
 

 

FINAL REPORT 
Corrosion Protection Mechanisms of Rare-Earth Compounds 

Based on Cerium and Praseodymium 
 

SERDP Project WP-1618 
 

 

APRIL 2012 
  

William Fahrenholtz 
Missouri University of Science and Technology 
 
 

 
 



Standard Form 298 (Rev. 8/98) 

REPORT DOCUMENTATION PAGE 

Prescribed by ANSI Std. Z39.18 

Form Approved 
OMB No. 0704-0188 

The public reporting burden for this collection of information is estimated to average 1 hour per response, including the time for reviewing instructions, searching existing data sources, 
gathering and maintaining the data needed, and completing and reviewing the collection of information. Send comments regarding this burden estimate or any other aspect of this collection of 
information, including suggestions for reducing the burden, to the Department of Defense, Executive Services and Communications Directorate (0704-0188). Respondents should be aware 
that notwithstanding any other provision of law, no person shall be subject to any penalty for failing to comply with a collection of information if it does not display a currently valid OMB 
control number. 
PLEASE DO NOT RETURN YOUR FORM TO THE ABOVE ORGANIZATION. 
1. REPORT DATE (DD-MM-YYYY) 2. REPORT TYPE 3. DATES COVERED (From - To) 

4. TITLE AND SUBTITLE 5a. CONTRACT NUMBER 

5b. GRANT NUMBER 

5c. PROGRAM ELEMENT NUMBER 

5d. PROJECT NUMBER 

5e. TASK NUMBER 

5f. WORK UNIT NUMBER 

6. AUTHOR(S) 

7. PERFORMING ORGANIZATION NAME(S) AND ADDRESS(ES) 8. PERFORMING ORGANIZATION 
REPORT NUMBER 

9. SPONSORING/MONITORING AGENCY NAME(S) AND ADDRESS(ES) 10. SPONSOR/MONITOR'S ACRONYM(S) 

11. SPONSOR/MONITOR'S REPORT 
NUMBER(S) 

12. DISTRIBUTION/AVAILABILITY STATEMENT 

13. SUPPLEMENTARY NOTES 

14. ABSTRACT 

15. SUBJECT TERMS 

16. SECURITY CLASSIFICATION OF: 
a. REPORT b. ABSTRACT c. THIS PAGE 

17. LIMITATION OF 
ABSTRACT 

18. NUMBER 
OF 
PAGES 

19a. NAME OF RESPONSIBLE PERSON 

19b. TELEPHONE NUMBER (Include area code) 



This report was prepared under contract to the Department of Defense Strategic 
Environmental Research and Development Program (SERDP).  The publication of this 
report does not indicate endorsement by the Department of Defense, nor should the 
contents be construed as reflecting the official policy or position of the Department of 
Defense.  Reference herein to any specific commercial product, process, or service by 
trade name, trademark, manufacturer, or otherwise, does not necessarily constitute or 
imply its endorsement, recommendation, or favoring by the Department of Defense. 
 



 ii 

Table of Contents 
TABLE	
  OF	
  CONTENTS	
  .........................................................................................................................................	
  II	
  
LIST	
  OF	
  ACRONYMS	
  ............................................................................................................................................	
  IV	
  
LIST	
  OF	
  FIGURES	
  .................................................................................................................................................	
  VI	
  
LIST	
  OF	
  TABLES	
  ...............................................................................................................................................	
  XVII	
  
ACKNOWLEDGEMENTS	
  ..................................................................................................................................	
  XIX	
  
EXECUTIVE	
  SUMMARY	
  .......................................................................................................................................	
  1	
  
OBJECTIVE	
  .............................................................................................................................................................	
  4	
  
BACKGROUND	
  .......................................................................................................................................................	
  5	
  
NON-­‐CHROMATE	
  INHIBITORS	
  ................................................................................................................................................	
  5	
  
CERIUM-­‐BASED	
  CONVERSION	
  COATINGS	
  .............................................................................................................................	
  5	
  
SUB-­‐SURFACE	
  VOID	
  FORMATION	
  ...........................................................................................................................................	
  6	
  
PRASEODYMIUM	
  INHIBITORS	
  ..................................................................................................................................................	
  6	
  

MATERIALS	
  AND	
  METHODS	
  .............................................................................................................................	
  6	
  
PHASE	
  STABILITY	
  STUDIES	
  .....................................................................................................................................................	
  6	
  
CECC	
  DEPOSITION	
  ....................................................................................................................................................................	
  7	
  
Surface	
  Preparation	
  ............................................................................................................................................................	
  7	
  
Spray	
  Deposition	
  of	
  CeCCs	
  .................................................................................................................................................	
  8	
  
Direct	
  Deposition	
  of	
  Cerium	
  Phosphate	
  Coatings	
  ...................................................................................................	
  8	
  
Electrodeposition	
  of	
  CeCCs	
  ...............................................................................................................................................	
  9	
  

CECC	
  CHARACTERIZATION	
  ...................................................................................................................................................	
  10	
  
Corrosion	
  Testing	
  and	
  Surface	
  Characterization	
  ................................................................................................	
  10	
  
Electrochemical	
  Testing	
  .................................................................................................................................................	
  10	
  
Microelectrochemical	
  Testing	
  ......................................................................................................................................	
  10	
  
Cerium	
  Solubility	
  Studies	
  ................................................................................................................................................	
  12	
  

COATINGS	
  WITH	
  PR-­‐BASED	
  CORROSION	
  INHIBITORS	
  ......................................................................................................	
  12	
  
Characterization	
  of	
  Primers	
  .........................................................................................................................................	
  13	
  
Corrosion	
  Response	
  Following	
  Salt	
  Spray	
  Testing	
  ..............................................................................................	
  13	
  
Electrochemical	
  Measurements	
  ..................................................................................................................................	
  13	
  
Colormetric	
  Detection	
  of	
  Pr	
  ...........................................................................................................................................	
  13	
  

RESULTS	
  AND	
  ACCOMPLISHMENTS	
  ............................................................................................................	
  14	
  
TASK	
  1:	
  	
  REVIEW	
  OF	
  LITERATURE	
  .......................................................................................................................................	
  14	
  
Rare-­Earth	
  Toxicology	
  ....................................................................................................................................................	
  14	
  
Pr	
  Phase	
  Stability	
  ...............................................................................................................................................................	
  15	
  
Phase	
  Stability	
  and	
  Precipitation	
  Studies	
  in	
  the	
  System	
  Pr-­H2O-­CO2	
  .........................................................	
  16	
  
Surface	
  Activation	
  of	
  Aluminum	
  Alloys	
  2024-­T3	
  and	
  7075-­T6	
  .....................................................................	
  18	
  
Deposition	
  of	
  Cerium-­Based	
  Conversion	
  Coatings	
  ..............................................................................................	
  18	
  
Microelectrochemical	
  Cell	
  Design	
  and	
  Testing	
  .....................................................................................................	
  20	
  
CeCC	
  Protection	
  Mechanism	
  .........................................................................................................................................	
  21	
  

TASK	
  2:	
  PHASE	
  STABILITY	
  OF	
  PRASEODYMIUM	
  COMPOUNDS	
  .......................................................................................	
  21	
  
Hydration	
  and	
  Carbonation	
  of	
  Praseodymium	
  Compounds	
  ...........................................................................	
  22	
  
Initial	
  Precipitation	
  Studies	
  ..........................................................................................................................................	
  25	
  
Thermal	
  Decomposition	
  Behavior	
  of	
  Praseodymium	
  Oxides,	
  Hydroxides,	
  and	
  Carbonates	
  .............	
  31	
  
Disproportionation	
  of	
  Pr6O11	
  ........................................................................................................................................	
  41	
  



 iii 

Pr-­H2O-­CO2	
  Phase	
  Stability	
  ............................................................................................................................................	
  43	
  
TASK	
  3:	
  	
  COATING	
  DEPOSITION	
  ...........................................................................................................................................	
  47	
  
Cerium-­Based	
  Conversion	
  Coatings	
  ...........................................................................................................................	
  47	
  
Formation	
  of	
  Sub-­Surface	
  Crevices	
  During	
  CeCC	
  Deposition	
  .........................................................................	
  50	
  
Chloride-­Free	
  and	
  Chloride-­Based	
  CeCC	
  Deposition	
  Solutions	
  ......................................................................	
  56	
  
Surface	
  Activation	
  of	
  7075-­T6	
  .....................................................................................................................................	
  62	
  
Deposition	
  of	
  CeCCs	
  on	
  Aluminum	
  Alloy	
  380	
  .........................................................................................................	
  77	
  
Epoxy-­Polyamide	
  Primers	
  with	
  Praseodymium-­Based	
  Inhibitors	
  ...............................................................	
  85	
  

TASK	
  4:	
  	
  CHARACTERIZATION	
  OF	
  CORROSION	
  BEHAVIOR	
  ..............................................................................................	
  86	
  
Physical	
  Characterization	
  ................................ ................................................................................	
  86	
  
Electrochemical	
  Characterization	
  ...........................................................................................................................	
  137	
  

TASK	
  5:	
  	
  PROTECTION	
  MECHANISM	
  ANALYSIS	
  ..............................................................................................................	
  181	
  
Corrosion	
  Protection	
  of	
  Cerium-­Based	
  Conversion	
  Coatings	
  .......................................................................	
  181	
  
Cross	
  Sectional	
  Analysis	
  of	
  CeCCs	
  .............................................................................................................................	
  187	
  
Solubility	
  of	
  Cerium	
  Species	
  ........................................................................................................................................	
  194	
  
Solubility	
  of	
  Praseodymium	
  Species	
  ........................................................................................................................	
  201	
  
Corrosion	
  Protection	
  of	
  Primers	
  on	
  Non-­Chromate	
  Conversion	
  Coatings	
  ..............................................	
  202	
  

TASK	
  6:	
  	
  FINAL	
  MODEL	
  DEVELOPMENT	
  AND	
  APPLICATION	
  ........................................................................................	
  205	
  
Cerium-­Based	
  Conversion	
  Coatings	
  .........................................................................................................................	
  205	
  
Praseodymium-­Based	
  Inhibitor	
  in	
  Epoxy-­Polyamide	
  Primer	
  .......................................................................	
  208	
  

SUMMARY	
  OF	
  TECHNICAL	
  ACCOMPLISHMENTS	
  .............................................................................................................	
  210	
  
Year	
  1	
  ....................................................................................................................................................................................	
  210	
  
Year	
  2	
  ....................................................................................................................................................................................	
  210	
  
Year	
  3	
  ....................................................................................................................................................................................	
  211	
  
Year	
  4	
  ....................................................................................................................................................................................	
  211	
  
Accomplishments	
  .............................................................................................................................................................	
  212	
  

TECHNICAL	
  SUMMARY	
  ..................................................................................................................................	
  213	
  
REFERENCES	
  .....................................................................................................................................................	
  216	
  
APPENDIX	
  1.	
  	
  PUBLICATIONS	
  AND	
  PRESENTATIONS	
  ..............................................................................	
  1	
  

List	
  of	
  Conference	
  Presentations	
  ....................................................................................................................................	
  1	
  
List	
  of	
  Theses	
  and	
  Dissertations	
  .....................................................................................................................................	
  2	
  
List	
  of	
  Journal	
  Publications	
  ..............................................................................................................................................	
  3	
  
List	
  of	
  Conference	
  Proceedings	
  Papers	
  ........................................................................................................................	
  3	
  
List	
  of	
  Book	
  Chapters	
  ..........................................................................................................................................................	
  4	
  

 
 



 iv 

List of Acronyms 
A–Hexagonal crystal structure 
AA–Aluminum alloy 
AES—Auger Electron Spectroscopy 
ASTM—American Society for Testing and Materials 
B–Monoclinic crystal structure 
BET– Brunauer, Emmett, and Teller 
C–Cubic crystal structure 
CAA—Clean Air Act 
CeCC—Cerium-based Conversion Coatings 
CERCLA—Comprehensive Environmental Response Compensation and Liability Act 
CPDS—Cyclic potentiodynamic spectroscopy 
CrCC—Chromate Conversion Coatings 
CWA—Clean Water Act 
DI–Deionized 
DoD—Department of Defense 
EDCeCC—Electrodeposited cerium-based conversion coating 
EDS—Energy Dispersive X-ray Spectroscopy 
EIS—Electrochemical Impedance Spectroscopy 
EPA—Environmental Protection Agency 
FIB–Focused Ion Beam 
FTIR—Fouier Transform Infrared Spectroscopy 
H–high temperature hexagonal crystal structure 
HAADF—High Angle Annular Dark Field 
IMC–Intermetallic compound 
LA-ICP-MS Laser Ablation Inductively Coupled Plasma Mass Spectrometry 
MPY—Mils per year (a measure of corrosion rate) 
OCP–Open Circuit Potential 
OLI— 
OSHA—Occupational Safety and Health Administration 
PEL—Permissible Exposure Limit 
RCRA—Resource Conservation and Recovery Act 
RE—Rare Earth 
SARA—Superfund Amendments and Reauthorization Act 
SCE–Saturated Calomel Electrode 
SEM-Scanning Electron Microscopy 
SERDP—Strategic Environmental Research and Development Program 
SPCeCC—Spray deposited cerium-based conversion coating 
STEM–Scanning Transmission Electron Microscopy 
TCP—Trivalent chromium passivation 
TEM—Transmission Electron Microscopy 
TGA/DTA—Thermal Gravimetric Analysis/Differential Thermal Analysis 
TSCA—Toxic Substances Control Act 
TRI—Toxic Release Inventory 
UV-VIS-NIR—Ultraviolet Visible Near  Infrared 



 v 

X–High temperature cubic crystal structure 
XRD-–X-ray Diffraction 
XPS–X-ray photoelectron spectroscopy  
 
