-Sprayed
A-N 9.45E-06 4.05 7.22E-06 3.1 9.16E-06 3.93
G4-H 7.75E-06 3.32 6.15E-06 2.63
G4-N 3.44E-06 1.47 5.01E-06 2.15 5.39E-06 2.31
G9-N 4.09E-06 1.75
S-N 4.80E-06 2.06 5.96E-06 2.55
Bare 2024 | 8.00E-05 34.3 5.55E-05 23.77 1.19E-05 5.11
Chromate | 1.34E-07 0.06 1.10E-05 4.7 8.24E-06 3.53
AAT7075
Sealed

A-N-C | 3.87E-12| 1.66E-06 |[1.82E-12] 7.79E-07 |4.98E-12 2.13E-06

A-N-NC | 3.12E-12| 1.34E-06 [5.96E-12] 2.55E-06 |1.02E-11 4.37E-06

G4-N-C | 3.56E-12 1.53E-06 |6.79E-13] 2.91E-07 |4.53E-12 1.94E-06

G4-N-NC | 1.62E-11] 6.93E-06 |8.12E-12| 3.48E-06 |1.92E-11 8.22E-06

As-Sprayed
A-N 6.31E-07 0.27 6.26E-06 2.68 7.27E-06 3.12
G4-N 5.71E-07 0.24 7.45E-06 3.19

Bare 7075 | 1.56E-07 0.07 7.97E-08 0.03 8.71E-07 0.37




Table 3-5. The average passivation regions, of samples run in triplicate, obtained from

potentiodynamic polarization graphs

Passivation Region Range

Plate (mV)
AA2024
SEALED
A-N-C N/A
A -N-NC 807
G4-H-C 1233
G4-H-NC N/A
G4-N-C 467
G4-N-NC 960
G9-N-C 1019
G9-N-NC 510
S-N-C N/A
S-N-NC N/A
As-Sprayed
A-N 741
G4-H 522
G4-N 603
G9-N 672
S-N 686
Bare 2024 N/A
Chromate 240
AAT7075
Sealed
A-N-C 1688
A-N-NC 1328
G4-N-C 1339
G4-N-NC 1842
As-Sprayed
A-N 197
G4-N 253
Bare 7075 182
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stainless steel, or titanium

Plate Average Current (pA)
Graphite | Stainless Steel | Titanium
AA2024
SEALED
A-N-C 26.3 -642.5 53.4
A -N-NC 286.7 -189.5 1287078.2
G4-H-C 64.1 10.8 51.5
G4-H-NC 50.7 -250.8 259.0
G4-N-C 169.4 -574.6 511.9
G4-N-NC 19.4 -268.0 67.8
G9-N-C 128.7 -203.1 158.5
G9-N-NC 46.3 40.6 88.6
S-N-C 75.5 -8.5 138.7
S-N-NC 2392.8 -35.0 690.1
As-Sprayed
A-N 4.89E+08 4.49E+07 1.41E+07
G4-H 4.64E+08 7.15E+07 1.44E+07
G4-N 4.58E+08 6.82E+07 1.26E+07
G9-N 4.35E+08 4.01E+07 1.46E+07
S-N 4.44E+08 8.31E+07 1.36E+07
Bare 2024 4.18E+08 2.92E+07 1.97E+07
Chromate 3.22E+08 5.24E+05 6.88E+06
AA7075
Sealed
A-N-C 2.8 -3.0 6.8
A-N-NC 1.3 8.0 15.6
G4-N-C 1.4 7.0 12.3
G4-N-NC 1.7 12.9 0.5
As-Sprayed
A-N 4.80E+08 3.54E+08 8.02E+06
G4-N 4.48E+08 4.01E+08 4.73E+06
Bare 7075 4.99E+08 1.62E+08 1.00E+07
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Table 3-6. The average current, from specimens run in triplicate, of samples coupled with graphite,
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Chapter 4 : Long Term and Exfoliation Corrosion Testing of Cold Spray Applied
Aluminum Coatings on AA2024-T3 and AA7075-T6 Substrates

Abstract
Commercially pure aluminum (CP-Al) and A7005 coatings were applied to the

2024-T3 and 7075-T6 aluminum alloys, respectively, via the Cold Spray process. The
samples were then evaluated by long term immersion, accelerated salt fog testing, long
term atmospheric exposure testing, and exfoliation corrosion testing. Electrochemical
impedance spectroscopy was used to characterize coating degradation in long term
immersion, accelerated salt fog, and atmospheric exposure testing. Visual examinations
and scanning electron microscopy was also utilized to characterize the corrosion behavior
of the coatings. These tests were employed on bare substrates without coatings along with
four other specimen types including the alloys covered with: (1) CP-Al coating, (2)
conventional chromate conversion coating, (3) CP-Al coating and conventional sealant,
and (4) CP-Al coating, chromate conversion coating, and conventional sealant. Various
surface preparations and carrier gases were used in the Cold Spray process. The surface
preparations included: (1) Al,Og3 grit blast at 45°, (2) glass bead grit blast at 45°, (3) glass
bead grit blast at 90°, (4) SiC grit blast at 45°. The carrier gases included nitrogen and
helium. The surface preparation and carrier gas combinations were studied to see if any
offered superior corrosion protection. It was found that CP-Al coatings offered increased
corrosion protection to the bare alloys studied, and in many cases offered similar
protection to the AA2024-T3 substrate with chromate conversion coating. Sealed samples
with CP-Al coatings outperformed similar samples with CP-Al and chromate conversion

coatings in atmospheric exposure tests.
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Introduction
The first paper in this study provided an extensive direct current electrochemical

test analysis on the coatings that were investigated. Unfortunately, when evaluating
coating performance DC tests can be limited due to irreproducible results, high potential
drops across resistive films, and large polarizations induced by the coating-metal
interface [1]. One of the most powerful electrochemical tests to perform on hard coatings
is therefore an alternating current experiment known as electrochemical impedance
spectroscopy (EIS). EIS involves applying only a small signal voltage over a large
frequency range, and then measuring the resulting impedance values. Because the signal
is kept small, the corrosion surface is not driven far from steady state and the corrosion
properties are not disturbed [1].

The advantage of using the EIS technique is that it can be used to focus on the
degradation of a protective coating itself. This information is extremely beneficial if
comparing coatings of various compositions, or if the ranking of various coating systems
is desired. The resulting impendence spectra can show how the coating breaks down
when exposed to a specific medium, and how many time constants exist in the coating’s
protective system. Time constants represent the capacitive/resistive reactions of a coating
system. This information can then be used to determine if a coating has defects (induced
from the application process or through degradation over time) by introducing additional
time constants. A Nyquist diagram can be generated from the resulting EIS data in which
the imaginary component of the impedance is plotted versus the real component.

There has been much research into the best means of analyzing the bode and

nyquist plots resulting from EIS measurements. Senna et al [2]. used nyquist plots to
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demonstrate the corrosion protection of hard coatings deposited by PVD techniques. One
common parameter that has shown promise in predicting corrosion behavior is the
maximum impedance at lowest frequency. The impedance of the coating can be thought
of as the coating’s resistance to penetration by the electrolyte [3]. This value, measured at
the lowest frequency, has been shown to correlate well with actual coating degradation
and has suggested that zinc sacrificial coatings with solvent based topcoats can show
impedance values six times higher than the same sacrificial coating with no topcoat when
applied onto steel substrates [4]. Calle et al [5]. used both the maximum impedance value
and the coating resistance value obtained from an equivalent circuit to evaluate the
protection that molybdate conversion coatings offer aluminum alloys and found the
maximum impedance values to be 10° for the bare 2024 alloy while they varied from 10°
to 10° for the coated substrates. The maximum impedance at lowest frequency will be the
main parameter assessed in EIS measurements in this study.

Although time consuming, the most accurate testing for corrosion evaluation is
field exposure testing. This involves placing the samples in a representative, in this case
marine, environment and performing visual and electrochemical inspections throughout
an extended exposure time frame. Studies have shown that extended atmosphere
exposure coupled with periodic EIS measurements have shown predictive corrosion
behavior [6]. Atmospheric tests have also shown unprotected 2024 and 7075 aluminum to
experience severe exfoliation corrosion, and that marine atmospheres cause more

corrosion than urban atmospheres [7].
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In an attempt to emulate field exposure results in a shortened time frame,
accelerated salt spray cabinet tests have become a popular means of imitating
atmospheric testing. This test involves a cabinet, in which samples to be tested are placed,
connected to a chamber containing artificial seawater. The salt spray cabinet and solution

chamber is shown in Figure 4-1.

Figure 4-1. The salt spray cabinet (left) and solution chamber (right).

The seawater enters into the sample containing cabinet where it atomizes and is
dispersed as a salt spray fog. This fog is dispensed at specific intervals throughout a 24
hour period. There are several variations on this test, such as fog dispersion intervals and
salt water composition, and the ASTM standard B117 salt spray test has been chosen for
this study. Tests have shown that this standard may not be as accurate at predicting
corrosion rates for aluminum as other salt spray tests, but because this is a comparative
study the actual corrosion rates are not of interest. Instead, the corrosion rates comparable
to each plate will be the most useful aspect of this study, and the ASTM B117 provides a
consistent template for testing. Zhu et al [8]. demonstrated that a magnesium substrate

showed pitting corrosion after two hours in a salt spray cabinet, while the same alloy with
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an aluminum-alloyed coating showed pitting after 72 hours and very little pitting even
after 30 days in salt spray cabinet testing.

Exfoliation is a localized form of corrosion that can occur on the surface of
wrought aluminum alloys exposed to industrial and marine environments. This form of
corrosion shows itself through the attack of elongated grain boundaries and results in
damage that ranges from pitting to flaking of the layered structure of the metal. The
corrosion is usually intergranular in nature due to the galvanic interaction between grain
boundary age-hardening precipitates and the adjacent matrix. Since the hydrated
aluminum oxide corrosion products that form have a greater volume than the aluminum
alloy that generates them, large stresses within the layered structure of the alloy build up
as the corrosion product is generated. This produces a “wedging action” which is the
mechanism responsible for lifting off layers of metal and promoting further attack. The
grain shape, size and heat treatment are all important factors in exfoliation corrosion.
Elongated grains are important prerequisites for exfoliation; as a result, the method of
applying the coating and the resulting grain size and shape will have an important impact
on exfoliation. Although accelerated laboratory testing for exfoliation and intergranular
corrosion susceptibility is necessary for alloy and process development, it should be
noted that the lab testing for exfoliation/intergranular testing corrosion does not always
agree with subsequent service performance. The most suitable accelerated laboratory test
for the coatings in this study is the ASTM G34 test, which is widely used to predict

exfoliation corrosion susceptibility. The susceptibility is determined by a visual
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examination in which the surface profile is compared with a group of reference standard

photographs.

Experimental Procedures

Sample Designation

The samples tested were 2024-T3 and 7075-T6 aluminum alloys (AA2024-T3 and
AAT7075-T6) coated with commercially pure aluminum applied via the Cold Spray
process. There were four surface preparations of the substrate: (1) glass bead grit blast at
45 degrees, (2) glass bead grit blast at 90 degrees, (3) alumina bead grit blast at 45
degrees, and (4) silicon carbide blast at 45 degrees. Two different carrier gases were used
to apply the Cold Spray coatings, helium and nitrogen. Coatings were applied to a
thickness of 0.006 inches £ 0.003 inches. An AA2024-T3 sample was also coated with a
chromate conversion coating and tested in order to compare it with the Cold Spray
applied coatings.

A sealant was applied to some as-sprayed coatings. Two different sealing types
were utilized; the first sealant type involved a chromate conversation coating to help with
adhesion of the paint layer. The second type was identical to the first type, except without
the chromate conversion coating. The chemical processing of the sealant, not including
the chromate conversion, involved an aqueous alkaline degreaser, deoxidizer, alkaline
etch, and a desmut bath (using Oakite LNC). The chromate conversion coating used was
an Oakite Chromicoat L25. The painting operation used a primer following MIL-PRF-

23377 (Type 1, Class C2) and a topcoat following MIL-PRF-85285 (Type 1). A chart
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correlating sample preparation and carrier gas to sample identification used in this report

can be found in Table 4-1.