 



 vi 

List of Figures 
Figure 1.	
   Illustration of the steps thought to be involved in corrosion protection mechanisms 

for rare-earth based coatings, which consist of dissolution of species from the 
coating, transport to the site of attack, and reaction to passivate the substrate. ......... 4	
  

Figure 2.	
   Illustration of the steps in the spray deposition process for the preparation of CeCCs 
on Al 2024-T3 and Al 7075-T6. ................................................................................. 9	
  

Figure 3.	
   (a) Schematic of the electrochemical cell used for microelectrochemical testing, (b) a 
microelectrochemical cell attached to the objective lens of an optical microscope, 
and (c) a side view of a capillary used for microelectrochemical testing. ................ 11	
  

Figure 4.	
   The thermal evolution of oxides belonging to the light Ln-series. ............................. 16	
  
Figure 5.	
   Potentiodynamic curve of bare AA 7075-T6 and AA 7075-T6 coated from a CeCl3 

solution [82]. ............................................................................................................. 21	
  
Figure 6.	
   Pr2O3 and Pr6O11 following eight hours of XRD analysis exposed to ambient H2O and 

CO2, showing that the Pr2O3 reacted with the atmosphere to form species with a 
higher specific volume. ............................................................................................ 23	
  

Figure 7.	
   Weight loss as a function of temperature by for Pr2O3, Pr6O11, and Pr2(CO3)3•8H2O in 
both air and Ar atmospheres. .................................................................................... 24	
  

Figure 8.	
   Comparison of FT-IR spectra for Pr6O11 (A) and Pr2O3 (B) after heating to various 
temperatures. ............................................................................................................ 24	
  

Figure 9.	
   Proposed thermal decomposition and aging steps for Pr2O3 based hydroxide and 
hydroxycarbonate species. ........................................................................................ 25	
  

Figure 10.	
   Micrographs of thermally treated Pr2O3 showing the evolution of particle 
morphology with temperature.  Note that the magnification varies among the 
images. ...................................................................................................................... 27	
  

Figure 11.	
   Micrographs of thermally treated Pr6O11 showing the evolution of particle 
morphology with temperature.  Note that the magnification varies among the 
images. ...................................................................................................................... 28	
  

Figure 12.	
   Precipitation curves for solvated Pr3+ at room temperature (nominally 25°C) or 85°C 
after saturating the solution with various gases. ....................................................... 29	
  

Figure 13.	
   Representative XRD patterns for powders precipitated species from various 
solutions showing that Pr(OH)3 formed for precipitation at room temperature and 
85°C under most conditions.  A nanocrystalline precipitate formed at 85°C from the 
solution saturated with CO2. ..................................................................................... 30	
  

Figure 14.	
   SEM images of powders precipitated under various conditions compared to 
commercial Pr(OH)3. ................................................................................................ 31	
  

Figure 15.	
   TGA (A) and DTA (B) plots for Pr6O11, Pr2O3, Pr(OH)3, and Pr2(CO3)3•H2O heated 
at 20°C/min in flowing air. ....................................................................................... 33	
  

Figure 16.	
   FT-IR spectra of Pr6O11 (A), Pr2O3 (B), Pr(OH3) (C), and Pr2(CO3)3•xH2O (D) prior 
to thermal treatment and after heating in air to temperatures ranging from 200°C to 
1300°C. ..................................................................................................................... 35	
  

Figure 17.	
   XRD patterns for Pr6O11 (A), Pr2O3 (B), Pr(OH3) (C), and Pr2(CO3)3•xH2O (D) as-
received and after heat treatment to various temperatures. ...................................... 37	
  

Figure 18.	
   The thermal evolution of Pr6O11, Pr2O3, Pr(OH)3, and Pr2(CO3)3•xH2O as determined 
by TGA/DTA, FT-IR, and XRD characterization. ................................................... 38	
  



 vii 

Figure 19.	
   SEM micrographs of Pr6O11(A), Pr2O3 (B), Pr(OH3) (C), and Pr2(CO3)3 •xH2O (D) 
in the as received condition. ..................................................................................... 39	
  

Figure 20.	
   SEM micrographs of Pr6O11 (A), Pr2O3 (B), Pr(OH3) (C), and Pr2(CO3)3•xH2O (D) 
after thermal treatment at 1300°C. Please note the magnification change in (C) and 
(D) necessary to show the various features. ............................................................. 40	
  

Figure 21.	
   Volume of NaOH required to induce precipitation of Pr-species under various 
conditions. ................................................................................................................ 44	
  

Figure 22.	
   FT-IR spectra of (A) precipitation at ambient temperature and (B) precipitation and 
85 °C. ........................................................................................................................ 45	
  

Figure 23.	
   Solubility of each precipitate powder produced under various conditions in g/L. ... 46	
  
Figure 24.	
   XRD patterns of post-treated CeCCs deposited from solutions with varying amounts 

of gelatin showing the formation of CePO4•H2O in coatings deposited from 
solutions with gelatin contents of 400 ppm or higher and nanocrystalline 
CeO2•2H2O in coatings deposited from solutions with less gelatin. ........................ 48	
  

Figure 25.	
   Typical SEM image of a CeCC capable of providing corrosion protection showing a 
highly cracked area and a more typical surface morphology. .................................. 49	
  

Figure 26.	
   SEM image of cross-section of a CeCC produced by FIB milling. ......................... 49	
  
Figure 27.	
   SEM image of a FIB cross section of a CeCC on Al 2024-T3 showing surface 

cracks in the coating connected to sub-surface damage in the substrate.  Chemical 
analysis shows oxygen enrichment in the damages areas. ....................................... 50	
  

Figure 28.	
   Bare 7075-T6 exposed to aqueous solutions containing either 0.3 M NaNO3 with 1 
M H2O2, 0.3 M NaCl with 1 M H2O2, or 2 wt% NaOH. Scan rate 1.0 mV/s vs. SCE.
 51	
  

Figure 29.	
   Surface morphology of Al 7075-T6 exposed to (a) 2 wt % NaOH, (b) an aqueous 
solution an aqueous solution containing 0.3 M chloride ions and 1 M H2O2, and  (c) 
an aqueous solution containing 0.3 M nitrate ions and 1 M H2O2. ........................... 52	
  

Figure 30.	
   Surface morphology of a CeCC deposited from a solution containing chloride ions 
and H2O2 on Al 7075-T6. .......................................................................................... 53	
  

Figure 31.	
   Surface morphology of a CeCC deposited from a solution containing chloride ions 
and H2O2 on Al 7075-T6. ........................................................................................ 54	
  

Figure 32.	
   FIB cross section of an immersion deposited CeCC on Al 7075-T6. ....................... 55	
  
Figure 33.	
   AES depth plots profile analysis of CeCCs deposited on Al 7075-T6 from (a) a 

chloride free solution, (b) the 10 wt.% chloride solution, (c) the 67 wt.% chloride 
solution, and (d) the standard solution on Al 7075-T6. ............................................ 57	
  

Figure 34.	
   Potentiodynamic scans for CeCCs deposited on 7075-T6 from solutions containing 
different fractions of CeCl3 and Ce(NO3)3 ranging from chloride ion-free to the 
standard solution containing only chloride ion.  The scan rate was 1mV/s vs. SCE 
and the electrolyte consisted of 0.35 wt. % NaCl + 0.70 wt. % (NH4)2SO4. ........... 58	
  

Figure 35.	
   EIS analysis of CeCCs deposited on Al 7075-T6 from deposited on Al 7075-T6 
from solutions containing different fractions of CeCl3 and Ce(NO3)3 ranging from 
chloride ion-free to the standard solution containing only chloride ions. ................ 59	
  

Figure 36.	
   Equivalent circuits used to fit EIS data for coatings produced from (a) chloride ion-
free and 10 wt.% chloride ion and (b) 67 wt.% chloride ion, and standard solutions.
 61	
  



 viii 

Figure 37.	
   CeCCs deposited on 7075-T6 from Ce(NO3)3/ Ce(NO3)3 solutions after 24 hours in 
salt spray testing:  (a) chloride ion-free, (b) 10 wt.% chloride ions, (c) 67 wt.% 
chloride ion, and (d) standard solutions. .................................................................. 62	
  

Figure 38.	
   E-pH diagram for the Al-Mg-H2O system at 298 K. ................................................ 63	
  
Figure 39.	
   E-pH diagram for the Al-Mg-C-H2O system at 298 K. ............................................ 64	
  
Figure 40.	
   AES depth profile of acetone-rinsed Al 7075-T6. .................................................... 65	
  
Figure 41.	
   AES depth profiling of Al7075-T6 after degreasing. ............................................... 66	
  
Figure 42.	
   AES depth profiling of Al7075-T6 after degreasing followed by activation in 

1NaOH. ..................................................................................................................... 67	
  
Figure 43.	
   AES depth profiling of Al7075-T6 after degreasing followed by activation in 

2NaOH. ..................................................................................................................... 67	
  
Figure 44.	
   AES depth profiling of Al7075-T6 after degreasing followed by activation in 

5Na2CO3. ................................................................................................................... 68	
  
Figure 45.	
   EIS test result for acetone rinsed Al 7075-T6 panels. .............................................. 70	
  
Figure 46.	
   Polarization scans of acetone rinsed and 2NaOH activated panels. The polarization 

scans of degreased or degreased and 1NaOH or 5Na2CO3 activated panels were 
similar to these two scans and are not included here. ............................................... 70	
  

Figure 47.	
   Pits developed after EIS testing using a test electrolyte of pH 5.5: (a) optical image 
of the 1 cm2 test area showing white salt tails, (b) SEM micrograph displaying one 
large pit and two smaller pits, and (c) magnified SEM micrograph of one of the 
small pits shown in (b). ............................................................................................ 71	
  

Figure 48.	
   Impedance plots with key frequencies for Al 7075-T6 using a test electrolyte of pH 
9.0 for various surface treatments. ........................................................................... 72	
  

Figure 49.	
   Polarization scans for an electrolyte of pH 9.0 on panels after surface cleaning and 
2NaOH activation.  Similar polarization scans were obtained for degreasing or 
degreasing plus 1NaOH or 5 Na2CO3 activations, so those scans are not shown here.
 73	
  

Figure 50.	
   Post-EIS testing using test electrolyte of pH 9.0: (a) optical images displaying the 1 
cm2 test area, (b) SEM micrographs of a pit, and (c) SEM cross section micrograph 
of the pit shown in b.  (Note the copper contents detected by EDS in at% at A, B, C, 
and D were 1.0, 5.0, 2.1, and 0.1 at%, respectively). ............................................... 73	
  

Figure 51.	
   An E-pH diagram constructed to illustrate the thermodynamic stability of water at 1 
atm pressure and 298 K. ........................................................................................... 74	
  

Figure 52.	
   Schematic diagram and proposed EC of an oxide coating with a pit after reaching 
steady-state in an electrolyte. ................................................................................... 75	
  

Figure 53.	
   SEM surface morphology of AA380 cleaned panel; a) 180 grit polished, b) 25oC 
rinsed, c) 25oC rinsed showing an area with removal of material; and d) 100oC 
rinsed. ....................................................................................................................... 79	
  

Figure 54.	
   (a) Potentiodynamic Polarization curves and (b) Impedance spectroscopy of bare, 
rinsing at 25oC and 100oC of AA380 alloy. ............................................................. 79	
  

Figure 55.	
   Electrochemical behavior of CeCCs deposited AA380 alloy in prohesion solution; 
potentiodynamic curve a) 25°C, b) 100°C, and impedance spectra, c) 25°C, and d) 
100°C. ....................................................................................................................... 81	
  

Figure 56.	
   Surface morphology of coatings deposited on AA380 panels rinsed at 25°C after 
immersion in the coating solution; (a) 2 min, (b) 5 min, and c) 8 min. .................... 82	
  



 ix 

Figure 57.	
   Thickness as a function of immersion time for CeCCs deposited on panels rinsed at 
25°C and 100°C. ....................................................................................................... 83	
  

Figure 58.	
   Surface morphology of coatings deposited on panels rinsed at 100°C after 
immersion in the coating solution; (a) 2 min, (b) 5 min, (c) 8 min. ......................... 84	
  

Figure 59.	
   Optical Images of coatings deposited on substrates rinsed at 25°C, a) as deposited, 
and after salt spray performance b) 24 hours, c) 96 hours, and d) 192 hours. ......... 85	
  

Figure 60.	
   Optical images of coatings deposited on substrates rinsed at 100°C, a) as deposited, 
and after salt spray performance b) 24 hours, c) 96 hours, and d) 192 hours. ......... 85	
  