Table 4-1. Sample Identification of AA2024-T3 and AA7075-T6 Test Specimens

Sample Designation| Surface Preparation | Main Process Gas
A-N Al O3 Grit Blast at 45° Nitrogen
G4-H Glass Bead Applied 45° Helium
G4-N Glass Bead Applied 45° Nitrogen
G9-N Glass Bead Applied 90° Nitrogen
S-N SiC Crit Blast at 45° Nitrogen
X-X-S A sample described above that is scribed
A sample described above that is sealed and
xXC with chromate coating
YNNG A sample described above that is sealed and

without Chromate Coating

Electrochemical Impedance Spectroscopy (EIS)

Each EIS test was performed by creating an electrochemical cell with the substrate to
be tested. This was accomplished by first masking an area of the test specimen, and then
clamping an O-ring and glass cylinder over the masked area. This cylinder was then filled
with 40 mL of electrolyte consisting of 3.5% NaCl artificial seawater conforming to
ASTM standard D-1141-52. A rubber stopper containing a graphite rod counter electrode
and saturated calomel reference electrode was then placed on top of the glass cylinder,
with the counter and reference electrode resting in the electrolyte. An example of a test
cell can be viewed in Figure 4-2. All electrochemical measurements were made using a
Gamry Reference600 Potentiostat, with multiple EIS measurements being run through a

Gamry Electrochemical Multiplexer.
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Figure 4-2. An example of an electrochemical cell used to measure corrosion characteristics

The EIS test applied small voltages over a wide range of frequencies, while
measuring the resulting impedance values. An equivalent circuit analysis was performed
on the resulting data in which a proposed circuit model correlating with the corrosion

mechanisms of the system is proposed.

Exfoliation Corrosion

For investigating the tendency of exfoliation corrosion, the samples were continually
immersed in a solution containing 4M sodium chloride, 0.5M potassium nitrate, and 0.1M
nitric acid at 25°C (77°F). Coatings on AA2024 substrates were immersed for 96 hours
while coatings on AA7075 substrates were immersed for 48 hours. The coatings were
removed from solution, cleaned by rinsing in water, inspected and rated according to the

ASTM G34 standard.

Atmospheric Testing
The testing described in this section was conducted by employees of the Corrosion

Technology Lab division at the Kennedy Space Center.
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In order to assess the severity of the corrosion process as a function of exposure time,
the combined use of periodic electrochemical testing and atmospheric exposure was used.
Scribe marks were made on all coating/substrate combinations using a milling machine.
Scribing samples is a common practice in atmospheric corrosion testing and allows for an
evaluation of coating performance after damage has occurred to the coating [9].[9, 9] The
specimens were exposed on racks, at a 30° angle from the vertical, at the NASA Kennedy
Space Center Beach Corrosion Test Site (BCTS). At this site, key environmental factors
were monitored and recorded daily which include temperature, relative humidity, dew
point, solar energy, wind speed and direction, time of wetness, rain-fall and chloride
concentration. Throughout the 12 month exposure period at this site, two replicates of
each coating/substrate were analyzed quarterly (every three months) in detail. During
these analyses, the specimens were removed from the racks, physical observations were
made, digital picture documentation was executed, and electrochemical tests were run on
specified areas. The specimens were returned to the racks the next day until the next
detailed analysis cycle.

Information gained from this portion of the investigation was quantified in order to
compare and rank the coatings. The “Navy Scribe and Bold Surface Inspection Practice”
was employed to quantify corrosion damage in the scribe area on the top of the
coated/scribed specimen and was converted to a rating number. This technique involved
dividing the scribe into eight segments, four on each side of the scribe, evaluating the
scribe after exposure and converting to a rating number. The rating numbers were

obtained three different ways. The first method was to measure the minimum and
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maximum lateral creepage of corrosion (in mm) at each segment and then to add them
together. This obtained value is known as the “Segment Value Creep” and is used to find
the corresponding rating number. The second rating method was executed by measuring
the minimum and maximum lateral creepage of corrosion over the entire scribe (in mm).
Using these values, which are referred to as the “Maximum and Minimum Creep”, the
rating number was identified. The final and third method of rating entailed the use of the
ASTM D610 standard by estimating the percent of panel surface that exhibited corrosion
blistering. These three ratings were averaged together and used separately to assess the
coating’s ability to provide protection to the substrate. According to the ASTM D1654
standard, a rating of 10 signified that no creepage was observed at the scribe and no
corrosion was observed in the unscribed area.

After all physical observations and scribe calculations were executed, electrochemical
tests were run on each specimen. Electrochemical Impedance Spectroscopy was run at a
scan rate of 7 points/decade from 10° Hz down to 10 Hz with a 10 mV amplitude vs.
open circuit potential. The maximum impedance at lowest frequency was the desired

parameter obtained at each removal cycle.

Accelerated Atmospheric Testing

The ASTM standard B117 Salt Spray (Fog) test is one of the most extensively used
accelerated cabinet tests and was executed in this study. The B117 standard required a
salt containing solution to be sprayed in the form of a very fine fog mist over specimen at
a constant temperature within a contained chamber. Each coating/substrate system was

exposed to the standard B117 salt spray test for a duration of approximately 2000 hours.
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The extended number of cycles was required due to the expected superior corrosion
resistance of the coatings. As a result, the tests needed to be sufficiently long to
differentiate between the performances of the various coating/substrate combinations.
After the cabinet testing was completed, subsequent analysis was required to quantify
results. The edges of the test panels were not included in the area being evaluated.
Measurements of the scribe creepage were repeated at 1-cm intervals along both sides of
the scribe for each panel. The minimum, maximum and average scribe creepage in
millimeters were recorded for each panel. The measurements were converted to ASTM
D1654 ratings and an Overall Rating for each panel was calculated by averaging the
Scribe Creepage Rating and the Unscribed Rating. EIS testing was also used to

characterize the coating degradation monthly.

Long Term Immersion (LTI)

To fully characterize the long term corrosion performance of the coatings, the
samples were immersed in artificial seawater conforming to ASTM standard D-1141-52
in order to simulate service conditions. The impedance spectrum was then periodically
measured. EIS measurements were carried out each hour for the first 24 hours, then each
day for one week, each week for one month, and then monthly for one year. The resulting
maximum impedance at lowest frequencies obtained from these measurements were used
to determine which coatings degrade the least over time. Samples were also examined
using scanning electron microscopy (SEM).. The samples were then examined under high
and low magnification. An accelerating voltage of 12 kV was used along with a working

distance of 19mm, a spot size of 36, and a secondary electron imaging (SEI) signal.
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Particular attention was paid to noting the size, shape, and overall distribution of pits that

developed on the surface of the samples.

Results and Discussion

Long term constant immersion with EIS for CP-AL coatings on AA2024-T3 (.01 Hz)
Figure 4-3 shows the impedance data collected over a 12 to 14 month period,
measured at .01 hz. As-sprayed coatings were tested and compared to the bare and
chromate coated 2024. The impedance values were fairly consistent for all as-sprayed
coatings. Three as-sprayed coatings displayed increasing impedances after approximately
36 weeks of immersion: G9-N, S-N, and A-N. The bare AA2024 had the lowest
impedance each month and stayed reasonably constant, increasing slightly over the 12
months. The chromate coated AA2024 sample had impedance values which started high
and significantly decreased and then leveled out after approximately 5 months of
immersion testing. Chromate coated AA2024 had the highest impedance after 12 months.
The glass bead grit blast at 45° with the hydrogen carrier gas sample (G4-H) had the
lowest impedance compared to other as-sprayed coatings, with impedances the same
order of magnitude as bare AA2024. All other surface preparation/carrier gas
combinations displayed impedances an order of magnitude above the bare AA2024. After
approximately one-year of immersion, the chromate coated plate displayed impedances
two orders of magnitude above the bare AA2024, one order of magnitude above the as-
sprayed coatings. It can also be noted that the glass bead grit blast at 45° with nitrogen
carrier gas sample (G4-N) performed an order of magnitude better than the same surface

preparation with hydrogen used as the carrier gas. The low impedances of the G4-H
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sample can likely be attributed to the low density of the helium carrier gas compared with
nitrogen. The lower density, in general, allows for higher accelerating velocities. This has
been shown to cause higher stresses in the helium sprayed particles, higher particle
deformation, and therefore more sites for corrosion to occur [10]. These corrosion sites

would lead to the lower impedances observed in these EIS measurements.
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Figure 4-3. Impedance values of long term immersion specimen measured at 0.01 hz.

Long term constant immersion with EIS for CP-AL coatings on AA2024-T3 (.001 Hz)
Figure 4-4 presents the data collected at 0.001 hz that is much more erratic from
month to month than data collected at 0.01 hz. Measuring data down to 0.001 hz is often
necessary in order to fully characterize the corrosion processes [1]. However,
measurements at frequencies below 5-10 mHz are extremely difficult due to electrode
instability [1]. This instability is the reason for the erratic results obtained in the highest

impedance at low frequency measurements. During the 12-14 months of testing the bare
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and G4-H samples had the lowest impedance, as was seen at 0.01 hz. The as sprayed
coating prepared with alumina grit blast at 45° with nitrogen carrier gas (A-N) performed
the best out of all the as-sprayed coatings. The impedance was comparable to the
chromate coated plate; this was also observed in the test run at 0.01hz frequency. All as-
sprayed coatings and the chromate coated AA2024 plate ended 12 to 14 months of testing
with measured impedances on the same order of magnitude. The impedances were one

order of magnitude above the bare substrate.
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Figure 4-4. Impedance values of long term immersion samples measured at 0.001hz.

Long Term Immersion: Scanning Electron Microscopy
In general, the shape and size of the pitting in the as-sprayed samples was uniform
throughout the different carrier gases and surface preparations. Each sample and an

approximation of the corresponding pit distribution is included as Table 4-2.
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Table 4-2. The average pit size and distribution of LTI samples

Average Number of Pits |Average Pit Size
Sample )
per Square Inch (um")

A-N 20 5,000
G4-N 7 1,000
G4-H 25 5,000
G9-N 27 7,500

S-N 13 1,500

Bare AA2024 30 20,000
Chromate 4 100

Most pits displayed an overall oval like appearance with width on the order of 10
micrometers and length on the order of 10° micrometers, as seen in Figure 4-5(a). There
were subtle variations within each sample, however. G4-N had the fewest pits and
relatively smaller pits compared with other as-sprayed samples, while G9-N had both the
greatest pit density and greatest range of pit sizes over its surface (Figure 4-5(b)). This is
likely due to the fact that the 45° angle reduced the impact velocity of the glass bead
media and therefore reduced the resulting embedded grit from the application process. A
reduction in embedded grit would lead to fewer and smaller pits forming in the sample.
Sample A-N had an extremely porous surface compared with other samples, shown in
Figure 4-6(a). A surface of this nature is believed to be more likely to fail than the more
dense coating observed in other as-sprayed samples because it provides sites for pitting.
All as-sprayed samples performed superiorly to the bare AA2024 sample, which
exhibited severe pitting as shown in Figure 4-6(b). Not only was the number of pits more
abundant on this bare sample, but the pit geometries were angular and irregular. This is

undesirable because angular pits cause stress concentrations that can lead to failure. The
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chromate coated sample performed extremely well with few pits that occurred in
relatively small sizes. An example of a pit on a chromate coated sample is shown in
Figure 4-7. It should be noted though that the pits of the chromate coated samples
appeared to be much deeper than the pits of the as-sprayed samples. This is undesirable
because deep pits remove material from within a substrate and lead to a larger reduction

in mechanical properties than shallow pits.

Ty ot J
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Figure 4-5. Typical pit on as-sprayed sample (a) and G9-N surface with large pit distribution (b).
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Figure 4-6. The porous surrounding surface of sample A-N (a) and the severely pitted bare surface

(b).
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Figure 4-7. Pit found on chromate coated surface.

B-117 Accelerated Cabinet Testing — EIS for As-Sprayed CP-AL coatings on AA2024-T3
This results section deals with the maximum impedance at lowest frequency.
Figure 4-8 and Figure 4-9 show the highest impedance at lowest frequency values as a
function of time for the unscribed and scribed as-sprayed CP-AL on AA2024-T3. After
three months, both the unscribed and scribed samples that were prepared with glass bead
grit blast at 45° had higher impedances than all other as sprayed specimens. All as

sprayed samples showed impedances on the same order of magnitude. Interestingly, in
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the scribed test, the glass bead at 45° samples had impedances twice as high as the glass
bead at 90° sample. This is likely due to the fact that the 45° angle reduced the impact
velocity of the glass bead media and therefore reduced the resulting embedded grit from
the application process. A reduction in embedded grit would lead to higher coating
adhesion, greater corrosion protection, and the high impedance values that resulted from
the EIS experiment. The chromate sample, which is not included in Figure 9 in order to
show each as-sprayed condition more clearly, regularly showed impedances an order of

magnitude higher than as-sprayed samples throughout these tests.
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Figure 4-8. Impedance values of unscribed as-sprayed AA2024-T3 specimen.
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x 10° Impedance of Scribed AA2024 As-Sprayed Salt Spray Samples Measured at .01 Hz
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Figure 4-9. Impedance values of scribed as-sprayed AA2024-T3 specimen

B-117 Accelerated Cabinet Testing - EIS for Sealed CP-AL coatings on AA2024-T3
Figures 4-10 and 4-11 show the impedance values as a function of time for
unscribed and scribed sealed CP-Al on AA2024-T3, respectively. In the unscribed
condition represented in Figure 4-10, all sealed non-chromate samples produced higher
impedances after three months of exposure than sealed and chromate coated samples,
except for one, alumina grit blast at 45° with nitrogen carrier gas (A-N-C). Overall, the
sealed non-chromate samples performed better than sealed samples with a chromate
coating. This could be due to the nature of the corrosion protection offered by chromate
conversion coatings. As defects form in aluminum alloys, chromate ions migrate into the
defects and protect the alloys from further corrosion [11]. However, the rate at which
chromate migrates has been shown to decrease over time [11]. After three months, the

migration of chromate ions could have decreased to an extent where the aluminum alloys
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were no longer adequately protected, explaining why the sealed samples without the
chromate conversion coating showed higher impedances.