Figure 61. 	
   FIB cross section of a CeCC on Al 2024-T3 showing sub-surface voids underneath 
an area exhibiting large cracks. ................................................................................ 87	
  

Figure 62.	
   Nyquist plots of electrochemical impedance spectroscopy data for post-treated 
CeCC after various salt spray exposure times. ......................................................... 88	
  

Figure 63.	
   Nyquist plots of electrochemical impedance spectroscopy data for as-deposited 
CeCCs after various salt spray exposure times. ....................................................... 89	
  

Figure 64.	
   Models of the equivalent circuits used to fit EIS data from (a) post-treated and (b) 
as-deposited CeCCs .................................................................................................. 89	
  

Figure 65.	
   AES depth profiles for post-treated CeCCs a) before salt spray exposure and after b) 
6 hours and c) 24 hours of salt spray exposure. ....................................................... 92	
  

Figure 66.	
   AES depth profiles of as-deposited CeCCs a) before salt spray exposure and after b) 
6 hours and c) 24 hours of salt spray exposure. ....................................................... 93	
  

Figure 67.	
   SEM images of a post-treated CeCC after six hours of salt spray exposure in which 
areas of the coating (~10% of the total area) exhibiting large cracked were found to 
have developed small pits. ........................................................................................ 94	
  

Figure 68.	
   FIB cross section of a pit found in a post-treated CeCC after seven days of salt spray 
testing. ...................................................................................................................... 95	
  

Figure 69.	
   Surface morphology of as-deposited CeCCs after a) six hours and b) 24 hours of salt 
spray exposure. ......................................................................................................... 95	
  

Figure 70.	
   FIB cross section of an alumina nodule found in an unsealed CeCC after 6 hours of 
salt spray testing. ...................................................................................................... 96	
  

Figure 71.	
   A high angle annular dark field STEM image of subsurface crevices on an as-
deposited CeCC (no salt spray exposure) and corresponding EDS maps. ............... 97	
  

Figure 72.	
   Diffraction patterns taken from phase formed on the surface of subsurface crevices 
for (a) as-deposited CeCC and (b-c), post-treated CeCC. ........................................ 98	
  

Figure 73.	
   A high angle annular dark field STEM image of a subsurface crevice on a post-
treated CeCC specimen and corresponding EDS maps (no salt spray exposure). ... 99	
  

Figure 74.	
   Surface morphology of directly deposited CePO4 coatings produced using precursor 
solutions designed to yield (a) 5,  (b) 15, (c) 30, and (d) 60 g/L CePO4. ............... 100	
  

Figure 75.	
   Electron diffraction ring pattern observed from a directly deposited CePO4 coating.  
The ring pattern is indicative of hydrated CePO4·H2O, rhabdophane (PDF 35-0614).
 100	
  

Figure 76.	
   Directly deposited CePO4 coatings after 18 hours of salt spray exposure, (a) 5 g/L, 
(b) 15 g/L, (c) 30 g/L, (d) 60 g/L.  The tested areas shown for the panels measure 
about 2.5 cm x 6.5 cm. ........................................................................................... 101	
  

Figure 77.	
   Surface morphology of directly deposited CePO4 coatings deposited with different 
ratios of Ce:P:citrate in the precursor solutions, (a) 1:1:0.5, (b) 1:1:1, (c) 1:1:2, (d) 
1:0.5:2, (e) 1:0.5:0.5, and (f) 1:2:2 ......................................................................... 102	
  



 x 

Figure 78.	
   Directly deposited coatings (60 g/L CePO4) after 18 hours of salt spray exposure, (a) 
1:1:0.5 (Ce:P:citrate), (b) 1:1:1, (c) 1:1:2, (d) 1:0.5:2, (e) 1:0.5:0.5, (f) 1:2:2.  The 
panels measure about 2.5 cm x 6.5 cm. .................................................................. 102	
  

Figure 79.	
   Representative polarization scans of bare Al 2024-T3, directly deposited CePO4, 
and post-treated CeCC. ........................................................................................... 104	
  

Figure 80.	
   Cross sectional montage of a directly deposited CePO4 coating after 3 days of salt 
spray exposure.  Image is a cross-section of a bulk specimen viewed 45° from the 
sample surface. ....................................................................................................... 105	
  

Figure 81.	
   Cross sectional montage of a phosphate post-treated CeCC after 7 days of salt spray 
exposure imaged in STEM/HAADF mode. ........................................................... 105	
  

Figure 82.	
   As-deposited CeCCs on Al 7075-T6 that underwent 5Na2CO3 activation: (a) 
General appearance of surface and (b) enlargement of the rectangular area marked 
in (a). ....................................................................................................................... 107	
  

Figure 83.	
   As-deposited CeCCs on Al 7075-T6 that underwent NaOH activation: (a) 1NaOH 
and (b) 2NaOH.  Note: the dotted circled regions show areas where the substrate is 
exposed. .................................................................................................................. 107	
  

Figure 84.	
   Sealed CeCCs on Al 7075-T6 that underwent 5Na2CO3 activation: (a) General 
appearance of surface and (b) enlargement of the rectangular area marked in (a). 108	
  

Figure 85.	
   Micrographs of sealed CeCCs on Al 7075-T6 that underwent alkaline activation: (a) 
1NaOH and (b) 2NaOH. ......................................................................................... 108	
  

Figure 86.	
   SEM cross-section micrograph (tilted 45° from vertical axis) of a subsurface crevice 
formed during CeCC deposition after 5Na2CO3-activation. .................................. 109	
  

Figure 87.	
   Impedance plots of CeCCs on Al 7075-T6 after various surface activations: (a) as-
deposited and (b) sealed.  Note: Square symbols denote 5Na2CO3, diamonds denote 
1NaOH, and circles denote 2NaOH-activations. .................................................... 110	
  

Figure 88.	
   Equivalent circuit model to fit the impedance plots in Figure 87. ......................... 110	
  
Figure 89.	
   Polarization scans of CeCCs on Al 7075-T6 after various surface activations: (a) as-

deposited and (b) sealed. ........................................................................................ 112	
  
Figure 90.	
   EIS testing results for CeCCs placed in a humid environment: (a) as-deposited and 

(b) sealed. ............................................................................................................... 114	
  
Figure 91.	
   Equivalent circuits used to fit EIS data: (a) one time constant and (b) two time 

constants. ................................................................................................................ 114	
  
Figure 92.	
   Phase angle Bode plot of CeCCs that were (a) as-deposited and (b) sealed. ......... 115	
  
Figure 93.	
   Polarization scans as a function of time exposed to the humidity chamber for (a) as-

deposited and (b) sealed CeCCs. ............................................................................ 116	
  
Figure 94.	
   AES depth profiling of CeCC after 168 hours of exposure to humidity: (a) as-

deposited and (b) sealed. ........................................................................................ 116	
  
Figure 95.	
   Micrographs of as-deposited CeCCs after exposure to humidity for: (a) 0 hours, (b) 

24 hours, and (c) 168 hours. ................................................................................... 117	
  
Figure 96.	
   Micrographs of sealed CeCCs after exposure to humidity for: (a) 0 hours, (b) 24 

hours, and (c) 168 hours. ........................................................................................ 117	
  
Figure 97.	
   XPS spectra of CeCCs exposed to humidity for: (a) as-deposited and (b) sealed 

coatings. .................................................................................................................. 118	
  
Figure 98.	
   Images of panels after 24 hours of salt spray testing for as-deposited CeCCs 

exposed to the humid environment for:  (a) 0 hours, (b) 24 hours, and (c) 168 hours.  
Note that the panel size was 2.5 cm by 7.6 cm. ...................................................... 119	
  



 xi 

Figure 99.	
   EIS analyses of bare Al 7075-T6 after humidity treatment: (a) Nyquist plot and (b) 
Bode phase angle. ................................................................................................... 120	
  

Figure 100.	
   Polarization scans of bare Al 7075-T6 exposed to humidity for times ranging from 0 
to 168 hours. ........................................................................................................... 121	
  

Figure 101.	
   Schematic diagram of interactions between humidity and a CeCC: (a) pre-humidity 
and (b) post-humidity. ............................................................................................ 122	
  

Figure 102.	
   SEM image of a particle present in the field of a water-based primer coating after 
1500 hours of salt spray testing along with EDS analysis showing the particle 
contains Pr and O in addition to other species. ...................................................... 123	
  

Figure 103.	
   SEM image of the scribe in a solvent-based primer on CrCC coated Al 2024-T3 
following 1500 hours in salt spray with accompanying elemental analysis. ......... 123	
  

Figure 104.	
   Micrograph and EDS mapping of a Pr-rich precipitate found within the scribe of a 
solvent-based series panel following 3000 hours salt spray exposure. .................. 124	
  

Figure 105.	
   Micrograph of several clusters (denoted by circles) of Pr-rich precipitates found 
within the scribe of a water-based series panel following 1000 hours salt spray 
exposure. ................................................................................................................. 125	
  

Figure 106. Control experiment of Al2O3 and Pr(OH)3 powders reacted with the Arsenazo III 
reagent.  The reagent should remain purple when Pr is not present and turn teal 
when reacted with Pr. ............................................................................................. 126	
  

Figure 107.	
   Colormetric detection of Pr-species in the scribe of a stripped panel that was coated 
with a water-based series primer on top of a CrCC on Al 2024-T3 following 3000 
hours of salt spray exposure. .................................................................................. 126	
  

Figure 108.	
   A quantitative summary of the amounts of Pr(OH)3 and CaSO4•H2O in both the 
water-based and solvent-based series following the specified times in salt spray 
testing.  The amounts are normalized to the TiO2 content. .................................... 127	
  

Figure 109.	
   Representative FIB-milled SEM images of (a) solvent-based and (b) water-based 
series primers in the as-received state and following 1000 and 3000 hours of salt 
spray exposure. ....................................................................................................... 128	
  

Figure 110.	
   XRD patterns collected from the field region of primer coatings formulated with (A) 
gypsum, (B) talc, (C) Pr2O3, (D) Pr6O11, and (E) 084 series primer in the as-
deposited condition and following 500 hours of salt spray exposure. ................... 130	
  

Figure 111.	
   Representative primers formulated with (A) gypsum, (B) talc, (C) Pr2O3, (D) Pr6O11 
f, and (E) 084 series primers solvent-based on Al 2024-T3 with CrCC after 500 and 
3000 hours of salt spray evaluation and top coated panels with the same 
formulations after 500 hours of salt spray evaluation. ........................................... 131	
  

Figure 112.	
   SEM image of a scribed area from a primer formulated with Pr2O3 following 500 
hours of salt spray exposure. Pr-rich precipitates appeared as white, acicular 
deposits that were distributed around scribed areas with an example circled. ....... 132	
  

Figure 113.	
   Micrograph of 084 primer series scribe following 500 hours of salt spray exposure 
where the laser ablated a 150 µm diameter spot size along a linear path for a 90 s 
span in order to analyze the corrosion material present. ........................................ 133	
  

Figure 114.	
   SEM images of the surfaces of as-deposited primers and primers following 500 
hours of salt spray exposure formulated with (A) gypsum, (B) talc, (C) Pr2O3, (D) 
Pr6O11, and (E) 084 series primers on Al 2024-T3. ................................................ 134	
  

Figure 115.	
   The composition and crystal structure of components of interest following salt spray 
exposure in (A) gypsum, (B) talc, and (C) 084 series primer coated panels and top 



 xii 

coated panels compared to the as-received condition as quantified by Reitveld XRD 
refinement. .............................................................................................................. 136	
  

Figure 116.	
   Representative artificial defect (~1.6 mm i.d.) machined into field areas of panels to 
provide a controlled test area. ................................................................................. 137	
  

Figure 117.	
   Representative potentiodynamic curves for Al 2024-T3 panels coated with CrCCs 
and primers formulated with (A) gypsum, (B) talc, (C) Pr2O3, (D) Pr6O11, and (E) 
084 series.  Primer coatings all had machined artificial defects (~1.6 mm i.d.) and 
were exposed to electrolytes with (A) pH=5, (B) pH=6,(C) pH=7, or (D) pH=8. . 138	
  

Figure 118.	
   A summary of (A) passivation range results and (B) corrosion current values (icorr) 
for each primer formulation at each electrolyte pH that was studied. .................... 139	
  

Figure 119.	
   Representative cathodic sweeps for Al 2024-T3 panels coated with CrCCs and 
primers formulated with gypsum or Pr2O3 with machined artificial defects (~1.6 mm 
i.d.) exposed to electrolytes with natural pH. ......................................................... 140	
  

Figure 120.	
   Micrographs of the exposed areas of substrates that were coated with primers 
formulated with gypsum following electrochemical testing in an electrolyte pH of 8, 
talc following electrochemical testing at pH of 5,  Pr2O3 following electrochemical 
testing in an electrolyte pH of 5, Pr6O11 following electrochemical testing in an 
electrolyte pH of 7, and (C) 084 series primer following electrochemical testing in 
an electrolyte pH of 8. ............................................................................................ 141	
  

Figure 121.	
   Capillary tube and pressure controlling cell that were constructed to conduct 
microelectrochemical testing.  The outside diameter of the capillary tube is 
approximately 100 µm. ........................................................................................... 142	
  

Figure 122.	
   Comparison of polarization tests conducted using a standard commercial test cell 
(labeled “Flat cell”) compared to the micro-electrochemical cell.  The electrolyte 
was water containing 0.35 wt% NaCl and 0.7 wt% (NH4)2SO4.  An Ag/AgCl 
reference electrode was employed for all tests. ...................................................... 142	
  

Figure 123.	
   Polarization curves for water based Pr primer with artificial pits conducted at 
various electrolyte pH values ranging from 5 to 8 (A).  Polarization curves of acid 
etched, bare Al 2024 with drill pits at various electrolyte pH (B). ......................... 143	
  

Figure 124.	
   Microelectrochemical (a) Potentiodynamic scan and (b) EIS curves showing that 
CeCCs on 7075-T6 had distinct active, intermediate, and passive regions. ........... 144	
  

Figure 125.	
   (a) Potentiodynamic scans and (b) EIS curves from an active area of a CeCC on Al 
7075-T6 showing the variation in behavior among various regions. ..................... 144	
  

Figure 126.	
   Optical micrographs of test areas on CeCCs on 7075-T6: (a) before testing, (b) 
immediately after testing, and c) after rinsing tested area with DI water. .............. 145	
  

Figure 127.	
   Images of test area of CeCCs on Al 7075-T6: (a) before testing, (b) after testing, and 
(c) a SEM image of affected area ........................................................................... 146	
  

Figure 128.	
   Optical micrographs of two passive regions on CeCCs on 7075-T6: (a) Exp 1 before 
testing, (b) Exp1 after testing, (c) Exp 2 before testing, and (d) Exp 2 after testing.
 147	
  

Figure 129.	
   (a) Potentiodynamic scans and (b) EIS curves from a passive area of a CeCC on Al 
7075-T6 showing similar behavior between two different regions. ....................... 147	
  

Figure 130.	
   (a) Potentiodynamic scans and (b) EIS curves from intermediate areas of a CeCC on 
Al 7075-T6 showing a range of OCP and total impedance values. ........................ 148	
  

Figure 131.	
   Optical micrographs of an intermediate region on a CeCC on 7075-T6: (a) before 
testing and (b) after testing. .................................................................................... 148	
  



 xiii 

Figure 132.	
   Water-based and solvent-based primers on CrCCs on Al 2024-T3 panels after 
various intervals of salt spray evaluation. .............................................................. 150	
  

Figure 133.	
   Magnified images of selected scribes on primer coated Al 2024-T3 test panels 
following salt spray testing. .................................................................................... 151	
  

Figure 134.	
   Representative (a) solvent-based and (b) water-based primers on Al 2024-T3 after 
3000 hours of salt spray evaluation. ....................................................................... 151	
  

Figure 135.	
   Electrochemical measurement setup for testing with drilled pits. .......................... 153	
  
Figure 136.	
   Primer coated panels after 150 hrs of salt spray exposure. .................................... 154	
  
Figure 137.	
   Primer coated panels after 300 hrs of salt spray exposure. .................................... 154	
  
Figure 138.	
    Primer coated panels after 500 hrs of salt spray exposure. ................................... 155	
  
Figure 139.	
   Primer coated panels after 1000 hrs of salt spray exposure. .................................. 155	
  
Figure 140.	
   Primer coated panels after 1500 hrs of salt spray exposure. .................................. 156	
  
Figure 141.	
   Primer coated panels after 2000 hrs of salt spray exposure. .................................. 156	
  
Figure 142.	
   Primer coated panels after 2500 hrs of salt spray exposure. .................................. 157	
  
Figure 143.	
   Primer coated panels after 3000 hrs of salt spray exposure. .................................. 157	
  
Figure 144.	
   Impedance spectra for primers on panels with different pretreatments after 0 hrs in 

salt spray testing. .................................................................................................... 158	
  
Figure 145.	
   CPDS spectra for primers on panels with different pretreatments after 0 hrs in salt 

spray ....................................................................................................................... 160	
  
Figure 146.	
   Mean passivation and re-passivation voltages for primers on panels with different 

pretreatments as a function of time in salt spray testing ........................................ 161	
  
Figure 147.	
   Mean corrosion voltages and currents for primers on panels with different 

pretreatments as a function of time in salt spray testing ........................................ 161	
  
Figure 148.	
   Mean pitting potentials and currents for primers on panels with different 

pretreatments as a function of time in salt spray testing ........................................ 162	
  
Figure 149.	
   Mean passivation and re-passivation for primers on panels with different 

pretreatments as a function of electrolyte pH ......................................................... 162	
  
Figure 150.	
   Mean corrosion voltages and currents for primers on panels with different 

pretreatments as a function of electrolyte pH ......................................................... 163	
  
Figure 151.	
   Mean pitting potential and current for primers on panels with different pretreatments 

as a function of electrolyte pH ................................................................................ 164	
  
Figure 152.	
   Mean re-passivation voltages and currents for primers on panels with different 

pretreatments as a function of electrolyte pH ......................................................... 164	
  
Figure 153.	
   EIS Results for CrCC-084 after 0 hrs and 3000 hrs of salt spray testing without 

drilled pits ............................................................................................................... 165	
  
Figure 154.	
   EIS Results for CrCC-084 after 0 hrs and 3000 hrs of salt spray testing with drilled 

pits .......................................................................................................................... 165	
  
Figure 155.	
   CPDS Results for CrCC-084 after 3000 hrs of salt spray testing with and without 

drilled pits ............................................................................................................... 166	
  
Figure 156.	
   EIS results for primers on panels with TCP after 0 hrs and 3000 hrs of salt spray 

testing without drilled pits ...................................................................................... 166	
  
Figure 157.	
   EIS results for primers on panels with TCP after 0 hrs and 3000 hrs of salt spray 

testing with drilled pits ........................................................................................... 167	
  
Figure 158.	
   CPDS results for primers on panels with TCP after 0 hrs and 3000 hrs of salt spray 

testing with and without drilled pits ....................................................................... 167	
  



 xiv 

Figure 159.	
   EIS results for primers deposited on panels with EDCeCC after 0 hrs and 3000 hrs 
of salt spray testing without drilled pits ................................................................. 168	
  

Figure 160.	
   EIS results for primers deposited on panels with EDCeCC after 0 hrs and 3000 hrs 
of salt spray testing with drilled pits ....................................................................... 168	
  

Figure 161.	
   CPDS results for primers deposited on panels with EDCeCC after 0 hrs and 3000 
hrs of salt spray testing with and without drilled pits ............................................. 169	
  

Figure 162.	
   EIS results for primers deposited on panels with SPCeCCs after 0 hrs and 3000 hrs 
in salt spray testing without drilled pits .................................................................. 169	
  

Figure 163.	
   EIS results primers deposited on panels with SPCeCCs after 0 hrs in salt spray 
testing with drilled pits ........................................................................................... 170	
  

Figure 164.	
   CPDS results for primers on panels with SPCeCCs after 3000 hrs in salt spray 
testing with and without drilled pits ....................................................................... 170	
  

Figure 165.	
   Mean OCP values for primers on different pretreatments after 0 hrs and 3000 hrs in 
salt spray testing without drilled pits ...................................................................... 171	
  

Figure 166.	
   XRD peak area ratios as a function of salt spray exposure time ............................ 172	
  
Figure 167.	
   SEM images of Pr-rich particles as a function of salt spray exposure time for 

primers deposited on CrCCs ................................................................................... 173	
  
Figure 168.	
   EDS mapping of Pr for a primer deposited on a CrCC after 500 hrs in salt spray 

showing Pr rich particles. ....................................................................................... 173	
  
Figure 169.	
   SEM images of Pr-rich particles as a function of salt spray exposure time for 

primers deposited on TCP. ..................................................................................... 174	
  
Figure 170.	
   SEM images of Pr-rich particles as a function of salt spray exposure time for 

primers deposited on EDCeCCs. ............................................................................ 175	
  
Figure 171.	
   SEM images of Pr-rich particles as a function of salt spray exposure time for 

primers deposited on SPCeCCs .............................................................................. 176	
  
Figure 172.	
   SEM and EDS analysis of Pr-rich particles on a primer deposited on a CrCC after 0 

hrs in salt spray ....................................................................................................... 177	
  
Figure 173.	
   FIB cross section and EDS of primers deposited on CrCC before salt spray (0 hrs)

 178	
  
Figure 174.	
   FIB cross section and EDS of primers deposited on CrCCs after 3000 hours in salt 

spray. ...................................................................................................................... 178	
  
Figure 175.	
   FIB Cross-Section and EDS on TCP-084-0 (0 hrs) ................................................ 179	
  
Figure 176	
   FIB Cross-Section and EDS on TCP-084-8 (3000 hrs) .......................................... 179	
  
Figure 177.	
   FIB Cross-Section and EDS on EDCeCC-084-0 (0 hrs) ........................................ 180	
  
Figure 178.	
   FIB Cross-Section and EDS on EDCeCC-084-8 (3000 hrs) .................................. 180	
  
Figure 179.	
   FIB cross section of areas with small cracks in CeCCs that were a) electrodeposited 

and b) electrodeposited then sprayed with a NaCl-H2O2-gelatin solution. ............ 181	
  
Figure 180.	
   An area of an electrodeposited CeCC with large cracks after exposure to the NaCl-

H2O2-gelatin solution. ............................................................................................. 182	
  
Figure 181.	
   FIB cross section of an area with large cracks in an electrodeposited coating 

showing that exposure to the NaCl-H2O2-gelatin solution produced subsurface 
crevices. .................................................................................................................. 182	
  

Figure 182.	
   Nyquist plots of electrodeposited CeCCs with and without subsurface crevices. . 183	
  
Figure 183.	
   Nyquist plot of crevice-free electrodeposited CeCCs after various salt spray 

exposure times. ....................................................................................................... 184	
  



 xv 

Figure 184.	
   Nyquist plots of crevice-containing electrodeposited CeCCs after various salt spray 
exposure times. ....................................................................................................... 185	
  

Figure 185. Surface morphologies after 7 days salt spray testing of electrodeposited CeCCs a) 
without and b) with subsurface crevices. ............................................................... 186	
  

Figure 186.	
   FIB cross sections of areas of electrodeposited CeCCs with small cracks a) with and 
b) without subsurface crevices after 7 days of salt spray exposure. ....................... 186	
  

Figure 187.	
   FIB cross section of a subsurface crevice after 7 days salt spray testing. .............. 187	
  
Figure 188.	
   TEM micrographs of the interface between the as-deposited CeCC and Al 2024-T3 

substrate, (a) before salt spray exposure (montage), (b) after 6 days salt spray 
exposure. ................................................................................................................. 188	
  

Figure 189.	
   Cross section TEM with corresponding EDS analysis for as -deposited CeCCs prior 
to salt spray exposure (balance Cu). ....................................................................... 188	
  

Figure 190.	
   Cross sectional TEM with corresponding EDS analysis for as-deposited CeCCs after 
6 days of salt spray exposure (quant. analysis in progress) (balance Cu). ............. 189	
  

Figure 191.	
   Electron diffraction patterns from as-deposited CeCCs before salt spray exposure, 
(a) aluminum matrix, (b) interface, (c) bottom of CeCC, and (d) top of CeCC (L = 
500 mm). ................................................................................................................. 190	
  

Figure 192.	
   Electron diffraction patterns from as-deposited CeCCs after 6 days salt spray 
exposure, (a) aluminum matrix, (b) coating/substrate interface, (c) bottom of CeCC, 
and (d) top of CeCC. .............................................................................................. 191	
  

Figure 193.	
   TEM micrographs of the interface between post-treated CeCCs and Al 2024-T3 
substrate, (a) before salt spray exposure (montage), (b) after 7 days salt spray 
exposure. ................................................................................................................. 192	
  

Figure 194.	
   Cross section TEM with corresponding EDS analysis for post-treated CeCCs prior 
to salt spray exposure (balance Cu). ....................................................................... 192	
  

Figure 195.	
   Cross section TEM with corresponding EDS analysis for post-treated CeCCs after 7 
days salt spray exposure (balance Cu). ................................................................... 193	
  

Figure 196.	
   Electron diffraction patterns from post-treated CeCCs before salt spray exposure, (a) 
aluminum matrix, (b) coating/substrate interface, (c) CeCC (L = 360 mm). ......... 194	
  

Figure 197.	
   Electron diffraction patterns from post-treated CeCCs after 7 days exposure to 
neutral salt spray, (a) aluminum matrix, (b) coating/substrate interface, (c) bottom of 
CeCC, and (d) top of CeCC (L = 500mm). ............................................................ 194	
  

Figure 198.	
   Standard UV-vis spectra obtained for 1 mM CeCl3•7H2O and 1mM Ce(ClO4)4 in 0.1 
M NaCl solutions. ................................................................................................... 195	
  

Figure 199.	
   UV-vis spectra of 0.1 M NaCl solutions after immersion of CeCCs for 7 hours. 
Note: solid lines represent sealed panels and dashed lines represent as-deposited 
panels. ..................................................................................................................... 196	
  

Figure 200.	
   UV-vis spectra of 0.1 M NaCl solution after immersion of CeCCs for 250 hours.  
Note: solid lines represents sealed panels and dashed lines represent as-deposited 
panels. ..................................................................................................................... 196	
  