In the scribed condition shown in Figure 4-11, the A-N-NC and G4-N-NC
samples performed better than the corresponding samples with a chromate coating. The
A-N-NC plate produced impedances so much higher than any other sample, it was not
included in the figure in order that data for the other samples could be discerned more

clearly.

452 10° Impedance of Unscribed AA2024 Sealed Salt Spray Samples Measured at .01 Hz
T T T T T

—*—A-N-C
——A-N-NC
—4—G4-H-C _
—©—G4-H-NC
——G4-N-C
—£—G4-N-NC
—*—G9-N-C
—4—G9-N-NC
——S8-N-C
—+—8-N-NC -

-
(=]
T

]
T

Impedance (Ohms*Square Centimeters)
&~ o
T T

N
T

8.5 1 1.5 2 25 3 35
Months

Figure 4-10. Maximum Impedance at lowest frequency of unscribed sealed AA2024 specimen
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x 10° Impedance of Scribed AA2024 Sealed Salt Spray Samples Measured at .01 Hz
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Figure 4-11. Maximum impedance at lowest frequency of scribed sealed AA2024 specimen

B-117 Accelerated Cabinet Testing - EIS for As-Sprayed A7005 coatings on AA7075-T6
Figure 4-12 and 4-13 show the impedance values as a function of time for
unscribed and scribed as-sprayed A7005 coatings on AA7075-T6. As-sprayed A7005
coatings had higher impedances than bare AA7075 samples in both scribed and unscribed
conditions. The measured impedances were up to an order of magnitude higher than the
bare substrate. In the unscribed conditions both surface preparations were comparable in
performance. However, in the scribed condition, G4-N performed significantly better

after three months of testing.
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Figure 4-12. Maximum impedance at lowest frequency of unscribed as-sprayed AA7075 specimen
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Figure 4-13. Maximum impedance at lowest frequency of scribed as-sprayed AA7075 specimen

B-117 Accelerated Cabinet Testing - EIS for Sealed A7005 coatings on AA7075-T6
Figures 4-14 and 4-15 show the impedance values as a function of time for

unscribed and scribed sealed A7005 coatings on AA7075-T6, respectively. In the

unscribed condition, sealed non-chromate samples performed more consistently

throughout the three months of testing, without large dips in impedances in the second
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month. These dips indicate a reduction in the corrosion resistance offered by the coating.
The sealed samples with chromate coatings displayed significant drops in impedances in
the second month, but recovered in the third month. In the scribed condition, both sealed
samples with chromate had higher impedances than the non-chromate sealed samples
during all three months of testing. All samples performed consistently from month to

month.
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Figure 4-14. Maximum impedance at lowest frequency of unscribed sealed AA7075 specimen
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x 10° Impedance of Scribed AA7075 Sealed Salt Spray Samples Measured at .01 Hz
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Figure 4-15. Maximum impedance at lowest frequency of scribed sealed AA7075 specimen

B-117 Accelerated Cabinet Testing — EIS Curve Shape and Equivalent Circuit Analysis

As Sprayed Samples
There is an extremely good correlation between the high impedance at low

frequency data and the shape of the EIS impedance plots that were produced in this study.
As an example, observe the change in bode and nyquist plots observed for unscribed as
sprayed samples G9-N in Figure 4-16. After one month of exposure, there is one time
constant observable in the bode plot and a vertical line in the nyquist plot, showing good
overall protection. At two and three months, however, several more time constants
become apparent. More time constants often correlate with the degradation of the coating.
It can therefore be concluded that the protection of the coating decreases sharply over the
three months of exposure. Compare this to Figure 4-17, which is Figure 4-8 from page 86

with no chromate coating in order to see each as sprayed condition more clearly. The
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highest impedance at lowest frequency starts extremely high at one month, then decreases
sharply over the next two months.

Conversely, observe the bode and nyquist plots for as sprayed sample G4-H in
Figure 4-18. There is a maximum of one time constant observable over all three months,
and the plots are overall extremely consistent. This again correlates very well with the
data shown in Figure 4-17 which shows that, although the maximum impedance at lowest
frequency rises slightly from month two to three, it stays very consistent overall.

Note that the bode and nyquist plots of other as-sprayed plates, both scribed and
unscribed, showed similar behavior. This supports that the maximum impedance at
lowest frequency is a relatively accurate, fast way of measuring coating degradation over

time.
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3 Bode Plot of Sample G9-N After Two Months Salt Spray Exposure
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& Bode Plot of Sample G9-N After Three Months Salt Spray Exposure
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Figure 4-16. The bode and nyquist plots for as-sprayed plate G9-N. One time constant is observed
after one month of exposure, but several time constants are observed after 3 months. This correlates
well with the maximum impedance at lowest frequency data.
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Figure 4-17. Impedance values of unscribed as sprayed AA2024-T3 specimen with chromate sample

removed.
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é Bode Plot of Sample G4-H After Two Months Salt Spray Exposure
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8 Bode Plot of Sample G4-H After Three Months Salt Spray Exposure
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Figure 4-18. The bode and nyquist plots for as-sprayed unscribed plate G4-H. The plots show a
maximum of one time constant over all three months, correlating well with the maximum impedance
at lowest frequency data.
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Sealed Samples
When studying the plot of maximum impedance at lowest frequency for the

sealed specimen it can be observed that two trends emerge. The first trend shows an
impedance that increases from one month to two and then either increases slightly or
stays the same from two months to three. The second trend shows an impedance that
decreases from one month to two and then increases from two months to three. The
nyquist plots of these samples again correlate well with the two trends. As an example,
observe the nyquist plots for the three months of exposure of sealed, unscribed sample A-
N-NC in Figure 4-19. In the first month, the sample shows an obvious two time constants
and high corrosion rate. At month two, the two time constants are not nearly as obvious
and it can be hypothesized that the degradation of the coating appears to have slowed.
This could occur due to corrosion product depositing into defects in the coating that
formed after one month. After three months of immersion the nyquist plot has a similar
shape to that of the two month test, suggesting a similar impedance value. This
conclusion is supported by the maximum impedance at lowest frequency data in Figure
4-20. The impedance increases from month one to two, and then remains relatively
constant from month two to three.

Conversely, observe the nyquist plots for the chromate coated plate in Figure 4-21.
It should be noted that the chromate coated plate showed similar trends to certain sealed
samples (refer to Figures 4-8 through 4-11) and that these graphs are included in this
discussion due to their superior clarity. In the first month, the nyquist plot shows a
relatively vertical line suggesting good coating protection. After two months of exposure,

however, the nyquist plot seems to suggest coating degradation. After three months, and
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again due possibly to corrosion product forming in any defects that had previously been
induced in the coating, the chromate sample shows less corrosion occurring. After each
month of exposure the samples show more than one time constant, but this observation is
much more pronounced in month two than after one or three months. Again, this matches

the high impedance at low frequency data reported in this chapter.
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Figure 4-19. The nyquist plots over three months of exposure for unscribed specimen A-N-NC
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s 10° Nyquist Plot of Chromate Coated Sample After One Month Salt Spray Exposure
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x10° Nyquist Plot of Chromate Coated Sample After Three Months Salt Spray Exposure
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Figure 4-21. The nyquist plots for three months of exposure of the chromate coated sample.

EIS Equivalent Circuit Analysis
An attempt was made to fit the generated EIS curves with an equivalent circuit in

order to further analyze the data. The circuit proposed was a two time constant system
consisting of a typical Gamry paint cell with two constant phase elements used instead of
capacitors, as shown in Figure 4-22. The Rsoln resistance corresponds to the resistance
of the electrolyte, the pore resistance and coating capacitance are then in parallel, and the
double layer capacitance (Cdl) is in parallel with the polarization resistance. This circuit
is commonly used to model the EIS curves associated with coating degradation involving
multiple time constants [12][13], and in general fit the as sprayed and sealed specimens

well. Refer to Figures 4-23 through 4-27 for examples of the fits produced by this model.
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Figure 4-22. The proposed equivalent circuit to model coated EIS data.
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Figure 4-23. As-sprayed sample S-N modeled with equivalent circuit after 4 months of exposure.
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Figure 4-24. Sealed unscribed sample A-N-NC modeled after one month of exposure with the

equivalent circuit.
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Figure 4-25. Unscribed chromate sample after 2 months of exposure modeled with equivalent circuit.
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x 10° Nyquist Plot and Equivalent Circuit Fit of Sample G4-H-NC-S
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Figure 4-26. Scribed sealed sample G4-H-NC-S modeled after three months of exposure with
equivalent circuit.
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Figure 4-27. As-sprayed scribed sample G4-H-S modeled after 2 months of exposure with equivalent
circuit.

B-117 Accelerated Cabinet Testing — Visual Observations
After 3 months of B-117 accelerated salt fog testing, physical evaluations were

performed on as-sprayed and sealed coatings. The ASTM D 1654 was used to evaluate
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the degree of corrosion extending from the scribe. In this technique each sample is
examined to determine the extent of corrosion damage emanating from the scribe. The

plate is then given a rating from one to ten, as described in Table 4-3.

Table 4-3. The ASTM D 1654 Rating Scale

- Inches Ratin
Millimeters (Approximate) Numbgr

0 0 10
Over 0to0 0.5 0 to 1/64" 9
Over0.5t01.0 | 1/64"to 1/32" 8
Ower1.0t0 2.0 | 1/32"to 1/16" 7
Over2.0t0 3.0 1/16"to 1/8" 6
Over3.0t05.0 1/8"to 3/16" 5
Over5.0t07.0 3/16"to 1/4" 4
Over 7.0 t0 10.0 1/4"to 3/8" 3
Over 10.0t0 13.0| 3/8"to 1/2" 2
Over13.0t0 16.0| 1/2"to 5/8" 1
Over 16.0 to more | 5/8"to more 0

The evaluation of unscribed areas was determined using ASTM D 610 to evaluate the
degree of corrosion under the coated aluminum surface and ASTM D714 to evaluate the

degree of blistering. The ASTM D 610 rating can be found in Table 4-4.

Table 4-4. The ASTM D 610 Rating Scale

Description Rating
No rusting or less than 0.01% of surface rusted.

Minute rusting, less than 0.03% of surface rusted.

Few isolated rust spots, less than 0.1% of surface rusted.
Less than 0.3% of surface rusted.

Extensive rust spots, but less than 1% of surface rusted.
Rusting to the extent of 3% of surface rusted.

Rusting to the extent of 10% of surface rusted.
Approximately 1/6 of the surface rusted.
Approximately 1/3 of the surface rusted.
Approximately 1/2 of surface rusted.

Approximately 100% of surface rusted.

olr|Nvw|A~uo|lo|N|olol5
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A summary of the physical evaluations of each sample converted to rating values is
included in Tables 4-5 through 4-7. Photos of as-sprayed and sealed B117 plates are

included in Appendixes | and 11, respectively.

As-sprayed CP-AL coatings on AA2024-T3:
In the as-sprayed condition, all coatings performed very well compared to the

bare and chromate coated AA2024 substrates in the ASTM D610 and D714 ratings.
There was no significant evidence of blistering, rust beneath the coating, or corrosion
spots on the surface of the coating. All coatings were rated at a “10” or better and did not
change over the 3 month period of testing. The bare AA2024 substrate showed significant
signs of general rust which increased over the period of testing.

The coatings manufactured with a surface preparation using glass bead grit blast
at 45° and a carrier gas of nitrogen or helium (G4-N-S or G4-H-S) exhibited no signs of
corrosion product in or transverse from the scribe over the duration of the three months of
testing. These two coatings performed better than the bare substrate and equal to the
chromate coated AA2024 substrate. Coatings utilizing a surface preparation of glass bead
grit blast at 90° or SiC grit blast with nitrogen as a carrier gas (G9-N-S or S-N-S),
displayed prevalence of corrosion in areas of the scribe. As a result, for these samples,
ratings values decreased steadily over the period of testing. In this case, it is believed that
the scribe allowed localized entry of the NaCl solution to the porous coating. The
porosity acted as a transport conduit for the corrosive solution and delamination and bulk
blistering of the coating occurred. The coatings prepared with alumina and nitrogen

carrier gas (A-N-S) had the lowest rating and the most corrosion damage throughout the
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period of testing. This low rating was due to material loss on either side of the scribe.
Representative photos of the two samples that showed the most material loss along the

scribe are included as Figure 4-28.

Figure 4-28. Sample A-N-S (left) and S-N-S (right) that showed significant material loss along the
scribe.



Table 4-5. The ASTM D1654 Rating of all B117 Specimens.

ASTM D1654 Rating

1 Month 2 Month 3 Month
Plate Rating | Localized | Rating | Localized | Rating | Localized
2024
As-Sprayed
Unscribed
A-N N/A N/A N/A N/A N/A N/A
G4-H N/A N/A N/A N/A N/A N/A
G4-N N/A N/A N/A N/A N/A N/A
G9-N N/A N/A N/A N/A N/A N/A
S-N N/A N/A N/A N/A N/A N/A
Scribed
A-N-S 3 yes 3 yes 3 yes
G4-H-S 10 N/A 10 N/A 10 N/A
G4-N-S 10 N/A 10 N/A 10 N/A
G9-N-S 10 N/A 7 yes 5 yes
S-N-S 8 yes 5 no 5 no
Bare AA2024 8 yes 8 yes 8 yes
Chromate 10 N/A 10 N/A 10 N/A
Sealed
A-N-C 7 no 7 no 7 no
A-N-NC 10 N/A 10 N/A 10 N/A
G4-H-C 7 yes 7 yes 7 yes
G4-H-NC 8 yes 7 yes 7 yes
G4-N-C 7 yes 7 yes 7 yes
G4-N-NC 10 N/A 10 N/A 10 N/A
G9-N-C 8 yes 8 yes 8 yes
G9-N-NC 6 yes 6 yes 6 yes
S-N-C 10 N/A 9 yes 9 yes
S-N-NC 10 N/A 6 yes 6 yes
7075
As-Sprayed
G4-N 10 N/A 10 N/A 10 N/A
A-N 10 N/A 10 N/A 10 N/A
Sealed
Non-Chromate
G4-N-NC 5 no 3 no 3 no
A-N-NC 6 yes 5 no 4 no
Chromate
G4-N-C 5 yes 5 yes 5 yes
A-N-C 8 yes 6 no 6 no
Bare AA7075 N/A N/A N/A N/A N/A N/A
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Table 4-6. The ASTM D610 rating of all B117 Specimens

ASTM D610 Rating

1 Month 2 Month 3 Month
Plate Rating | Type | Rating | Type | Rating | Type
2024
As-Sprayed
Unscribed
A-N 10 N/A 10 N/A 10 N/A
G4-H 10 N/A 10 N/A 10 N/A
G4-N 10 N/A 10 N/A 10 N/A
G9-N 10 N/A 10 N/A 10 N/A
S-N 10 N/A 10 N/A 10 N/A
Scribed
A-N-S 10 N/A 10 N/A 10 N/A
G4-H-S 10 N/A 10 N/A 10 N/A
G4-N-S 10 N/A 10 N/A 10 N/A
G9-N-S 10 N/A 10 N/A 10 N/A
S-N-S 10 N/A 10 N/A 10 N/A
Bare AA2024 5 G 4 G 3 G
Chromate 10 N/A 10 N/A 10 N/A
Sealed
A-N-C 10 N/A 10 N/A 9 G
A-N-NC 10 N/A 10 N/A 9 G
G4-H-C 10 N/A 10 N/A 9 G
G4-H-NC 10 N/A 9 S 8 G
G4-N-C 10 N/A 9 S 9 G
G4-N-NC 9 S 9 G 8 G
G9-N-C 10 N/A 10 N/A 9 G
G9-N-NC 10 N/A 10 N/A 9 G
S-N-C 9 S 9 G 9 G
S-N-NC 9 S 9 G 8 G
7075
As-Sprayed
G4-N 10 N/A 10 N/A 10 N/A
A-N 10 N/A 10 N/A 10 N/A
Sealed
Non-Chromate
G4-N-NC 10 N/A 9 G 9 G
A-N-NC 10 N/A 10 N/A 10 N/A
Chromate
G4-N-C 10 N/A 10 N/A 8 G
A-N-C 10 N/A 9 G 9 G
Bare AA7075 N/A N/A N/A N/A N/A N/A
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Table 4-7. The ASTM D714 Rating for all B117 specimens, which does not evaluate the scribe.

ASTM D714 Rating (not counting scribe)

1 Month 2 Month 3 Month
Plate Size | Frequency | Size | Frequency | Size | Frequency
2024
As-Sprayed
Unscribed
A-N None N/A None N/A None N/A
G4-H None N/A None N/A None N/A
G4-N None N/A None N/A None N/A
G9-N 10 1 10 1 10 1
S-N None N/A None N/A None N/A
Scribed
A-N-S None N/A None N/A None N/A
G4-H-S None N/A None N/A None N/A
G4-N-S 4 few 4 few 3 few
G9-N-S None N/A None N/A None N/A
S-N-S None N/A None N/A None N/A
Bare AA2024 10 N/A 10 N/A 10 N/A
Chromate 10 N/A 10 N/A 10 N/A
Sealed
A-N-C 10 N/A 10 N/A 10 N/A
A-N-NC 10 N/A 10 N/A 10 N/A
G4-H-C 10 N/A 10 N/A 10 N/A
G4-H-NC 10 N/A 10 N/A 10 N/A
G4-N-C 10 N/A 10 N/A 10 N/A
G4-N-NC 10 N/A 10 N/A 10 N/A
G9-N-C 10 N/A 10 N/A 10 N/A
G9-N-NC 10 N/A 10 N/A 10 N/A
S-N-C 10 N/A 10 N/A 10 N/A
S-N-NC 10 N/A 10 N/A 10 N/A
7075
As-Sprayed
G4-N 10 N/A 10 N/A 10 N/A
A-N 10 N/A 10 N/A 10 N/A
Sealed
Non-Chromate
G4-N-NC 5 2 5 2 5 2
A-N-NC 4 moderate 4 moderate 4 moderate
Chromate
G4-N-C 10 N/A 10 N/A 10 N/A
A-N-C 10 N/A 10 N/A 10 N/A
Bare AA7075 10 N/A 10 N/A 10 N/A
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Sealed CP-AL coatings on AA2024-T3:
In the scribed areas, the sealed coatings performed much differently than the as-

sprayed. The ability of any pretreatment to retard corrosion at scratches and other
holidays can drastically affect the performance of coating systems in the field. For most
coatings, the corrosion damage stopped after one month, resulting in rating numbers
which stayed consistent after month two of testing. All corrosive activity which emanated
from the scribe was localized, except for the coating manufactured with alumina grit blast
and nitrogen carrier gas (A-N-C-S), which had two areas of damage on the scribe. The
coatings manufactured with glass bead at 45° or alumina grit blast using nitrogen as a
carrier gas (G4-N-NC-S and A-N-NC-S) had no signs of corrosion damage at or near the
scribe. Both of these sealed samples were manufactured without the chromate conversion
coating. All sealed coatings performed well overall with little to no signs of rust or
blistering. In the unscribed areas it is interesting to note that sealed samples without
chromate showed slightly more signs of corrosion than those with the chromate
conversion coating. This could simply be due to the chromate coated samples having

more thickness than the non chromate samples due to the extra chromate layer.

As-Sprayed A7005 coatings on AA7075-T6:
There was no evidence of corrosion damage in the as-sprayed A7005 coatings on

AAT7075 samples. Overall there was corrosion occurring on the samples, but the damage
occurred close to edges that were not coated. Both as-sprayed samples yielded ratings of
10. The bare AA7075 substrate had general and pitting corrosion damage, and yielded a

corrosion rating of 7 in the D610 evaluation.
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Sealed A7005 coatings on AA7075-T6:
All sealed A7005 coatings on AA7075 showed significant corrosion damage in

the scribe. Both samples sealed without the chromate conversion coating had corrosion
damage which was not localized and increased in severity during increased time of
testing. The sealed samples with the chromate conversion coatings did slightly better in
the scribed condition with higher ratings numbers, but also displayed more areas with rust
spots. The sealed samples without the chromate conversion coating had severe blistering,

although most of it was within 0.5 inches of the unsealed edges.

Atmospheric Exposure Testing: Visual Observations and EIS

Observation and evaluation after 3-months of ocean front exposure
After three months of exposure at the NASA Beach Corrosion Test Site, physical

evaluations were performed on as-sprayed and sealed AA2024 substrates. Three
replicates of each as-sprayed sample were tested, with the first of each surface
preparation/carrier gas sample scribed. As previously described, ASTM D 1654 was used
to evaluate the degree of corrosion extending from the scribe and ASTM D 610 was used
to evaluate the degree of corrosion under the coated aluminum surface. A summary of the
physical evaluations is shown in Table 4-8. All scribed samples exhibited corrosion
products in the scribe, but none of the samples exhibited corrosion that traversed from the
scribe. The as-sprayed CP-Al on AA2024-T3 samples did not give any indications of
corrosion under the protective coating. In contrast, the unprotected bare AA2024
substrate showed significant signs of corrosion and pitting. A comparison of a bare and

as-sprayed AA2024 sample is shown in Figure 4-29.
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Figure 4-29. A comparison of a bare specimen with significant corrosion (left) and an as-sprayed
sample with no corrosion damage (right).
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Table 4-8. The visual observations of atmospheric specimens after 3 months exposure

Sample ASTM D 1654 ASTM D 610

Max Localized Rating Type
As-Sprayed
S-N-1-S 10 No 10 N/A
S-N-2 N/A N/A 10 N/A
S-N-3 N/A N/A 10 N/A
A-N-1-S 10 No 10 N/A
A-N-2 N/A N/A 10 N/A
A-N-3 N/A N/A 10 N/A
G4-H-1-S 10 No 10 N/A
G4-H-2 N/A N/A 10 N/A
G4-H-3 N/A N/A 10 N/A
G4-N-1-S 10 No 10 N/A
G4-N-2 N/A N/A 10 N/A
G4-N-3 N/A N/A 10 N/A
G9-N-1-S 10 No 10 N/A
G9-N-2 N/A N/A 10 N/A
G9-N-3 N/A N/A 10 N/A
Chromate 2024 Al 10 No 10 N/A
Bare 2024 Al N/A N/A N/A N/A
Sealed

A-N-C 10 No 9 S

G4-H-C 10 No 9 S

G4-N-C 10 No 9 S
G9-N-C 10 No 10 N/A
S-N-C 10 No 10 N/A
A- N-NC 10 No 10 N/A
G4 -H- NC 10 No 10 N/A
G4- N- NC 10 No 10 N/A
G9- N- NC 10 No 10 N/A
S- N- NC 10 No 10 N/A

Some sealed specimen with a chromate conversion coating showed signs of corrosion.
Photographs of A-N-C, G4-H-C and G4-N-C in Appendix Il show small holidays or
imperfections in the coating. Interestingly, these did not occur in the corresponding
sealed plates without a chromate conversion coating. It is believed that these anomalies
may have resulted from iron impurities that were transferred to the surface during the

Cold Spray or sealant application process since the discoloration was red.
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Observation and evaluation after 6-months of ocean front exposure
The physical corrosion evaluations for the samples after six months of exposure

are shown in Table 4-9. Similar to the 3-month evaluations, no visible signs of corrosion
extending from the scribed regions were evident for the as-sprayed specimens even
though corrosion was apparent inside the scribe itself. Some discoloration was visible on
the surfaces in the electrochemically evaluated area, though none appeared to be related
to the corrosion of the underlying substrate. Documentation of this phenomenon is shown
in Appendix I. The surface rust that occurred on the three sealed samples with chromate
after three months did not grow worse and these samples again performed with a rating of

9.
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Table 4-9. The visual observations of atmospheric specimens after 6 months exposure.