Figure 201.	
   Concentration of cerium species released from CeCCs into 0.1 M NaCl solutions at 
a pH of 2.0 with a surface to volume ratio of 0.25/cm as a function of immersion 
time. ........................................................................................................................ 197	
  

Figure 202.	
   Solubility as a function of pH for Ce(OH)3, Ce(OH)4, and CeO2. ......................... 199	
  
Figure 203.	
   Solubility of CePO4 as a function of pH at two different PO4

3- concentrations.  The 
solubility curve of Ce(OH)4 from Figure 202 was also inserted for comparison. .. 201	
  



 xvi 

Figure 204.	
   Speciation diagrams as a function of pH generated by OLI software compliments of 
OmarLopez-Garrity/Rudy Buchheit Fontana Corrosion Center Department of 
Materials Science and EngineeringThe Ohio State University. ............................. 202	
  

Figure 205.	
   Electrochemical measurement setup without drilled pits used at testing before salt 
spray exposure. ....................................................................................................... 203	
  

Figure 206.	
   Example phase angle diagram showing high frequency features due to interfaces in 
the coating system. ................................................................................................. 204	
  

Figure 207.	
   Electrochemical measurement setup used for primers without drilled pits for panels 
examined after 3000hrs of salt spray testing .......................................................... 204	
  

Figure 208.	
   Electrochemical measurement setup for testing with drilled pits after 3000hrs of salt 
spray testing ............................................................................................................ 205	
  

Figure 209.	
   Proposed mechanism of the passivation of subsurface crevices. ........................... 206	
  
Figure 210.	
   Potential mechanism of interfacial reaction layer formation for post-treated CeCCs 

during (a) initial formation of altered layer by chloride ion attack and migration at 
the interface, and (b) after continued chloride exposure, chloride facilitates 
aluminum dissolution from the altered layer, releasing it towards the CeCC where it 
reacts with metastable cerium compounds to form the interfacial phase(s). .......... 208	
  

Figure 211.	
   Schematic outlining a proposed corrosion protection mechanism of Pr-primers with 
CrCC on Al 2024-T3. ............................................................................................. 209	
  

 
 



 xvii 

List of Tables 
Table 1.	
   Deposition parameters of groups currently researching CeCCs. ................................. 20	
  
Table 2.	
   Mass percent losses during various ranges of thermal treatment for Pr6O11, Pr2O3, 

Pr(OH3), and Pr2(CO3)3 •xH2O. ............................................................................... 32	
  
Table 3.	
   Summary of intermediate and final phases as determined by XRD for the as-received 

compounds and after heat treatment to various temperatures. ................................. 36	
  
Table 4.	
   Summary of specific surface area and radius of each sample material as determined by 

BET analysis prior to and post thermal treatment at 1300° C. ................................. 41	
  
Table 5.	
   A summary of the phases present after reaction at each conditions as determined by 

XRD when Pr6O11 was reacted in various environments consisting of hydrated or 
anhydrous sulfate salts, solvent, temperature, and time. .......................................... 42	
  

Table 6.	
   Summary of surface area and calculated radii of precipitated Pr-powders under 
various sets of conditions. ........................................................................................ 45	
  

Table 7.	
   Compositional analysis of three different regions within the cross-sectional area of a 
standard CeCC as labeled in Figure 31. ................................................................... 55	
  

Table 8.	
   Compositional analysis of three different regions within the cross-sectional area of a 
standard CeCC as labeled in Figure 32. ................................................................... 56	
  

Table 9.	
   Values for corrosion currents and corrosion potentials calculated from 
potentiodynamic analysis of CeCCs deposited on 7075-T6 formulated from 
solutions containing different fractions of CeCl3 and Ce(NO3)3. ............................. 59	
  

Table 10.	
   Summary of values calculated with ZSimpWin software version 3.21 by fitting EIS 
data to equivalent circuit models using individual component values. .................... 60	
  

Table 11.	
   Coating thickness by AES depth profiling of spray deposited CeCCs after degreasing 
and alkaline activation (denotes not measured). ....................................................... 69	
  

Table 12.	
   Equivalent ciruit values for EIS data from Figure 48. ............................................... 76	
  
Table 13.  Nominal Composition of Aluminum Alloy 380. ......................................................... 77	
  
Table 14.	
   Electrochemical parameters derived from EIS and Potentiodynamic measurements of 

CeCCs deposited on AA 380 substrates rinsed at different temperatures. ............... 80	
  
Table 15.	
   Parameter values for post-treated CeCCs, fitted from the equivalent circuit shown in 

Figure 24a: Rs(Qox(Rp(QdlRct))) (Rs – solution resistance, Qox – coating capacitance, 
Rp – polarization resistance, Qdl – double layer capacitance, Rct – charge transfer 
resistance) ................................................................................................................. 90	
  

Table 16.	
   Parameter values for as-deposited coatings, fitted from the equivalent circuit shown 
in Figure 24b: Rs(QdlRct) (Rs – solution resistance, Qdl – double layer capacitance, 
Rct – charge transfer resistance). ............................................................................... 90	
  

Table 17.	
   Summary of electrochemical properties measured from bare Al 2024-T3, directly 
deposited CePO4 coatings, and post-treated CeCCs. .............................................. 104	
  

Table 18.	
   Summary of values calculated with the standard deviation for fitting EIS data to 
equivalent circuit models for CeCCs deposited on Al 7075-T6. ............................ 111	
  

Table 19.	
   Summary of values calculated to fit EIS data (Figure 90) to equivalent circuit models 
(Figure 91) for CeCCs deposited on Al 7075-T6.  Note: AD: As-deposited and S: 
sealed. ..................................................................................................................... 115	
  

Table 20.	
   Summary of values calculated to fit EIS data (Figure 99a) to equivalent circuit 
models (Figure 91) for bare Al 7075-T6. ............................................................... 120	
  



 xviii 

Table 21.	
   Elemental analysis data of corrosion product in an 084 primer series scribe following 
500 hours of salt spray exposure as detected by mass spectrometry. ..................... 133	
  

Table 22.	
   Chemical composition of corroded area obtained by EDS ...................................... 145	
  
Table 23.	
   Panel labeling designations and salt spray exposure times for alternate pretreatment 

study ....................................................................................................................... 152	
  
Table 24.	
   Summary of Salt Spray Results for Primers on Non-Chromate Conversion Coatings.

 ................................................................................................................................ 157	
  
Table 25.	
   Impedance changes as a function of time in salt spray for primers on panels with 

different pretreatments ............................................................................................ 159	
  
Table 26.	
   Double layer complexity vs. time in salt spray for primers on panels with different 

pretreatments .......................................................................................................... 159	
  
Table 27.	
   Summary of potentiodynamic data for primers on panels with drilled pits. ............ 160	
  
Table 28.	
   Comparison of EIS results with and without drilled pit .......................................... 165	
  
Table 29.	
   Measured d-spacings (Å) from electron diffraction ring patterns of as-deposited 

CeCCs before and after salt spray exposure. .......................................................... 190	
  
Table 30.	
   Measured d-spacings (Å) from electron diffraction ring patterns of post-treated 

CeCCs before and after salt spray exposure. .......................................................... 193	
  
Table 31.	
   pH change of 0.1 M NaCl solution before and after immersion of CeCCs in 0.1 M 

NaCl solution with a surface to volume ratio of 0.25/cm. (Note: 1 indicates an 
adjusted NaCl solution pH to 2.0 and 2 indicates the natural pH of NaCl) ........... 197	
  

Table 32.	
   The water ionization constant and formation constants of cerium (III) and cerium 
(IV) complexes with hydroxide at 25 °C [68,123-]. ............................................... 198	
  

Table 33.	
   Dissociation constants for phosphate species and formation constant of cerium (III) 
complexes with phosphate at 25 °C [68,-]. ............................................................. 200	
  

Table 34.	
   The concentration of Pr3+ leached from (A) Pr2O3 primers, (B) Pr6O11 primers, and 
(C) 084 series primers as detected by UV-VIS spectroscopy and calculated from a 
calibration curve. .................................................................................................... 201	
  

 



 xix 

Acknowledgements 
A number of people have made significant contributions to the efforts documented in this report.  
The project was a collaborative effort between Missouri S&T and Deft.  The original Missouri 
S&T team included Bill Fahrenholtz, Matt O’Keefe, Tom O’Keefe, and Paul Yu.  Unfortunately, 
both Tom O’Keefe and Paul Hu passed away between the time that the proposal was written and 
the project started.  From Deft, Dr. Eric Morris and Mr. Rich Albers participated in the research. 
 
During the course of the project, the research was performed by four graduate students, two post-
doctoral fellows, and one temporary technician.  Graduate students Daimon Heller, Will Pinc, 
Simon Joshi, and Ci Lin were supported by the project for at least part of their graduate studies.  
Among the graduate students, Will and Simon were supported during the majority of their PhD 
studies and made major contributions to the understanding of the protection mechanisms of 
cerium-based conversion coatings.  Post-doctoral fellows Dr. Becky Treu and Dr. Elizabeth Kulp 
also contributed to the project.  In particular, Becky was responsible for research on the 
protection mechanisms of the praseodymium-based inhibitor.  She also had primary 
responsibility for supervising day-to-day activities in the laboratory, interacting with Deft, and 
preparing project reports.  The contributions of the support of the staff at the Graduate Center for 
Materials Research Center at Missouri S&T is gratefully acknowledged.   
 
Finally, the project team would like to acknowledge the support of SERDP.  We would like to 
thank Bruce Sartwell for his guidance and encouragement during the course of the project.  In 
addition, the entire SERDP staff has been very supportive and helpful.  We had great interactions 
with Jeff Houff, Caitlin Rohan, and the others throughout the project. 
 



 1 

Executive Summary 
 
This project focused on determining corrosion protection mechanisms for coatings that contain 
rare-earth (RE) compounds.  The participants were the Missouri University of Science and 
Technology (Missouri S&T), which served as the lead organization, and Deft, Inc., which was a 
sub-contractor.  Two specific coating systems were examined; cerium-based conversion coatings 
(CeCCs) and epoxy polyamide primers containing praseodymium-based inhibitors.  Prior to the 
start of the project, both coating systems had demonstrated corrosion protection that could meet 
current U.S. military requirements for aircraft.  The current chromated coatings that are widely 
used in U.S. military systems, including corrosion protection coatings for the high strength 
aluminum alloys used to construct military aircraft, present acute health and environmental 
hazards.  Understanding the mechanisms by which RE compounds inhibit corrosion would 
reduce the risk of implementing environmentally friendly coating systems as chromate 
replacements. 
 
The approach taken in the current project assumed that RE compounds are not inherently 
protective.  Instead, the appropriate phase of a RE compound has to be incorporated into the 
proper type of coating to provide corrosion protection in specific environments.  As part of the 
project, mechanistic models for corrosion protection were devised by fully characterizing the 
phases that were present in as-deposited coatings, the transport processes that occurred during 
corrosive attack, and the species that formed to passivate the substrates.   
 
Discovery of sub-surface crevices in substrates with CeCCs during Year 1 led to a significant 
change in the emphasis of the project during that year.  The initial concept for the model was that 
CeCCs were primarily barriers between the corrosive species (i.e., chloride ions) and the 
underlying high strength aluminum alloys.  After the discovery of the sub-surface crevices, more 
research was required to develop and validate models that explained how CeCCs could not only 
protect the substrate directly beneath the coating, but also inhibit corrosion in sub-surface 
crevices that were connected to the surface through large (>1 µm wide) cracks visible through 
the coating surface.  The final models identified an altered layer between the coating and the 
substrate that inhibited corrosion through the coating and showed how growth of a hydrated 
aluminum oxide layer inhibited corrosion in the crevices. 
 
For epoxy-polyamide primers containing a praseodymium-based inhibitor package, elucidation 
of a corrosion protection mechanism first required investigation of the phase stability of 
praseodymium species in aqueous and ambient air environments.  At the beginning of the 
project, very little was known about the phase stability of praseodymium species compared to 
cerium species.  After the initial phase stability studies, the emphasis switched to examining the 
corrosion response of model primers that were formulated with specific praseodymium 
compounds or other components of the inhibitor package to isolate and identify the corrosion 
response of each component as a function of exposure time and exposure conditions (e.g., pH).  
At the same time, characterization studies provided evidence of the precipitation of 
praseodymium-rich crystallites in areas of exposed substrate during corrosive attack.  Through 
the understanding of praseodymium phase stability and studying the corrosion response as a 
function of pH, a model for the corrosion protection provided by the praseodymium-based 
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inhibitor package was developed.  Protection relies on the dissolution of praseodymium species 
from the primer matrix that occurs at a relatively low pH, which is promoted by the 
incorporation of an acid extender into the primer.  The dissolved praseodymium species then 
transport to the site of attack and precipitate due to a rise in local pH, which is promoted by the 
cathodic response of intermetallic particles in the alloy matrix near the site of corrosive attack. 
 
This report describes the results and analysis from SERDP project number WP-1618.  Significant 
progress was made in all technical areas, which were reviewing the technical literature (Task 1), 
studying the phase stability of Pr compounds (Task 2), coating deposition (Task 3), 
characterization of coatings (Task 4), corrosion mechanism analysis (Task 5), and final model 
development and validation (Task 6).  Some of the significant accomplishments of the project 
are: 

1. Surveyed the technical literature, which revealed that Pr2O3 is susceptible to hydration 
and/or carbonation by reaction with atmospheric H2O vapor and CO2.  The cubic forms 
of the oxide are more stable than the other structural variants.  Consequently, Pr6O11 does 
not react with the ambient atmosphere to form hydroxides, carbonates, or 
hydroxycarbonates (Task 1) 

2. Characterized the decomposition sequence and phase stability of praseodymium oxides, 
hydroxides, and hydroxycarbonates (Task 2) 

3. Performed precipitation studies on Pr3+ species.  The effects of temperature and dissolved 
gas composition were evaluated (Task 2) 

4. Analyzed the effect of alkaline surface activations on the composition and structure of the 
native oxide layer on Al 7075-T6 (Task 3) 

5. Deposited cerium-based conversion coatings that could provide corrosion protection 
using process parameters that either promoted the formation of sub-surface crevices or 
resulted in coatings on substrates with no crevice formation (Task 3) 

6. Formulated and deposited model primers with Pr-species or other additives to isolate and 
characterize the function of different components (Task 3) 

7. Developed a process for deposition of cerium-based conversion coatings on aluminum 
alloys used for casting including Al 380 and Al 413 (Task 3) 

8. Identified surface activation conditions for Al 7075-T6 that provide a balance between 
removing the native oxide and providing a uniform surface for deposition of cerium-
based conversion coatings with optimal corrosion protection (Task 4) 

9. Separated the effect of humidity and temperature from the presence of chloride ions on 
changes in the corrosion response of cerium-based conversion coatings (Task 4) 

10. Developed microelectrochemical tools to probe the electrochemical response of specific 
regions of coatings and substrates (Task 4) 

11. Identified species migrating to damages areas of primers containing Pr-based inhibitor 
packages using a combination of analytical and electrochemical tools (Task 4) 

12. Identified Pr-rich species in scribes of Al 2024-T3 test panels with chromate conversion 
coatings and Pr-rich primers after exposure to salt spray (Task 4) 

13. Analyzed changes in the concentrations of inhibitor species in primers containing Pr-
based corrosion inhibitors as a function of time in salt spray testing (Task 4) 

14. Characterized the effect of pH on passivation of exposed areas of panels of Al 2024-T3 
coated with primers containing Pr-based corrosion inhibitors using electrochemical 
testing (Task 4) 
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15. Identified an interfacial layer that develops between cerium-based conversion coatings 
and Al 2024-T3 substrates during exposure to corrosive environments that appears to 
play a critical role in corrosion protection (Task 5) 

16. Developed solubility plots to support experimental studies that show that cerium 
dissolution from a cerium-based conversion coatings role plays a minimal role in 
corrosion protection of cerium-based conversion coatings (Task 5) 

17. Characterized the electrochemical response and corrosion protection provided by primers 
with Pr-based inhibitors on Al 2024-T3 with different surface treatments including 
chromate conversion coatings, cerium-based conversion coatings, and trivalent chromium 
passivation (Task 5) 

18. Investigated the effect of non-chromate conversion coatings on the corrosion protection 
of primers containing Pr-based corrosion inhibitors (Task 5) 

19. Devised two models to explain the corrosion protection provided by cerium-based 
conversion coatings; one to explain the protection provided by the coating in contact with 
a high strength aluminum alloy surface and a second to describe the inhibition of 
corrosion in sub-surface crevices (Task 6) 

20. Proposed a mechanism by which Pr-based inhibitors inhibit corrosion of high strength 
aluminum alloys (Task 6) 

 
The overall project met the original statement of need by developing models that describe the 
corrosion protection mechanisms for cerium-based conversion coatings and a praseodymium-
based inhibitor package that is used in epoxy-polyamide primers. 
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Objective 
The objective of this project was to investigate the corrosion protection mechanisms of rare earth 
(RE)-based non-chromate corrosion inhibitors.  As outlined in SERDP Statement of Need 
WPSON-08-02, a scientific understanding of the protection mechanisms offered by non-
chromate corrosion inhibitors would reduce the risk of implementing environmentally friendly 
coating systems.  Missouri S&T and Deft Inc. collaborated to investigate the corrosion protection 
mechanisms of coatings with RE inhibitors, specifically cerium (Ce) and praseodymium (Pr) 
compounds. For Ce compounds, the initial research focused on cerium-based conversion 
coatings (CeCCs) on aluminum alloy 2024-T3.  At the beginning of the project, the influence of 
process parameters and deposition conditions on the morphology and crystal structure of 
coatings was understood, but little was known about why different conversion coatings had 
drastically different corrosion performance.  Likewise, primers containing RE compounds had 
been shown to provide corrosion protection to Al alloys, but the mechanism of the protection had 
not been investigated.  Based on previous studies, RE compounds are not inherently protective.  
Instead, protection requires that the proper phase be present in the right type of coating.  The 
ultimate goal of the project was to devise parallel but separate models for the protection 
mechanisms of RE inhibitors in conversion coatings and primers.  The research included 
identification of compounds present in the coatings and that dissolve during exposure to 
corrosive species, characterization of transport processes and rates, and determination of specific 
reactions that lead to passivation (Figure 1).  Practical protection mechanisms were deduced by 
understanding the phase stability of the RE compounds and the crystal structure, morphology, 
and distribution of the phases in as-deposited coatings as well as during and after corrosion.  For 
RE inhibitors, a combination of analytical tools, electrochemical testing, and performance 
evaluation was employed to characterize coatings.  Electrochemical techniques were investigated 
as rapid methods of correlating coating characteristics to corrosion performance in salt spray 
performance. 
 

 
Figure 1. Illustration of the steps thought to be involved in corrosion protection 

mechanisms for rare-earth based coatings, which consist of dissolution of 
species from the coating, transport to the site of attack, and reaction to 
passivate the substrate. 
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Background 
Currently, chromate conversion coatings (CrCCs) and chromated primers are used to provide 
corrosion protection for metallic components in DoD systems such as the high strength 
aluminum alloys used in military aircraft.  Although chromates are highly effective corrosion 
inhibitors, these compounds are toxic and carcinogenic [1].  Based on their negative 
environmental and health impacts, chromium compounds are listed on the Toxic Release 
Inventory (TRI), making their use subject to regulation by the Environmental Protection Agency 
(EPA) under the Clean Air Act (CAA), Clean Water Act (CWA), Comprehensive Environmental 
Response Compensation and Liability Act (CERCLA), Resource Conservation and Recovery 
Act (RCRA), Superfund Amendments and Reauthorization Act (SARA), and Toxic Substances 
Control Act (TSCA).  In May 2006, the Occupational Safety and Health Administration (OSHA) 
implemented new, stricter regulations regarding workplace exposure to chromates [2].  The 
permissible exposure limit (PEL) issued by OSHA for hexavalent chromium and for all Cr(VI) 
compounds in general industry were reduced from the previous 52 µg/m3  to 5 µg/m3  in an eight 
hour time-weighted average [2].  These regulations resulted in significant increases to the life 
cycle costs associated with chromate-containing coatings due to increased costs of controlling 
exposure, respiratory protection, protective work clothing and equipment, hygiene areas and 
practices, medical surveillance, hazard communication, record keeping, and waste stream 
disposal.  Both the costs and time associated with this increased level of regulation affect 
military readiness.  Increased scientific understanding of the protection mechanisms of chromate 
alternatives would reduce the risk associated with implementing new technologies by identifying 
and correcting potential shortcomings prior to extensive field-testing. 
 

Non-Chromate Inhibitors 
A variety of non-chromate corrosion inhibitors have been developed as environmentally friendly 
alternatives to chromates [3].  Among the possible alternatives to chromates, RE compounds 
have proven to be effective corrosion inhibitors when the proper RE phase is incorporated into 
the appropriate type of coating. Select RE-based compounds are currently being used to replace 
toxic, carcinogenic chromates in certain military applications.  Little is known about how RE 
compounds provide corrosion protection.  For this project, the corrosion protection mechanisms 
of two proven non-chromate corrosion-inhibiting coatings are being investigated:  1) Ce-based 
conversion coatings; and 2) RE compounds in epoxy-polyamide primers. 
 

Cerium-Based Conversion Coatings 
Ce compounds have proven to be effective corrosion inhibitors in CeCCs on high strength 
aluminum alloys. CeCCs are capable of inhibiting the corrosion of aluminum alloys for 336 
hours in ASTM B117 salt spray as specified in MIL-DTL-81706.  The solutions used to deposit 
CeCCs contain aqueous Ce3+ ions, which are precipitated as hydrated CeO2 during coating 
deposition.  CeCCs developed at Missouri S&T can be deposited using electrolytic, immersion, 
or spray processes.  The corrosion protection afforded by CeCCs is more sensitive to substrate 
preparation, coating deposition parameters, and post-treatment than CrCCs. 
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Sub-Surface Void Formation 
The mechanism by which voids are formed in the substrate during deposition is likely related to 
the coating deposition mechanism of CeCCs. It has been shown that sub-surface damage in both 
Al 2024-T3 and Al 7075-T6 substrates was due to the combined effects of chloride ions and 
H2O2, which were present in the coating spray solution.  The continuous breakdown of oxide by 
chloride and oxidation of aluminum in localized areas, likely around intermetallic compounds, 
results in the formation of subsurface voids in ~10% of the area beneath CeCCs surface. 
 

Praseodymium Inhibitors 
Previous research at Missouri S&T showed that Pr compounds in combination with other 
additives are effective corrosion inhibitors in epoxy polyamide primers.  These primers have 
been commercialized by Deft, Inc. and have been qualified to DoD requirements [4].  The Pr-
based inhibitors are highly effective in epoxy-polyamide primer systems when the primer is 
deposited onto high strength aluminum alloys with CrCCs.  The primers do not perform as well 
when they are applied on non-chromate conversion coatings or bare Al alloys.  The phase of the 
Pr compound and the solubility of other additives affect corrosion protection, but corrosion 
protection mechanisms have not been fully investigated.  
 

Materials and Methods 
The technical approach employed for this project required collaboration between Missouri S&T 
and Deft Inc. The team members from each organization had key roles in the progress described 
in the rest of the report.  Tasks were distributed according to areas of expertise and capabilities in 
each area.  Missouri S&T was the lead organization for the CeCC and primer mechanistic studies 
as well as other fundamental aspects of the research.  Deft Inc. was responsible for the 
formulation and application of the primer test panels.  Both Missouri S&T and Deft, Inc. 
participated in analysis of data and collaborate to devise protection mechanisms and transition 
the results to interested customers.  With respect to the project tasks and subtasks, Missouri S&T 
had primary responsibility for Task 1 (Literature Review), Task 2 (Phase Stability of Pr 
Compounds), Task 3 (CeCC Deposition), and Task 4 (Characterization of Corrosion Behavior).  
Deft, Inc. had primary responsibility for Task 3 (Primer Formulation and Deposition).  The 
responsibilities for Task 5 (Protection Mechanism Analysis), Task 6 (Final Model Development 
and Application), Task 7 (Attend SERDP Symposium and in Progress Review Meeting), and 
Task 8 (Presentations, Publications, Quarterly and Final Reports) were shared between Deft Inc. 
and Missouri S&T. 
 

Phase Stability Studies 
Commercially available Pr2O3, Pr6O11, Pr(OH)3 and Pr2(CO3)3•xH2O were used as starting 
materials.  Each material was subjected to thermal treatment then analyzed using thermal 
gravimetric analysis (TGA) and differential thermal analysis (DTA). The functionality of each 
compound was studied using Fourier-transform infrared spectroscopy (FT-IR).  Scanning 
electron microscopy (SEM) was used to characterize particle morphology and x-ray diffraction 
(XRD) analysis was used to determine the crystalline phase present.  Surface area and the 
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calculated equivalent radius of each particle was determined using the Brunauer, Emmett, and 
Teller (BET) method and a nitrogen adsorption Surface Area Analyzer.[5]  
 
Phase stability studies focusing on the effects of Ca2SO4•2H2O/Ca2SO4, solvent, temperature, 
and time on the disproportionation of Pr6O11 were performed. Samples were prepared under 
static conditions consisting of 1g Pr6O11, 3 g Ca2SO4•2H2O or Ca2SO4, and 10 mL H2O or oxall 
(parachlorobenzotrifluoride) at time increments ranging from 3 hours to 2 days and at 
temperatures of 20°C, 85°C, and 100°C.  The final products were analyzed using XRD to 
determine the crystalline phase present.   
 
Precipitation studies were performed by dissolving 10 g of Pr2O3 into 25% tricholoroacetic acid 
and diluting this stock solution to 300 mL with DI water.  For each experiment, 100 mL of stock 
solution was used and 1 M NaOH was added stepwise to increase the pH and induce 
precipitation.  The pH of the solution was recorded under various conditions/combinations 
including:  room temperature or heated to 85°C; bubbling Ar, O2, or CO2 through the Pr solution.  
The resulting precipitates (green powders) were collected by filtration, rinsed, and dried prior to 
characterization. SEM was used to characterize particle morphology and XRD was used to 
determine the crystalline phase(s) present.  Surface area and the calculated equivalent radius of 
each particle were determined using the BET method.  Gravimetric analysis was also performed 
in order to determine the solubility of each precipitated species. Each powder was ground into 
fine particulates with a mortar and pestle prior to weighing out to the nearest 1.000 ± 0.005g.  
Each powder was allowed to stir for 1 hr in 1000 mL of DI water at room temperature.  The 
resultant slurries were then vacuum filtered and the powder collected was weighed and 
subtracted from the original starting amount to determine the amount of Pr-powder that had 
dissolved.  Experiments were done in triplicate.   
 