ASTM D 1654 ASTM D 610

Max L ocalized Rating Type
As-Sprayed
S-N-1-S 10 No 10 N/A
S-N-2 N/A N/A 10 N/A
S-N-3 N/A N/A 10 N/A
A-N-1-S 10 No 10 N/A
A-N-2 N/A N/A 10 N/A
A-N-3 N/A N/A 10 N/A
G4-H-1-S 10 No 10 N/A
G4-H-2 N/A N/A 10 N/A
G4-H-3 N/A N/A 10 N/A
G4-N-1-S 10 No 10 N/A
G4-N-2 N/A N/A 10 N/A
G4-N-3 N/A N/A 10 N/A
G9-N-1-S 10 No 10 N/A
G9-N-2 N/A N/A 10 N/A
G9-N-3 N/A N/A 10 N/A
Chromate 2024 Al 10 No 10 N/A
Bare 2024 Al N/A N/A N/A N/A
Sealed

A-N-C 10 No 9 S

G4-H-C 10 No 9 S

G4-N-C 10 No 9 S
G9-N-C 10 No 10 N/A
S- N-C 10 No 10 N/A
A- N-NC 10 No 10 N/A
G4 -H- NC 10 No 10 N/A
G4- N- NC 10 No 10 N/A
G9- N- NC 10 No 10 N/A
S- N- NC 10 No 10 N/A

Upon analysis of the physical condition of the samples, it was observed that
several as-sprayed coatings exhibited signs of exfoliation. Exfoliation was clearly visible
on the edges and back of several samples, which were not coated. It is interesting then
that these samples showed exfoliation when the bare AA2024 sample did not. This is
most likely due to moisture and corrosion product getting trapped between the substrate
and coatings that were applied. The bare sample did not show exfoliation because there
was no coating in which to trap corrosion product. In reality this would not be an issue,
because the entire substrate would be coated. A summary of exfoliation after six months

of exposure is provided in Table 4-10.
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Table 4-10. Exfoliation summary of atmospheric specimens after 6 months exposure.

Exfoliation
Visible on Back
As-Sprayed
S-N-1-S Yes
S-N-2 Yes
S-N-3 Yes
A-N-1-S Yes
A-N-2 Yes
A-N-3 Yes
G4-H-1-S Yes
G4-H-2 Yes
G4-H-3 Yes
G4-N-1-S Yes
G4-N-2 Yes
G4-N-3 Yes
G9-N-1-S Yes
G9-N-2 Yes
G9-N-3 No
Chromate 2024 Al No
Bare 2024 Al No
Sealed
A-N-C No
G4-H-C No
G4-N-C No
G9-N-C No
S-N-C No
A- N-NC No
G4 -H- NC No
G4- N- NC No
G9- N-NC No
S-N-NC No

Photo-documented evidence of exfoliation is provided in Appendix Ill of this
chapter. Exfoliation is typically initiated as corrosion products build along the grain
boundaries of the metal. As insoluble corrosion products form in these areas, an

expansive force is created which causes a lifting or leafing effect. These anomalies were
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kept under evaluation throughout the rest of testing. No sign of exfoliation was visible on

the sealed samples after six months of exposure at the NASA Beach Corrosion Test Site.

Observation and evaluation after 9-months of ocean front exposure
Table 4-11. The visual observations of atmospheric specimens after 9 months exposure.

ASTM D 1654 ASTM D 610

Max Localized Rating Type
As-Sprayed
S-N-1-S 10 No 10 N/A
S-N-2 N/A N/A 10 N/A
S-N-3 N/A N/A 10 N/A
A-N-1-S 10 No 10 N/A
A-N-2 N/A N/A 10 N/A
A-N-3 N/A N/A 10 N/A
G4-H-1-S 10 No 10 N/A
G4-H-2 N/A N/A 10 N/A
G4-H-3 N/A N/A 10 N/A
G4-N-1-S 10 No 10 N/A
G4-N-2 N/A N/A 10 N/A
G4-N-3 N/A N/A 10 N/A
G9-N-1-S 10 No 10 N/A
G9-N-2 N/A N/A 10 N/A
G9-N-3 N/A N/A 10 N/A
Chromate 2024 Al 10 No 10 N/A
Bare 2024 Al N/A N/A N/A N/A
Sealed

A-N-C 10 No 9 S

G4-H-C 10 No 9 S

G4-N-C 10 No 9 S
G9-N-C 10 No 10 N/A
S-N-C 10 No 10 N/A
A- N-NC 10 No 10 N/A
G4 -H- NC 10 No 10 N/A
G4- N- NC 10 No 10 N/A
G9- N- NC 10 No 10 N/A
S-N-NC 10 No 10 N/A

The physical evaluation of corrosion after 9 months of marine exposure is shown
in Table 4-11. Similar to the 6-month evaluations, no visible signs of corrosion extended
from the scribed regions of as-sprayed specimens, even though corrosion was apparent in
the scribe itself. Some discoloration was visible on as-sprayed surfaces only in the

electrochemically evaluated area, although none appeared to be related to the corrosion of
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the underlying substrate. Red corrosion products were visible on A-N-C, G4-H-C, and
G4 -N-C as reported after three and six months of exposure. These samples were all
sealed samples prepared with a chromate conversion coating. These anomalies may have
resulted from iron impurities that were transferred to the surface during the Cold Spray or
sealant application process since the discoloration was red.

The exfoliation on the as-sprayed samples was clearly visible on the edges and
backs of several samples. A summary of exfoliation by sample is shown in Table 4-12. In
contrast to the 6 month evaluations, the 9 month assessment showed signs of exfoliation
on the edges of the bare 2024 aluminum alloy samples. After nine months of exposure,
the sealed samples also showed signs of exfoliation on the back of the coupons. The
affected samples included A-N-NC, G4-H-NC, G9-N-NC and S-N-NC. Photo-
documented evidence of these anomalies is shown in Appendix Il of this report.
Representative as-sprayed and sealed exfoliation photos are included as Figures 4-30 and

4-31, respectively.

Exfoliation

Side with Protective Coating

Figure 4-30. An example of exfoliation on the back of an as-sprayed sample
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Figure 4-31. An example of exfoliation on the back of a sealed sample



Table 4-12. Exfoliation summary of atmospheric specimens after 9 months exposure.

Exfoliation
Visible on Back
As-Sprayed
S-N-1-S Yes
S-N-2 Yes
S-N-3 Yes
A-N-1-S Yes
A-N-2 Yes
A-N-3 Yes
G4-H-1-S Yes
G4-H-2 Yes
G4-H-3 Yes
G4-N-1-S Yes
G4-N-2 Yes
G4-N-3 Yes
G9-N-1-S Yes
G9-N-2 Yes
G9-N-3 No
Chromate 2024 Al No
Bare 2024 Al Yes
Sealed
A-N-C No
G4-H-C No
G4-N-C No
G9-N-C No
S-N-C No
A- N-NC Yes
G4 -H- NC Yes
G4- N-NC No
G9- N-NC Yes
S-N-NC Yes

Observation and evaluation after 12-months of ocean front exposure

125

The physical evaluation of corrosion after twelve months of exposure at the

NASA Beach Corrosion Test Site is shown in Table 4-13. According to ASTM D 1654,

no visible signs of corrosion extended from the scribed regions, even though corrosion

from the underlying substrate was apparent inside the scribe itself. These observations are
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similar to those made after six and nine months of exposure. As-sprayed samples showed
signs of discoloration in the electrochemically analyzed section of the coupon. None of

the discoloration appeared to have resulted due to corrosion of the underlying substrate.

Table 4-13. The visual observations of atmospheric specimens after 12 months exposure.

ASTM D 1654 ASTM D 610

Max Localized Rating Type
As-Sprayed
S-N-1-S 10 No 10 N/A
S-N-2 N/A N/A 10 N/A
S-N-3 N/A N/A 10 N/A
A-N-1-S 10 No 10 N/A
A-N-2 N/A N/A 10 N/A
A-N-3 N/A N/A 10 N/A
G4-H-1-S 10 No 10 N/A
G4-H-2 N/A N/A 10 N/A
G4-H-3 N/A N/A 10 N/A
G4-N-1-S 10 No 10 N/A
G4-N-2 N/A N/A 10 N/A
G4-N-3 N/A N/A 10 N/A
G9-N-1-S 10 No 10 N/A
G9-N-2 N/A N/A 10 N/A
G9-N-3 N/A N/A 10 N/A
Chromate 2024 Al 10 No 10 N/A
Bare 2024 Al N/A N/A N/A N/A
Sealed

A-N-C 10 No 9 S

G4-H-C 10 No 9 S

G4-N-C 10 No 9 S
G9-N-C 10 No 10 N/A
S-N-C 10 No 10 N/A
A- N-NC 10 No 10 N/A
G4 -H- NC 10 No 10 N/A
G4- N- NC 10 No 10 N/A
G9- N- NC 10 No 10 N/A
S- N-NC 10 No 10 N/A

Three sealed samples showed insignificant red discoloration. This is evidenced by
the ASTM D 610 ratings in Table 4-13. This discoloration appears to have resulted from

an impurity that originated in the coating during or prior to application. While the
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discoloration appeared to bleed across the coated surface throughout the exposure, the
anomaly itself appeared to remain localized with little if any progression.

A summary of exfoliation on the back and sides of the samples after twelve
months of exposure is shown in Table 4-14. Several as-sprayed samples exhibited
significant signs of exfoliation on the back and sides of the samples. In contrast, four
sealed samples showed exfoliation on the back of the coupons that was much less
pronounced. These observations are believed to be inconsequential, since the samples
that exhibited exfoliation were uncoated on the reverse side of the panel. The samples
that did not appear to show exfoliation or pitting utilized a pretreatment that also coated

the back of the coupons.
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Table 4-14. Exfoliation summary of atmospheric specimens after 12 months exposure.

Exfoliation
Visible on Back
As-Sprayed
S-N-1-S Yes
S-N-2 Yes
S-N-3 Yes
A-N-1-S Yes
A-N-2 Yes
A-N-3 Yes
G4-H-1-S Yes
G4-H-2 Yes
G4-H-3 Yes
G4-N-1-S Yes
G4-N-2 Yes
G4-N-3 Yes
G9-N-1-S Yes
G9-N-2 Yes
G9-N-3 No
Chromate 2024 Al No
Bare 2024 Al Yes
Sealed
A-N-C No
G4-H-C No
G4-N-C No
G9-N-C No
S-N-C No
A- N-NC Yes
G4 -H-NC Yes
G4- N-NC No
G9- N-NC Yes
S-N-NC Yes

EIS after 12 months of ocean front exposure
All EIS spectra for the scribed specimens from the as-sprayed set were similar in

shape and magnitude. The impedance spectra for these samples are shown in Figure 4-32.

Note that in EIS plots associated with atmospheric exposure specimens the ‘2P’ and ‘C3’



129

in the sample labels can be disregarded, and the ‘X-X-8 sample refers to the ‘X-X-1-S’

sample previously referred to in

this atmospheric exposure section.
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Figure 4-32. EIS of as-sprayed scribed samples after 12 months of exposure

At low frequency (10.0 mHz), all impedance measurements were between 10.00 kohm

and 100.0 kohm. The impedance spectra for the non-scribed specimens, Figure 4-33,

were also similar, and showed even less significant deviation at low frequency. Similar to

the scribed specimens, all impedance measurements were between 10.00 kohm and 100.0

kohm at 10.00 mHz.
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Figure 4-33. EIS of as-sprayed samples (un-scribed) after 12 months of exposure.
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Figure 4-34 shows the impedance spectra for the bare and chromate coated

AA2024 samples. Low frequency impedance measurements for the non-scribed chromate

coated sample showed a higher degree of impedance at low frequency, while the

magnitude of impedance for the bare aluminum substrate was an order of magnitude

lower.
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Figure 4-34. EIS of non-scribed bare and chromate coated AA2024 samples after 12 months of
exposure.

All sealed samples were scribed, and utilized an organic barrier coating on top of
the cold spray aluminum. As Figure 4-35 shows, the magnitude of impedance at 10.00
mHz indicates that the samples have a similar level of coating performance when
compared to one another. The impedance at 10.00 mHz for the sealed samples was
significantly greater than all as-sprayed samples. Note the samples labeled with ‘X-X-3’
refer to sealed samples with a chromate conversion coating and ‘X-X-5" samples refer to
sealed specimens without a chromate conversion coating. Again, the ‘2P’ and ‘C3’ in the

sample designation can be disregarded.
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Figure 4-35. EIS of sealed samples (scribed) after 12 months of exposure.

EIS was run in a non-scribed location on two of the coupons from the sealed
sample set. The EIS for these samples is shown in Figure 4-36. As expected, the
impedance for both spectra was an order of magnitude greater at 10.00 mHz than the
spectra for the samples that were scribed. Both unscribed samples displayed Bode plots
and phase angle diagrams that were similar in shape. This suggests that the different
methods of surface preparation had little influence on the corrosion resistant properties of
samples. Again, the samples labeled with ‘X-X-3 refer to sealed samples with a
chromate conversion coating, ‘X-X-5’ samples refer to sealed specimens without a
chromate conversion coating, and the ‘2P’ and ‘C3’ in the sample designation can be

disregarded.
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Figure 4-36. EIS of sealed non-scribed samples after 12 months of exposure.

Exfoliation Corrosion

The codes and classifications of Table 4-15 were used when reporting the visual

rating of corroded specimens:

Table 4-15. The codes and classifications used to report the exfoliated specimens

Classification Code Rating Definition

No appreciable attack: Surface may be discolored or etched, but
no evidence of pitting or exfoliation.