CeCC Deposition 
To determine the role of a specific processing parameter or coating solution component in the 
corrosion protection mechanism of CeCCs, panels were treated in such a way as to isolate certain 
process parameters in various experiments.  Panels were examined after surface preparation to 
identify if the acid/alkaline activation or other cleaning steps were the cause of subsurface voids. 
The next processing parameter that was examined was the coating method, as subsurface voids 
may be formed during coating deposition. Lastly, as-deposited coatings versus post-treated 
coatings were studied. 
 
Surface Preparation 
Aluminum 2024-T3 panels were 0.08 cm thick and sheared to 2.5 cm by 7.6 cm in size before 
undergoing a multistep surface preparation process prior to coating deposition. First, panels were 
degreased with a laboratory wiper saturated with isopropyl alcohol. Next, panels were immersed 
in a 55°C alkaline cleaning solution (5 wt% Turco 4215 NC LT) for 5 minutes. Then, panels 
were activated by immersion in a 50 ºC, 1 wt% sulfuric acid solution for 10 minutes. Between 
each step of the surface preparation process and prior to coating, the panels were rinsed with 
deionized water. 
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Similarly, aluminum 7075-T6 sheets that were 0.08 cm thick were cut into 2.5 cm by 7.6 cm 
panels.  First, the panels were rinsed with acetone followed by degreasing in an aqueous solution 
of a commercial alkaline cleaner (5 wt% Turco 4215 NC-LT) for 5 minutes at 55° C. After 
degreasing, the panels were activated by immersion in one of three different alkaline solutions at 
room temperature:  1) 20 sec immersion in a solution containing 1 wt% NaOH in deionized 
water (pH of the solution 12.9), which is referred to as 1NaOH; 2) 20 sec immersion in a solution 
containing 2 wt% NaOH in deionized water (pH of the solution 13.1), which is referred to as 
2NaOH; and 3) 30 sec immersion in an aqueous solution containing 5 wt% Na2CO3·H2O in 
deionized water (pH of the solution 11.5), which is referred to as 5Na2CO3. Between each step of 
the surface preparation process and prior to coating, the panels were rinsed with deionized water. 
 
Spray Deposition of CeCCs 
Previous research has resulted in significant progress in understanding the phase stability of Ce 
compounds and the deposition process for CeCCs.  Methods for deposition of CeCCs that meet 
military performance requirements have been identified and CeCCs can be reproducibly 
deposited using several different processes.  For standard coatings, CeCCs are spray deposited 
on Al 2024-T3 and 7075-T6 panels using established procedures.  The substrate is kept wet 
throughout the coating process and the coating is deposited using a commercially available air 
powered spray gun.  The CeCC deposition solution was prepared from a stock solution 
consisting of 40 g CeCl3•xH2O, 780 g of de-ionized water, pH adjusted to 2.07 with HCl.  For 
the deposition solution, 205 g of the stock solution was mixed with 0.8 g of a water soluble 
gelatin dissolved in 25 g of de-ionized water, and 20 mL of H2O2 (Fisher Chemical, 30 wt.%). 
Coatings were deposited using a detail spray gun held at a distance of about 25 cm from the 
panels. Activated panels were sprayed for ~5 seconds and then allowed to drain for ~35 seconds.  
Multiple spray-drain cycles were used to achieve the desired coating thickness and uniformity. 
Following deposition, the panels are post-treated (sealed) in a phosphate-based solution at pH 4.5 
to convert the as-deposited hydrated cerium oxide coating to a hydrated cerium phosphate 
(CePO4•H2O) coating.  The phosphate post-treatment reduces cracking and makes the coating 
more protective against corrosion.  A representative schematic of the process can be seen in 
Figure 2. 
 
Direct Deposition of Cerium Phosphate Coatings 
The solution used to prepare directly deposited CePO4 coatings consisted of two precursor 
solutions that were chilled to ≤ 5 °C before being mixed immediately prior to coating deposition.  
The first solution was comprised of a mixture of Ce(NO3)3·6H2O and citric acid, forming a 
cerium citrate complex, and the second was an aqueous solution of H3PO4.  The concentrations 
and ratios of individual species were varied experimentally to optimize the morphology and 
corrosion performance of the coatings.  Precursor concentrations designed to yield 60 g/L CePO4 
were chosen for these experiments because the thickness of the resulting coating was 400 – 450 
nm and most closely matched thicknesses of spontaneously spray deposited CeCCs.  The direct 
deposition process consisted of mixing equal parts of the precursors solutions, distributing a 
continuous film of coating solution across the substrate with a transfer pipette, and immersing 
the panel in a 50 °C water bath for ≈10 sec.  Following deposition, coated surfaces were gently 
wiped to remove loosely bound precipitates and rinsed with deionized water.  This process was 
repeated five times, after which specimens were allowed to dry in the ambient prior to analysis. 
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Figure 2. Illustration of the steps in the spray deposition process for the preparation of 

CeCCs on Al 2024-T3 and Al 7075-T6. 

 
Electrodeposition of CeCCs 
Coatings were electrodeposited from solutions consisting of 0.007 M Ce(NO3)3•xH2O, 0.5 M 
H2O2, and 2.4 g/L gelatin. The pH of the coating solution was adjusted with nitric acid prior to 
the addition of hydrogen peroxide such that the pH of the final solution was ~2.3. 
Electrodeposition was carried out at a current density of 5 mA/cm2 for 200 seconds using a 
potentiostat (EG&G Princeton Applied Research Model 273A) and a platinum mesh counter 
electrode. After deposition, the coated panels were post-treated by immersion in an 85 ºC, 2.5 
wt% NaH2PO4 solution for 5 minutes. After post-treatment, coatings were either dried overnight 
under ambient laboratory conditions or underwent further processing. The coatings that did not 
undergo further processing are thought to be crevice-free coatings because no subsurface 
crevices would be expected since the coatings were electrodeposited from nitrate solutions (i.e., 
the combination of chloride ions and H2O2 thought to be responsible for crevice formation was 
not present). The remaining coatings underwent a spray process designed to introduce subsurface 
crevices into the panels. Immediately after electrodeposition and post-treatment, these coatings 
were treated with an aqueous solution of 0.32 M NaCl, 1 M H2O2, and 2.4 g/L gelatin with a 
final pH adjusted to ~2.3 using HCl. Panels were treated by spraying to form a continuous layer 
of solution followed by draining for ~30 seconds. The spray-drain treatment was repeated five 
times. After treatment, panels were rinsed with DI water.  Then, the treated panels were either 
left to dry under ambient laboratory conditions or post-treated a second time in the 85 ºC, 2.5 
wt% NaH2PO4 solution for 5 minutes. The coatings that underwent the spray process after 
electrodeposition are referred to as crevice-containing coatings as exposure to solutions 
containing chloride ions and hydrogen peroxide would be expected to produce subsurface 
crevices. 
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CeCC Characterization 
Corrosion Testing and Surface Characterization 
A cyclic corrosion tester (Q-FOG, Q-Panel Lab Products) was used to evaluate the performance 
of the coatings according to ASTM B117.  Based on military performance requirements for 
conversion coatings such as those described in MIL-DTL-81706, the goal for the CeCCs is to 
prevent the formation of corrosion pits and salt tails for 2 weeks (336 hours) of salt spray 
exposure. Coating surface morphology was examined using SEM.  Energy dispersive x-ray 
spectroscopy (EDS) was used to characterize chemical compositions in the SEM.  Cross-sections 
of coated panels were prepared and imaged using a dual beam system focused ion beam (FIB) 
SEM.  Transmission electron microscopy (TEM) analysis was performed on certain coating 
cross-sections and electron diffraction ring patters were collected in order to identify the 
phase/chemical composition of specific interfaces. Coating thicknesses and composition depth 
profiles were characterized using Auger electron spectrometry (AES).  X-ray photoelectron 
spectroscopy (XPS) was performed using a monochromatic aluminum source to analyze the 
chemical state of the surface. 
 
Electrochemical Testing 
The panels were characterized electrochemically using a Princeton Applied Research 
potentiostat.  The test sequence was done by first measuring the open circuit potential (OCP) for 
1500-5000 seconds followed by electrochemical impedance spectroscopy (EIS) with the final 
measurement being potentiodynamic polarization scans. EIS was conducted at OCP with a 
frequency of 100,000-0.01 Hz.  Ten points were taken per decade.  A potentiodynamic scan was 
performed from -0.3 to 1.4 VSCE versus OCP with a scan rate of 1mV/sec.  The electrolyte 
consisted of 0.35 wt% NaCl and 0.70 wt% (NH4)2SO4 in deionized water. A saturated calomel 
electrode (SCE) was used as the reference electrode.  The impedance data were analyzed using 
ZSimpWin 3.21 software from Princeton Applied Research. 
 
Microelectrochemical Testing 
Microelectrochemical testing has the potential to isolate and probe specific surface features, 
which could provide insight into corrosion mechanisms as well as identifying specific locations 
where corrosion is likely to initiate. It is a small area technique that can isolate and test sections 
less than 100 µm in diameter. The principles behind microelectrochemical testing are identical to 
traditional electrochemical testing that utilizes a three electrode configuration. 
Microelectrochemical testing requires a more deliberate and delicate operation than traditional 
electrochemical testing due to the difficulty in pinpointing the desired test areas and the use of a 
fragile glass capillary probe. 
 
A cell was custom-built (Figure 3) specifically for this project in order to do 
microelectrochemical testing of areas of CeCCs that were ~50 µm in diameter. The cell is 
attached to the optical microscope so that the capillary can be positioned on the desired test area. 
The system was sealed and the syringe was used to inject electrolyte as well as to apply pressure 
to the system to counter the surface forces inside the capillary. A small conduit was made to join 
the reference electrode chamber with the cell such that the opening of the conduit in the cell 
would be as close as possible to the working electrode. A platinum wire was inserted inside the 
conduit to reduce solution resistance. Platinum mesh was used as the counter electrode and was 
wrapped around the reference electrode conduit providing a more uniform electric field between 
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the working electrode and the counter electrode. The capillary was made by heating, pulling, and 
polishing borosilicate glass Pasteur pipettes until the desired size was attained (internal diameters 
between 40 and 60 µm). Then, the capillary was embedded in silicone to prevent leakage. 
 

 
Figure 3. (a) Schematic of the electrochemical cell used for microelectrochemical testing, 

(b) a microelectrochemical cell attached to the objective lens of an optical 
microscope, and (c) a side view of a capillary used for microelectrochemical 
testing. 

CeCCs on Al 7075-T6 were first rinsed with DI water then fixed to the stage of an optical 
microscope, scanned to find the desired test area, and imaged. After determining the position for 
the test, the cell was attached to the objective lens support. The overall success of positioning the 
capillary on the desired spot depended on the straightness of the capillary, the stability of the 
microscope during attachment of the cell, and adjusting the difference in coordinates between the 
actual test area and the desired test area, which was based on an initial test. The process of 
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applying/releasing pressure and raising the sample platform was repeated several times until the 
potential did not shift sharply with time. During the 1500 second stabilization period the OCP 
was monitored to see if the potential drifted above -0.40 V vs. SCE (saturated calomel electrode) 
or below -0.85 V vs. SCE. Values outside this range were an indication the capillary was not 
positioned correctly or that it was broken. After testing was completed, the sample stage was 
lowered and checked to determine if any solution was visible, an indication that the electrolyte 
had leaked and the test was invalid. After locating the test area, the sample was removed, rinsed 
with DI water, and again observed under an optical microscope. 
 
Cerium Solubility Studies 
Immediately after coating deposition, the panels were fully immersed in 0.1 M NaCl solution at 
pH values of 2.0. 3.0, 4.0, 5.0, and the natural solution pH of 5.7.  The first set of experiments 
was performed using 0.1 M NaCl solution at pH 2.0 and 5.7.  The second set of experiments used 
0.1 M NaCl solutions ranging from pH 2.0 to 5.7.  After soaking, about 5 ml of solution from 
each beaker was drawn and examined using a UV-VIS-NIR spectrophotometer at fixed intervals.  
After measurements, the solution was returned to the appropriate beaker.  Standard solution of 
CeCl3 (1 mM) and Ce(ClO4)4 (1 mM) that were dissolved in 0.1 M NaCl solution were also 
made.  The reference solution used during UV-vis analysis was 0.1 M NaCl solution at pH 2.0, 
3.0, 4.0, 5.0, and 5.7.  MathCad software (version 14) was used to construct the solubility 
diagrams. FactSage software version 5 was used to construct E-pH diagrams. 
 