Pitting: Discrete pits, sometimes with a tendency for undermining
and slight lifting of metal at the pit edges.

EA: Superficial.

EB: Moderate-Notable layering and penetration into the metal.
Exfoliation EA through ED |EC: Severe-Penetration to a considerable depth into the metal.
ED: Very Severe-Similar to EC except much greater penetration
depth into metal.

No appreciable attack N

Pitting P

According to the G-34 standard, all three bare AA2024 samples receive a rating of ‘P’ as

all three samples experienced pitting (Figure 4-37(a)). Table 15 shows a summary of all



134

samples and their corresponding exfoliation ratings. The as-sprayed CP-Al coatings on
AA2024 samples receive ‘N’ ratings because there was no appreciable attack on these

samples (Figure 4-37(b)).

Table 4-16. A summary of the G-34 test.

Exfoliation of AA2024 and AA7075 Samples
Plate Replicate G-34 Rating
2024

As-Sprayed
1 N
G4-N 2 N
3 N
1 N
G9-N 2 N
3 N
1 N
S-N 2 N
3 N
1 N
A-N 2 N
3 N
1 N
G4-H 2 N
3 N
1 P
Bare2024 2 P
3 P
7075
As-Sprayed
1 N
G4-N 2 N
3 N
1 N
A-N 2 N
3 N
1 EB
Bare7075 2 EB
3 EB

The bare AA7075 samples receive ‘EB’ ratings that relate to moderate exfoliation,
or notable layering and penetration into the metal. As shown in Figure 4-38(a), there is

visible separation of the metal into layers both on the faces and at the edges of the
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specimen. Conversely, the as-sprayed A7005 coatings on AA7075 received ratings of ‘N’

because there was no appreciable attack on these samples; This is documented in Figure

4-38(h).

(€)) (b)

Figure 4-37. A bare AA2024 sample with significant pitting (a) and a typical as-sprayed specimen
with no appreciable attack (b).

(@) (b)

Figure 4-38. A bare AA7075 sample with EB rated exfoliation (a) and a typical as-sprayed AA7075
sample with no appreciable attack (b).
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After 14 months of long term immersion testing, as sprayed AA2024
samples showed highest impedances at lowest frequency an order of
magnitude above bare AA2024 samples

Under SEM, LTI bare AA2024 samples showed a much more abundant pit
distribution than as sprayed plates, along with pit geometries that were
angular and irregular. Conversely, as sprayed plates showed pits that were
oval in shape, therefore being less likely to lead to undesirable stress
concentrations. Therefore, it can be said that the pits generated in the as-
sprayed coatings are less likely to lead to premature failure than the pits
generated in the bare specimen. A chromate coated sample showed
smaller and fewer pits, but the pit depths appeared to be larger than as-
sprayed samples. This could lead to a greater reduction in mechanical
properties.

After 3 months of ASTM B117 exposure, both as-sprayed AA2024 and
AAT7075 specimens showed impedances higher than their bare
counterparts.

Overall, after 3 months of ASTM B117 exposure sealed samples without
chromate had higher impedances then sealed samples with chromate

There is an extremely good correlation between the shape of the EIS plots
from ASTM B117 testing and the highest impedance at lowest frequency

resulting from these curves.
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In visual examinations, as sprayed AA2024 and AA7075 coupons
outperformed the bare samples, while chromate and non-chromate
samples performed similarly

In exfoliation testing, all as-sprayed samples had no appreciable attack
while the bare AA2024 sample showed significant pitting and the bare

AAT7075 sample showed moderate exfoliation corrosion
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Appendix I: As-Sprayed AA2024 ASTM B117 Photos
One Month

G4-H

G9-N Bare AA2024

A-N-S G4-H-S G4-N-S
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G9-N-S S-N-S

2 Month

G4-H

Bare AA2024

GO-N
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A-N-S G4-H-S G4-N-S
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BarevAA2»0“4

A-N-S G4-H-S G4-N-S

G9-N-S S-N-S
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Appendix Il: Sealed and AA7075 ASTM B117 Photos
One Month

A-N-C A-N-NC G4-H-C

G4-H-NC G4-N-C G4-N-NC
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G9-N-C S-N-C

S-N-NC Bare AA7075

G4-N A-N-C A-N-NC
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G4-N-C G4-N-NC Chromate AA2024

G4-H-C G4-H-NC

G4-N-C G4-N-NC
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G9-N-C G9-N-NC

Bare AA7075 A-N

A-N-NC G4-N-C
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G4-N-NC Chromate AA2024
2 Months

A-N-NC G4-H-C

G4-H-NC G4-N-C
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G9-N-C G9-N-NC S-N-C

S-N-NC Bare 7075

G4-N A-N-C A-N-NC



148

Chromate AA2024

A-N-NC

G4-H-C G4-H-NC

G4-N-C

G4-N-C G4-N-NC
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G9-N-C G9-N-NC

Bare 7075

A-N-C

A-N-NC G4-N-C
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G4-N-NC Chromate AA2024
3 Months
A-N-NC G4-H-C

G4-H-NC G4-N-C G4-N-NC
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G9-N-C G9-N-NC

S-N-NC

A-N-C A-N-NC
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G4-N-C G4-N-NC Chromate AA2024

A-N-C A-N-NC

G4-H-C G4-H-NC

G4-N-C G4-N-NC
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G9-N-C G9-N-NC

S-N-NC

Bare 7075

G4-N

A-N-NC G4-N-C
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G4-N-NC Chromate AA2024
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Appendix I11: Photo Documentation of Select Atmospheric Exposure Samples

Table 4-17 can be used to convert the sample designation used in the atmospheric

exposure report to that used in this thesis.

Table 4-17. A conversion of sample designation from the atmospheric photos to that used in this

report.
Sample Corresponding Sample

Designation Designation
2P-A-C3-N-3 A-N-C
2P-A-C3-N-5 A-N-NC
2P-G4-C3-H-3 G4-H-C
2P-G4-C3-H-5 G4-H-NC
2P-G4-C3-N-3 G4-N-C
2P-G4-C3-N-5 G4-N-NC
2P-G9-C3-N-3 G9-N-C
2P-G9-C3-N-5 G9-N-NC
2P-S-C3-N-3 S-N-C
2P-S-C3-N-5 S-N-NC
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Photographs of Sealed Specimens after 0 months exposure

2

2P-A-C3-N-3 2P-G4-C3-H-3

— Lo S
2P-G4-C3-H-5 2P-G4-C3-N-3 2P-G4-C3-N-5

2P-G9-C3-N-3 2P-G9-C3-N-5 2P-5-C3-N-3
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Photographs of Sealed Specimen after 3 months exposure

2P-A-C3-N-3 2P-A-C3-N-5 2P-G4-C3-H-3
2P-G4-C3-H-5 2P-G4-C3-N-3 2P-G4-C3-N-5

Exfoliation in an as-sprayed sample after 6 months of exposure
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Exfoliation in an as-sprayed sample after 6 months of exposure

2P-A-C3-N-8 2P-A-C3-N-9

2P-A-C3-N-10

2P-G4-C3-H-8

2P-G4-C3-H-9 2P-G4-C3-H-10



Exfoliation in sealed samples after 9 months of exposure

No Exfoliation No Exfoliation
2P-A-C3-N-9 2P-G4-C3-H-3
No Exfoliation No Exfoliation
2P-G4-C3-N-3 2P-G9-C3-N-3

No Exfoliation
2P-S-C3-N-3

2P-A-C3-N-5

2P-G4-C3-H-5
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Exfoliation in sealed samples after 9 months of exposure

No Exfoliation
2P-G4-C3-N-5

2P-S-C3-N-5

2P-G9-C3-N-5
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Exfoliation in sealed samples after 12 months of exposure

Mo Exfoliation

No Exfoliation
2P-A-C3-N-9 2P-G4-C3-H-3

Mo Exfoliation

No Exfoliation
2P-G9-C3-N-3

2P-G4-C3-N-3
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Chapter 5 : The Effect of Surface Preparation on the Fatigue Performance of Cold
Spray Applied Coatings onto AA2024-T351 Substrates

Abstract
RR Moore constant amplitude rotating bend fatigue tests were run on AA2024-

T351 substrates with commercially pure aluminum coatings applied via the Cold Spray
process. Five samples were tested and compared including those that were: (1) bare
(uncoated), (2) shot peened, (3) glass bead grit blast, (4) shot peened and aluminum
coated, and (5) glass bead grit blast and aluminum coated. Five replicates of each sample
were tested at two different stress levels, 26 ksi and 30 ksi, and scanning electron
microscopy analysis was conducted in order to identify the failure location and failure
mechanisms of each sample. It was found that the Cold Spray applied coating increased
the fatigue life of the surface prepared samples by 20% at 26 ksi and 16% at 30 ksi. The
glass bead grit blast and coated samples experienced an improved fatigue life over the

bare specimen by 511% at 30 ksi.

Introduction
A coating applied to a substrate to prevent corrosion must also enhance, or at least

not harm, the material’s inherent mechanical properties. Specifically, the fatigue life of a
material is one of the most important considerations in aircraft design. RR Moore rotating
bend testing was the chosen fatigue evaluation in this study because it is representative of
the cyclic loading common on aircraft wings.

The surface preparation technique is known to have an effect on the fatigue

properties [1], and therefore that was the main focus of this project. It is well known that



165

shot peening can induce compressive residual stresses on a substrate, which can enhance
the fatigue life of materials [2]. For example, shot peening has been shown to delay crack
initiation and slow the propagation of cracks in 316 stainless steel [3]. A shot peened
surface may also contain many grain boundaries and lattice defects, like dislocations, that
can enhance the low temperature solid state diffusion process [4].

Grit blasting refers to a type of abrasive blasting in which glass bead media are
propelled onto the surface of a substrate. This can serve to roughen the surface of a
smooth material and allow for better coating deposition. The increased surface roughness
and inherent embedded grit that result from the process can reduce fatigue life, but the
residual stress imparted on the surface from the process serves to increase fatigue life
[5][1]. This leads to contradicting data in literature about the effect of the grit blast
process on the fatigue life of a material. Price et al [6]. showed that grit blasting a
titanium alloy and applying a pure titanium cold spray coating significantly reduces the
fatigue life of the original alloy in rotating bend tests. However, the grit blasting
technique has also been shown to increase the fatigue life of the 2024-T3 aluminum alloy
by close to 50 percent [7]. Brandt [8] found that, depending on the parameters of the grit
blasting, the surface preparation may increase the fatigue life of aluminum specimen in
rotating bend tests.

Coatings can have either an enhanced or adverse effect on the mechanical
properties of the underlying substrate. Saini [9] found that WC/C coatings increase the
endurance limit of steel by 7% while not negatively affecting the hardness or tensile

properties. Mcgrann et al [10]. showed that the residual stresses caused by coating 6061
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aluminum and steel substrates with WC-Co coatings could increase the fatigue life by a
factor of ten. Fatigue failure can depend on the microstructure of the coatings themselves.
When WC-Co coatings were applied to AISI 4340 steel by the HVOF process, it was
found that the major contribution to increased fatigue life was the load carrying capacity
of the coatings [11]. It has also been shown that the porosity of an applied coating can
have a large effect on the resulting fatigue strength of the coating and underlying
substrate [12][13]. Strong coating adhesion, usually a desirable characteristic, can be
detrimental if the mechanical properties of the coating are less desirable then the covered
substrate. It is possible for cracks to initiate in the coating, and then due to strong
adhesion spread into the underlying substrate material and initiate failure [14].

The nitrogen carrier gas yielded the best corrosion performance in terms of the
laboratory and atmospheric testing, along with superior coating adhesion in phase | of the
SBIR [15]. Therefore, nitrogen was chosen as the carrier gas for manufacturing the
fatigue specimen. A test matrix was subsequently developed which utilized five different
sample types: bare, shot peened, grit blast, shot peened and coated, and grit blast and
coated. Ten specimens were created for each of these sample types, five to be tested at a

stress of 30 ksi and five to be tested at a stress of 26 ksi.

Experimental Procedures
Cylindrical stock of AA2024-T351 was obtained and machined into specimens

designed for testing in an Instron R.R. Moore high speed fatigue testing machine. A
schematic of the specimen used is shown in Figure 5-1, along with a typical bare

specimen in Figure 5-2.
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Figure 5-1. The schematic used to manufacture RR Moore fatigue specimen [16].

Figure 5-2. A typical bare RR Moore rotating fatigue sample.

Specimens designated for surface preparation and coating were sent to The Applied
Research Laboratory at The Pennsylvania State University. Peened samples were shot to
a surface coverage of fifty percent. The grit blasting was applied at a forty five degree
angle, although it should be noted that this angle was defined by the operator and
therefore was subject to operator error equivalent to 45° + 15°. The average surface

roughness of samples with each surface preparation is shown in Table 5-1.

Table 5-1. The average surface roughness of samples after each surface preparation.

Surface Preparation Average Surface Roughness RA (pin)

Bare Sample (No Surface Preparation) 30
Shot Peened Sample 75
Grit Blast Sample 130

Upon completion of each surface preparation, specimens designated for Cold
Spray were cleaned ultrasonically in alcohol. Specimens were then taped on the ends to

prevent deformation of the careful tolerances required for RR Moore testing. The samples
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were then subjected to an HVPC applied CP-Al coating that was manufactured using
powder from Valimet Inc. The powder had a mean particle size of 17 um and was
accelerated with a nitrogen carrier gas at a temperature of 400 °C. The average applied
coating thickness was 15 mils. An SEM photo of the coating/substrate interface is shown

on a fractured specimen in Figure 5-3.

Figure 5-3. An example of the coating and substrate on a fractured grit blast and coated specimen.

The samples were then subjected to RR Moore rotating fatigue testing in an

Instron machine, shown in Figure 5-4.

Figure 5-4. The Instron RR Moore rotating fatigue testing apparatus used in this study.



169

The 30 ksi and 22 ksi stress levels were used in order to be consistent with other testing
on AA2024-T351 substrates in literature [17]. In preliminary tests, however, bare
samples were shown to run out (defined by 5e7 cycles) at 22 ksi. Therefore, samples
were actually tested at stresses of 30 and 26 ksi in order to ensure fracture and avoid a run
out scenario. The samples were rotated at speeds ranging from 7,000 to 8,500 rpm. Slight
variations in rotational speeds were acceptable and have been shown not to affect the
outcome of RR Moore tests [17]. Upon specimen failure, the sample was removed and
the cycles to failure was recorded.

After all samples were tested, they were machined for SEM analysis. The samples
were then examined using a magnification that varied from 12x to 400x. An accelerating
voltage of 12 kV was used along with a varying working distance, a spot size of 36, and a

secondary electron imaging (SEI) signal.

Results
An S-N curve of the resulting data is included as Figure 5-5.
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Stress vs Cycles to Failure of Fatigue Specimens
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Figure 5-5. An S-N curve of the resulting data

A table showing the cycles to failure of each specimen is included as Table 5-2. Figures
5-6 and 5-7 are also included in order to show more clearly the cycles to failure of each
sample at the two stress levels. Figure 5-6 indicates that at 30 ksi the grit blast and coated
samples clearly outperformed all other specimens. Specifically, their average cycles to
failure of 5,680,000 was higher than any other samples. This is most likely due to the
residual compressive stresses induced on the samples from the surface preparation and
Cold Spray coating process. The bare specimens performed the worst, with the lowest
average cycles to failure of 929,000. At 26 ksi there is a significant amount of scatter in
the data and it was necessary to perform a statistical analysis in order to ascertain whether
the surface preparations and coating had an effect on the cycles to failure of the specimen.
It should be noted that due to cost restrictions and sample availability, only four samples

of the shot peened and uncoated specimens were run at each stress.



Table 5-2. The cycles to failure of each sample tested at both the 26 and 30 ksi stress levels.

30 Bare 1 7.010E+05

30 Bare 2 5.760E+05

30 Bare 3 5.430E+05 9.290E+05
30 Bare 4 3.130E+05

30 Bare 5 2.512E+06

26 Bare 1 1.153E+07

26 Bare 2 2.167E+07

26 Bare 3 4.498E+06 1.441E+07
26 Bare 4 8.791E+06

26 Bare 5 2.556E+07

30 GB NC Sample 1 5.073E+06

30 GB NC Sample 2 4.394E+06

30 GB NC Sample 3 3.875E+06 4.755E+06
30 GB NC Sample 4 5.493E+06

30 GB NC Sample 5 4.940E+06

26 GB NC Sample 1 1.393E+07

26 GB NC Sample 2 6.349E+06

26 GB NC Sample 3 1.730E+07 1.299E+07
26 GB NC Sample 4 1.097E+07

26 GB NC Sample 5 1.638E+07

30 GB CSample 1 5.393E+06

30 GB C Sample 2 5.266E+06

30 GB C Sample 3 5.181E+06 5.680E+06
30 GB C Sample 4 5.761E+06

30 GB C Sample 5 6.797E+06

26 GB C Sample 1 1.448E+07

26 GB C Sample 2 2.076E+07

26 GB C Sample 3 2.222E+07 1.955E+07
26 GB C Sample 4 1.977E+07

26 GB C Sample 5 2.050E+07

30 Peened NC Sample 1 2.759E+06

30 Peened NC Sample 2 1.484E+06

30 Peened NC Sample 3 1.107E+06 1.704E+06
30 Peened NC Sample 4 1.465E+06

30 Peened NC Sample 5

26 Peened NC Sample 1 5.055E+06

26 Peened NC Sample 2 6.867E+06

26 Peened NC Sample 3 6.226E+06 5.375E+06
26 Peened NC Sample 4 3.352E+06

26 Peened NC Sample 5

30 Peened C Sample 1 4.165E+06

30 Peened C Sample 2 3.861E+06

30 Peened C Sample 3 2.283E+06 3.233E+06
30 Peened C Sample 4 2.554E+06

30 Peened C Sample 5 3.303E+06

26 Peened C Sample 1 7.593E+06

26 Peened C Sample 2 1.041E+07

26 Peened C Sample 3 6.319E+06 8.173E+06
26 Peened CSample 4 8.276E+06

26 Peened C Sample 5 8.263E+06

171
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Scatter Plot of Fatigue Data: 30 ksi
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Figure 5-6. A Scatter plot of the cycles to failure of samples tested at a stress of 30 ksi.

Scatter Plot of Fatigue Data: 26 ksi
3.0e+7
2.56+7 -
o v
o 2.0e+7 A 2
3
‘© v
w ]
O 1.5e+7 A °
17 [ ]
o
S ° a °
O 1.0e+7 4
° ]
o § v
5.0e+6 - v LJ
A
0.0 : : T T T
[} [=)) j=)) jo2} j=2}
= £ £ £ £
£ T © T T
© o o o o
0 o o o o
[ [=) 0 ] kel
3 z < z @
[2a] 1) oM kel [}
< (O] (9] Jo)
oM 5 a
[C] o]
o
Specimen Designation

Figure 5-7. A Scatter plot of the cycles to failure of samples tested at a stress of 26 ksi.
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Statistical Analysis

This study was a full factorial design with two factors at two levels. Factor A was
coating, with the levels being coated and uncoated. Factor B was surface treatment, with
the levels being shot peened and grit blast. The number of cycles to failure was the
quantitative response variable.

The significance of the Cold Spray applied coating was first studied. In order to
do this, the ‘main effect’ of factor A was analyzed by subtracting the average response of
coated specimens from the average response of all specimens. This data is shown in

Table 5-3.

Table 5-3. The Average number of cycles to failure that the coating process adds to the surface
preparations.

Stress | Surface Preparation| Average Life of Coated Specimens | Average Life of Uncoated Specimens |Total Average | Main Effect
Shot Peened 8.17E+06 5.38E+06
. - 1.15E+07
26 Ksi Grit Blast 1.96E+07 1.30E+07 2.34E+06
Combined 1.39E+07
' Shot' Peened 3.23E+06 1.70E+06 3.84E406
30 Ksi Grit Blast 5.68E+06 4.76E+06 6.14E+05
Combined 4.46E+06

The data shows that at the 26 ksi stress, the coated samples lasted an average of
2,340,000 cycles longer to failure. At the 30 ksi stress, the coated samples lasted an
average of 614,000 cycles longer to failure. Therefore, coating the samples significantly
increased their fatigue life. This is most likely due to the Cold Spray process further
imparting residual stresses onto the AA2024 samples, beyond those imparted by either
surface preparation.

The main effect of factor B, surface treatment, and coated samples compared to

the bare samples was also analyzed, as shown in Table 5-4. The average life of the coated



174

specimens was determined, and then the ‘total average’ or the average life of the coated
specimens and bare substrate was found. The main effect was then the total average

subtracted from the average life of the coated specimens.

Table 5-4. The average number of cycles to failure that the surface preparation and coating add to
the bare samples.

Stress Specimen Average Life Average Life of Coated Specimen [ Total Average | Main Effect
Bare 1.44E+07
26Ksi| Grit Blast Coated 1.96E+07 1.39E+07 1.41E+07 -1.72E+05
Shot Peened Coated 8.17E+06
Bare 8.96E+05
30ksi |  Grit Blast Coated 5.68E+06 4.46E+06 3.27E+06 1.19E+06
Shot Peened Coated 3.23E+06

As Table 5-4 shows, at 30 ksi the surface prepared and coated specimens demonstrated
an increased number of cycles to failure over the bare substrate by 1,190,000 cycles.
However, at 26 ksi, surface prepared and coated samples decreased the expected lifetime
of the bare alloys by 172,000 cycles. Observing Figure 5-7, it can be seen that the shot
peened samples, both coated and uncoated, showed much fewer cycles to failure than the
bare or grit blast samples. This could be due to stress raisers formed on the aluminum
alloys caused by the shot peening process, or by the process resulting in embedded grit in
the fatigue samples. The roughening of the surface due to the shot peening process could
also be responsible for early nucleation or accelerating fatigue crack propagation, as this
has been known to occur in aluminum alloys [18]. Table 5-2 shows that the average life
of the grit blast and coated samples at 26 ksi is higher than that of the bare samples, likely
due to the residual stresses imparted on the fatigue samples through the grit blast process.
This shows how the grit blast surface preparation was superior to the shot peening

operation in increasing the fatigue life of the AA2024-T351 material.
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SEM Analysis
An SEM analysis was performed on the broken specimens in order to characterize
the mechanisms of failure. The bare samples showed fracture that initiated from flaws on

the surface of the specimens at both stress levels, as shown in Figure 5-8.

X13 Tmm 0000 36 36 SEI X13

Figure 5-8. The crack initiation points of bare specimens at 26 ksi (left) and 30 ksi (right).

Both the grit blast and shot peened non-coated samples showed similar failure
features to the bare substrate, with crack initiation occurring on the surface of the samples.
These initiation points were generally much more pronounced than on the bare samples,
however, as shown in Figures 5-9 and 5-10. This seems logical, with the roughening of
the surface of the specimens from the surface preparations likely causing stress raisers

where failure initiation could originate.
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Figure 5-9. The crack initiation site for an uncoated shot peened sample.

X18 1mm

Figure 5-10. The typical crack initiation site for non coated grit blast specimens.

The shot peened and grit blast samples with coatings showed failure that initiated from a
variety of sites, not just the surface of specimens like the bare or non coated surface
prepared samples. Both the grit blast coated samples and the shot peened coated samples
tested at 30 ksi showed failure that emanated from a pore in the substrate/coating

interface, as shown in Figure 5-11.



177

12kV X170  100um 000044 2KV ‘ Opm. - 0000 3636 SEI

Figure 5-11. Pores on the substrate/coating interface that led to the failure of both types of coated
samples at 30 ksi.

A grit blast and coated sample tested at 26 ksi, however, showed failure that initiated
from dimple fracture inside the sample itself. As seen in Figure 5-12, cracks stemming

from the dimple are clearly visible.

12kV X170 100pm j

Figure 5-12. The dimple and resulting cracks of a grit blast and coated sample tested at 26 ksi.

Similar to those tested at 30 ksi, the peened and coated specimens tested at 26 ksi also

showed failure that initiated at the substrate/coating interface, as shown in Figure 5-13.
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X85

Figure 5-13. The failure initiation site occurring on the substrate/coating interface of a typical shot
peened and coated specimen tested at 26 ksi.

Failure away from the surface on coated samples could be due the increase in residual
stresses imparted by the Cold Spray process. The stresses are highest on the surface of the
specimen, and decrease drastically towards the middle of the samples. It is therefore
possible for failure to initiate away from the surface of the specimen in the areas of lower
residual stresses imparted by the Cold Spray process.

The SEM results indicate that the fatigue initiation sites correspond with a
sample’s cycles to failure. In general, crack initiation far from the surface correlated with
more cycles to failure for a sample. The bare and non coated shot peened samples
performed worse than other samples in this study, and most samples failed on the surface.
The grit blast and shot peened coated samples showed most failure occurring at the
substrate/coating interface. These samples endured more cycles to failure than the bare or

non coated specimens. The grit blast and coated samples lasted the most average cycles
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to failure at both stresses out of all samples, and showed failure that occurred inside the

substrate.

Conclusions
e At both stress levels, the glass bead grit blast and coated samples averaged more

cycles to failure than any other samples

e Coating the samples increased the cycles to failure at both stress levels, adding
2,340,000 cycles to the 26 ksi samples and 614,000 cycles to the 30 ksi specimens.
This was most likely due to the relative smooth finish of the CP-Al coatings
eliminating stress raisers caused by the surface roughening of the grit blast or shot
peening processes.

e In most bare, shot peened non coated and grit blast non coated samples, failure
initiated on the surface of the specimen

e The shot peened coated samples at both stresses and grit blast coated samples at
26 ksi had most failure initiation sites located on the substrate/coating interface

e The majority of grit blast coated samples at 30 ksi showed failure initiating from
inside the substrate. This is most likely due to the excessive number of cycles
experienced by the samples

e In general, specimens that failed on the surface lasted fewer cycles to failure than

specimens that failed inside of the substrate
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Chapter 6 : Conclusions

The corrosion properties and performance of the cold sprayed coatings
investigated in this thesis are rather complicated to evaluate. The coatings in the various
conditions (as-sprayed, sealed, surface prep) did not necessarily follow a specific trend
during a particular test; nor did a specific surface preparation yield consistent
performance from test to test. The corrosion evaluation experiments conducted ranged
from electrochemical to accelerated laboratory testing to real-time ocean front exposure.
Due to timing issues and sample limitations, it was not possible to test each condition
using the entire set of samples.

From a practical point of view, the as-sprayed CP-Al coatings on AA2024-T3
performed better than the bare 2024 substrate in all of the tests. In the sealed condition,
there was no significant difference between the performance of the non-chromate and
chromate samples. All the sealed samples performed equal to, if not better than the
chromate coated AA2024 substrate. For the A7005 coatings on AA7075-T6, the as-
sprayed coatings performed much better than the bare AA7075 substrate in the tests that
most closely simulated actual exposure the material would experience in the field. In the
sealed condition, a significant difference between the non-chromate and chromate
coatings was not observed in the unscribed condition. All sealed coatings outperformed
the as-sprayed coatings and bare AA7075 substrate. Appendix | presents a series of tables

summarizing comparisons and conclusions from all corrosion tests performed.
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Conclusions:

Corrosion

CP-Al on AA2024-T3: As-Sprayed
CP-Al coatings applied to AA2024-T3 substrates generally outperformed the bare

substrate in all conducted tests while performing equally overall to the chromate AA2024.
It was difficult to discern one surface preparation that performed consistently better in all
tests. However, the glass bead grit blast at 45° (G4) appeared to perform better than other
surface preparations in the majority of tests. No significant difference was noted between

either the helium or nitrogen carrier gases used within the Cold Spray process.

CP-Al on AA2024-T3: Sealed
Samples with and without a chromate conversion coating performed very

similarly when considering all experiments run. However, in the visual examination
performed on atmospheric exposure specimens, the sealed samples without chromate
performed much better than the sealed samples with chromate. Again, the glass bead grit
blast at 45° seemed to perform better overall when considering both the scribed and
unscribed tests. For the sealed coatings prepared by glass bead grit blast at 90°, the non-
chromate performed better in all unscribed tests compared to the chromate. However, in

the scribed condition, it performed worse than coatings sealed with chromate.

A7005 on AA 7075: As-Sprayed
In the tests that most closely simulate a real life service environment, the as-

sprayed coatings performed better than the bare AA7075 substrate. However, in some of

the less essential tests, the bare AA7075 performed slightly better than the as-sprayed
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sample. In the accelerated atmospheric exposure test, the as-sprayed coatings performed

much better than the bare AA7075 in both surface preparations.

AT005 on AA 7075: Sealed
Both the sealed AA7075 samples tested with and without chromate performed

similarly in all tests. In the scribed condition, the samples with chromate performed
slightly better. All sealed samples performed better than the as-sprayed and bare

substrates.

Fatigue

In fatigue testing, the glass bead grit blast and coated samples averaged more
cycles to failure than any other samples at both stresses tested. Applying the CP-Al
coating via the Cold Spray process increased the cycles to failure of the surface prepared
specimens at both stress levels, by 20% at 26 ksi and 16% at 30 ksi. In general,
specimens that failed on the surface lasted fewer cycles to failure than specimens that

failed inside of the substrate.
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Appendix I. Corrosion Summary Tables
In summary Tables 6-1 through 6-6, a “score card” is presented. These tables

summarize the results of the conducted experiments by assessing the performance of the
various coatings in comparison to either bare or chromate coated counterparts, or
comparison of sealed non-chromate with sealed chromate coatings. These are also
compared based on importance of corrosion test (ratings scale 1-3, 3 being most
important tests). Tables 6-3 and 6-6 also rate each sealed non-chromate specimen with its
chromate coated counterpart (i.e. A-N-C vs A-N-NC). This is done by assigning either a
‘+’ and ‘- for a given test if one outperformed the other, or two ‘=" symbols if both the
chromate and non-chromate coated sealed samples performed similarly. Careful
assessment of these tables allows one to assess the overall corrosion performance of the

coatings studied.

Table 6-1. Summary Table Comparison with CP-Al Coatings on Bare, Chromate, and As-Sprayed
AA2024-T3. Samples were rated on a scale of 1-3 relative to the bare substrate.

Test: Bare
Importance: | 2024 | As-Sprayed | Chromate
Visual: Kennedy 3 2 3 3
Visual: Salt Spray 3 1 2 3
EIS: Salt Spray 3 1 2 3
Passivation Region 2 1 3 2
Corrosion Rate:
Potentiodynamic 2 1 3 3
Corrosion Rate:
Polarization
Resistance 1 2 2 3
Galvanic: Graphite 1 2 2 3
Galvanic:
Stainless Steel 1 1 1 3
Galvanic: Titanium 1 2 2 3
Exfoliation 2 1 3 X
EIS:
Long Term
Immersion 1 1 2 3




Test:

Visual: Kennedy
Visual: Salt Spray
EIS: Salt Spray
Passivation Region
Corrosion Rate:
Potentiodynamic
Corrosion Rate:
Polarization
Resistance
Galvanic: Graphite
Galvanic:
Stainless Steel

Galvanic: Titanium

Table 6-2. Summary Table Comparison of sealed AA2024-T3 specimens

Sealed: Sealed:
Chromate Non-Chromate

Coated Coated

1 3

2 2

2 2

2 2

X X

2 2

2 2

2 2

2 2
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Table 6-3. Summary Table of all CP-Al Coatings on AA2024-T3

Importance: 3 1 3 3 2 2 1 1 1 1 2 1
2024
As-Sprayed
Unscribed
A-N 3 1 2 2 3 3 2 2 1 2 3 2
G4-H 3 1 2 3 3 3 2 2 1 2 3 1
G4-N 3 1 2 3 3 3 2 2 1 2 3 2
G9-N 3 1 2 2 3 3 2 2 1 2 3 2
S-N 3 1 2 2 3 3 2 2 1 2 3 2
Scribed
A-N-S 3 N/A 2 2 N/A N/A N/A N/A N/A N/A N/A N/A
G4-H-S 3 N/A 3 3 N/A N/A N/A N/A N/A N/A N/A N/A
G4-N-S 3 N/A 3 2 N/A N/A N/A N/A N/A N/A N/A N/A
G9-N-S 3 N/A 2 2 N/A N/A N/A N/A N/A N/A N/A N/A
S-N-S 3 N/A 2 2 N/A N/A N/A N/A N/A N/A N/A N/A
Bare 2024 2 3 1 1 1 1 2 2 1 2 1 1
Chromate 2024 3 3 3 3 2 3 3 3 3 3 X 3
Sealed
UnScribed
A-N-NC - + = - X X X - + - N/A N/A
A-N-C + - = + X X X + - N/A N/A
G4-H-NC - + - X X = = - = N/A N/A
G4-H-C + - + - X X = = + = N/A N/A
G4-N-NC - = - + = X + + + + N/A N/A
G4-N-C + = + - = X - - - N/A N/A
G9-N-NC = + = + + X = - + = N/A N/A
G9-N-C = - = - - X = + = N/A N/A
S-N-NC = + - + X X = - = - N/A N/A
S-N-C = - + - X X = + = + N/A N/A
Scribed
A-N-NC-S = N/A + + N/A N/A N/A N/A N/A N/A N/A N/A
A-N-C-S = N/A - N/A N/A N/A N/A N/A N/A N/A N/A
G4-H-NC-S = N/A = - N/A N/A N/A N/A N/A N/A N/A N/A
G4-H-C-S = N/A = N/A N/A N/A N/A N/A N/A N/A N/A
G4-N-NC-S = N/A + N/A N/A N/A N/A N/A N/A N/A N/A
G4-N-C-S = N/A - - N/A N/A N/A N/A N/A N/A N/A N/A
G9-N-NC-S = N/A - - N/A N/A N/A N/A N/A N/A N/A N/A
G9-N-C-S = N/A + + N/A N/A N/A N/A N/A N/A N/A N/A
S-N-NC-S = N/A - - N/A N/A N/A N/A N/A N/A N/A N/A
S-N-C-S = N/A + + N/A N/A N/A N/A N/A N/A N/A N/A
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Table 6-4. Summary Table Comparison of Bare AA7075 and A7005 Coatings on AA7075-T6.
Samples are rated on a scale of 1-3 relative to bare sample.

As-
Test: Sprayed
Visual: Kennedy N/A
Visual: Salt Spray 3
EIS: Salt Spray 3
Passivation Region 2
Corrosion Rate: 1
Potentiodynamic
Corrosion Rate:
Polarization 1
Resistance
Galvanic: Graphite 2
Galvanic: 1
Stainless Steel
Galvanic: 2
Titanium
Exfoliation 3
EIS:
Long Term N/A
Immersion

Table 6-5. Summary Table Comparison of Sealed AA7075-T6 specimens. Samples are rated on a
scale of 1-3 relative to bare sample.

Sealed: Sealed:
Test: Chromate Non-Chromate
Coated Coated
Visual: Salt Spray 2 2
EIS: Salt Spray 2 2
Passivation Region 2 2
Corrosion Rate: 5 2
Potentiodynamic
Corrosion Rate: 2 2
Polarization Resistance
Galvanic: Graphite 2 2
Galvanic: 2 2
Stainless Steel
Galvanic: Titanium 2 2%*

** Signifies that the G4-N-NC sample performed much better than both sealed and chromate coated
samples and the other sample without the chromate conversion coating.



Table 6-6. Summary Table Comparison of all AA7075-T6 specimens.
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Importance: 3 2 2 1 1 1 1 2
7075
As-Sprayed
UnScribed
G4-N 2 2 1 1 2 1 2 3
A-N 2 2 1 1 2 1 1 3
Scribed
G4-N-S 3
A-N-S 3
Bare 7075 1 | 2 2 2 2 2 1 2
Sealed
UnScribed
G4-N-NC = = = = = = + N/A
G4-N-C = = = = = = - N/A
A-N-NC = = = = = = = N/A
A-N-C = = = = = = = N/A
Scribed
G4-N-NC-S - N/A N/A N/A N/A N/A N/A N/A
G4-N-C-S + N/A N/A N/A N/A N/A N/A N/A
A-N-NC-S - N/A N/A N/A N/A N/A N/A N/A
A-N-C-S + N/A N/A N/A N/A N/A N/A N/A
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Chapter 7 : Recommendations For Future Study

The corrosion investigation that was performed was quite exhaustive. There is
still room for future analysis, however. It was mentioned previously that the ASTM B117
salt spray test has not always been shown to be indicative of actual field exposure.
There are a number of other salt spray tests that could be performed, including the ASTM
G85 acidified salt spray and ASTM D1735 water resistance of coatings test, which could
further characterize and evaluate the coatings.

Within the Cold Spray process, there are variables like gas temperature, powder
velocity, and nozzle geometry that can affect the deposition efficiency of the coating and
therefore the overall cost of the process. These could be further analyzed in order to
maximize the quality of coating with respect to the cost of the coating process.

The fatigue analysis of this thesis has the most room for future study. There are
several parameters known to affect the fatigue life of a specimen that were not able to be
addressed in the abbreviated study that was completed. For example, the percent
coverage of the surface area of the shot peening process has been known to affect the
fatigue life of metals [1]. Therefore a fatigue analysis could be done that optimizes the
percent area covered of the 2024-T351 alloy by the shot peening process. The type and
size of media used in the shot peening process could also be varied, as these parameters
could affect the residual stresses imparted from the process.

There was a lot of scatter in the fatigue data obtained at 26 ksi, and therefore it

would be beneficial to test many more samples at this stress level. It would also be
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advantageous to test the samples at many more stresses, both above and below what was
completed, in order to generate a more complete stress strain curve.

In rotating bend tests, the outside of the tested specimen feels the majority of the
load and the diameter of a specimen affects the overall stress applied. Coating a sample
adds thickness which, depending on its ductility, could reduce the overall stress. In order
to see how much of an affect the coating thickness actually has on the overall fatigue life
of the sample, coatings of varied thicknesses could be applied and then subsequently

tested.
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