Coatings with Pr-Based Corrosion Inhibitors 
As part of this project, the corrosion protection offered by Pr-based inhibitors in epoxy-
polyamide primers was studied.  Two commercial primers (Deft products 02GN084, which is 
solvent-borne, and 44GN098, which is water-borne) that have been approved for use on military 
aircraft were examined along with model primers.  Primers were formulated using standard 
procedures established for the commercial products and spray-applied by Deft. 
 
The Deft epoxy-polyamide primers with Pr-based inhibitors have the best performance on CrCCs 
and can inhibit corrosion of high strength Al alloy panels scribed to bare metal for at least 3000 
hours in ASTM B117 salt spray. Primer formulation and deposition was performed by Deft.  
Both standard solvent-based formulations and model primers were formulated to current 
production standards for deposition and subsequent analysis.  A commercial fluorinated, military 
aerospace grade top coat was applied to some specimens. Efforts remained focused on primers 
deposited onto Al alloys 2024-T3 with CrCC pre-treatments.  The set of samples discussed in 
this report consisted of Deft formulated test coatings in which the standard inhibitor package was 
replaced by Pr-phases (Pr2O3 and Pr6O11), acid extenders (Ca2SO4•2H2O/gypsum), or an inert 
filler (Mg3Si4O10(OH)2/talc).  The standard 084 solvent-based primer, which contains both Pr2O3 
and gypsum, was the control composition. These samples were subjected salt spray exposure 
similar to the standard formulations and characterized to pinpoint key components in the coating 
and their relationship to the overall corrosion protection mechanism. Panels were characterized 
before salt spray testing and after various intervals in salt spray using both electrochemical and 
analytical techniques. 
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Characterization of Primers 
Panels prepared by Deft were characterized using both electrochemical and surface techniques.  
Coating surface morphology was examined using SEM. EDS was used to characterize chemical 
compositions in the SEM.  Cross-sections of coated panels were prepared and imaged using a 
dual beam system focused ion beam (FIB) SEM.  The phases and relative amounts of crystalline 
species present were identified by XRD.   Corrosion performance was evaluated by salt spray 
testing using a cyclic corrosion tester according to the specifications in ASTM B117.  
Electrochemical impedance spectroscopy (EIS) and potentiodynamic testing were also used to 
characterize the relative corrosion resistance of coatings with artificial defects prepared by 
milling an area to expose the underlying substrate. 
 
Corrosion Response Following Salt Spray Testing 
Panels were machined scribed and then subjected to salt spray testing using a cyclic corrosion 
tester (Q-Fog, Q-Panel Lab Products) according to the specifications in ASTM B117.  The 
phases and relative amounts of crystalline species present were identified by x-ray diffraction 
(XRD). Diffraction patterns were collected from the field region (1cm2 sample size of non-
scribed area) of as-received panels and panels following up to 500 hours of salt spray exposure. 
Coating field and scribed-area morphologies were examined in as-received coatings and coatings 
following 500 hours of salt spray exposure using SEM and EDS was used to characterize 
chemical compositions in the SEM. The chemical composition of corrosion products in scribed 
panels were analyzed in-situ using Laser Ablation-Inductively Coupled Plasma-Mass 
Spectrometry (LA-ICP-MS).  The goal was to quantify trace amounts of Pr, S, and Ca in the 
scribes of Al 2024-T3 panels that were coated with CrCCs and standard 084 primers.  Panels 
were examined prior to and following ASTM B117 salt spray exposure. 
 
Electrochemical Measurements 
As-received test panels (0 hours salt spray exposure) were characterized using electrochemical 
methods. Artificial defects (~1.6 mm i.d.) were machined into field areas of panels to provide a 
controlled test area. The experimental set-up consisted of a Princeton Applied Research model 
K0235 Flat Cell with an exposed working electrode area of 1 cm2, a platinum mesh counter 
electrode, and a saturated calomel reference electrode (SCE).  Potentiodynamic scans were 
performed (scan rate 1mV/s) in electrolyte consisting of 0.35 wt. % NaCl and 0.70 wt. % 
(NH4)2SO4 with the pH adjusted to 5, 6, 7, or 8 with HCl or NaOH as needed. For each 
experiment, the OCP values were measured after 1500 seconds of immersion in the test 
electrolyte, which allowed the panel to equilibrate with the electrolyte to obtain a stable OCP 
value. Each experiment was performed in triplicate.  Corrware (Scribner Associates) data 
acquisition software was used to control the electrochemical tests and data fitting was performed 
using CView. The calculated corrosion potential (Ecorr) and corrosion current (icorr), were 
obtained by a Tafel fit. The pitting potential (Epit) was estimated from the anodic sweep of the 
potentiodynamic curve. The passive region is defined as the area of the curve on the anodic 
sweep extending between Ecorr and Epit. 
 
Colormetric Detection of Pr 
Colormetric UV-VIS assays were performed to study the role of pH and phase on Pr3+ solubility 
within the primer matrix.  Test panels were prepared using Al 2024-T3 with CrCCs followed by:  
1) the Deft 084 solvent-borne primer with the standard inhibitor package (Pr2O3 and gypsum); 2) 



 14 

a primer in which the standard corrosion inhibitor package was replaced by only Pr2O3; and 3) a 
primer in which the standard corrosion inhibitor package was replaced by only Pr6O11.  Small 
samples (~1 cm2) were cut from larger test panels and soaked for 2 weeks in ~10 mL of 
electrolyte (0.35 wt. % NaCl and 0.7 wt. % (NH4)2SO4 with the pH values of 5, 6, 7, and 8.  The 
colormetric reaction mixture consisted of 1 mL of solution from each soaked panel, 0.05 wt% 
Arsenazo III, and 1 wt% ascorbic acid in a formate buffer with the pH adjusted to ~2.6. The 
absorbance of the solution from each sample was recorded at 650 nm and the concentration of 
Pr3+ leached from the panels was calculated from a calibration curve. 
 
 

Results and Accomplishments 
The sections that follow describe data that were collected, analysis that was performed, 
conclusions that were reached, and accomplishments that were achieved during the course of this 
project. During the first year of the project, the primary focus areas included characterization of 
as-deposited CeCCs and primer coatings along with studying the precipitation behavior and 
phase stability of Ce and Pr species alone and in coating systems.  During the second year, the Pr 
phase stability studies were concluded and the research emphasis shifted to the corrosion 
protection mechanisms of CeCCs and primers containing Pr-based inhibitors.  During this year, 
the formation of sub-surface crevices was discovered and the emphasis of the CeCC effort 
shifted to understanding the formation of the crevices and their effect on the corrosion protection 
of CeCCs.  The Pr inhibitor studies were initiated by formulating a number of model primers and 
studying their corrosion response.  During the third year, emphasis was on finalizing the 
corrosion protection models for CeCCs and characterizing the corrosion response of primers with 
Pr-based inhibitors.  For the final year of the project, research emphasized development of a 
model for the mechanism of corrosion protection for Pr-based inhibitors in epoxy-polamide 
primers. 

Task 1:  Review of Literature 
 
Rare-Earth Toxicology 
The use of rare-earth elements is continually increasing as new materials are developed and 
applications utilizing their properties are explored.  These elements are commonly used in 
superconductors, lasers, catalysts, magnets, ceramics, and abrasives.  As the use of rare earth 
elements increases, so does the need to understand their toxicological effect on living organisms. 
The absorption of rare earth elements, including cerium, into the body through the skin is 
negligible, except when abrasions are present.  In this case, increased absorption may occur, but 
the dominate response is irritation and scarring caused by reaction with tissue constituents (e.g., 
phosphates) [6]. Intradermal injection of rare earth chlorides or nitrates can produce granulomas 
or lesions at the injection site and moderate adsorption.  Intravenous injection causes rapid 
absorption of rare earth elements, which are removed from the bloodstream within 24 hours.  
The absorption and clearance of rare earth elements depends on their stability in the bloodstream.  
More stable chelated forms, such as citrate complexes, are quickly removed through the body’s 
waste stream, whereas ionic forms are absorbed into the body.  Rare earth elements are primarily 
transported to the liver, spleen, and bone where the half-life of removal is between 150 – 250 
days for most rare earth elements [6-7]. Removal time varies with organ, as half-life for removal 
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from the liver is approximately 15 days.  However, 66 % of the rare earth concentration in bone 
remained eight months after initial exposure, with heavier rare earth elements having a larger 
propensity to be incorporated into bone compared to light rare earths.  Once transported to the 
organs, rare earth elements can cause development of a fatty liver and premature death of liver or 
spleen tissue [6-8]. Because of the similar ionic radii, many rare earth elements exhibit a 
propensity to remove Ca2+ and deposit in bone, resulting in increased calcium concentration in 
other organs [8].  Eye exposure and inhalation generally leads to irritation of the affected tissue, 
but longterm exposure to rare earth dust can cause pneumoconiosis (restricted lung capacity) 
caused by fibrosis [6,9]. Rare earth elements are poorly absorbed through the intestinal tract and 
no toxic side effects were observed after longterm ingestion.  Exposure to rare earth elements is 
not highly toxic, with lethal dose in 50% of test animals (LD50) values from 10 – 100 mg/kg 
when intravenously injected and generally from 250 – 1000 mg/kg for intraperitoneal (i.e., into a 
body cavity) injections [7]. The development of carcinomas was not reported after exposure to 
rare earth elements. 
 
Pr Phase Stability 
Pr (III) oxide (Pr2O3) is the RE compound introduced into the epoxy-polyamide primer matrix to 
inhibit corrosion.  The majority of fundamental research on Pr-O containing species 
(praseodymium (III/IV) oxides, hydroxides, carbonates, oxyhydroxides, oxycarbonates, 
hydroxycarbonates etc.) was performed in the 1950s-1980s with a later resurgence of interest for 
catalyst applications.[10]  Early work (1950s-1960s) focused mainly on the various phases 
possible for complexes formed at low/high pressures, low/high temperatures, and various oxygen 
concentrations.[11-12]  The two most commonly found Pr oxides found at atmospheric 
conditions are Pr6O11 and Pr2O3 but, there are a variety of Pr-O species that can be produced at 
non-atmospheric conditions and have been studied.[13] Phase diagrams, thermal analysis, XRD 
patterns, and thermodynamic data can be found for select Pr-O species in various phases 
described in this early literature.[10,14,15] 
 
The most stable Pr-O species at ambient atmospheric conditions (i.e., near room temperature in 
humid laboratory air) is Pr6O11, which has a cubic crystal structure.[13]  Cubic Pr6O11 is 
thermally stable and is resistant to hydration and carbonation in the presence of atmospheric H2O 
vapor and CO2.[16,17]  The Pr-O species used to formulate the corrosion inhibitor for the 
commercial Deft primers, Pr2O3, is known to be reactive in atmospheric conditions, which is 
termed aging in the literature.  Previous studies have shown that Pr2O3 is reactive towards H2O 
vapor and atmospheric CO2.  The effects of aging (phases/states present at atmospheric 
conditions) of rare earth compounds were studied during the 1970s-1980s using thermal analysis, 
XRD, and infrared (IR) spectroscopy.[10,18-20]  Researchers have generalized previous results 
for all light lanthanide (Ln) series oxides (elements La-Sm) due to similar trends found within 
the series.  Most literature has focused on Ce-O, La-O, Nd-O, and Sm-O, which has left an 
opportunity to study Pr-O complexes in more detail.[10,18-20] 
 
Previous studies describe the tendency of light Ln-oxides, and specifically Pr2O3, to form various 
hydroxides, hydrated oxides, hydroxycarbonates, and hydrated carbonates when exposed to H2O 
and CO2.[10,18-20]  The tendency for complete hydration decreases as atomic number increases 
through the lanthanide series.   
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The interactions with H2O and CO2 can be bulk or surface processes, depending on how the 
materials are prepared.[13,20] The aging process varies for each RE oxide and both structure and 
reactivity are related to atmospheric conditions.  Previous studies have described trends in the 
reactivity of the oxides of lanthanide compounds (designated Ln2O3 here) toward H2O vapor.  
The conversion of Ln2O3 compounds is much faster for hexagonal species (which are the 
common commercially available variety) compared to cubic forms (can be synthesized, but are 
not commercially available).[13,20]  In addition, during the conversion of Ln2O3 to Ln(OH)3, the 
affinity of Ln2O3 for H2O vapor leads to preferential formation of hydroxide species instead of 
surface carbonation.[20]  The aging reactions tend to reach a stable state (oxide converted to a 
mixed hydroxide/hydroxycarbonate) after about 24 hours in atmospheric conditions.  However, 
samples placed in water are resistant to further uptake of CO2.[17]  During thermal 
decomposition, surface adsorbed H2O is driven off first, followed by bulk chemically combined 
H2O, then chemically combined CO2, which requires a higher temperature.[19,20]  A 
representative schematic for the thermal evolution of Ln2O3 following the uptake of H2O and 
CO2 can be seen in Figure 4.[10,15]  Based on the literature review that was conducted, aging 
studies (and other phase stability experiments) were performed at Missouri S&T for both Pr2O3 
and Pr6O11 as part of Task 2. 

 
Figure 4. The thermal evolution of oxides belonging to the light Ln-series. 

 
Phase Stability and Precipitation Studies in the System Pr-H2O-CO2 
Rare earth compounds have an unusual combination of thermal stability and chemical activity 
[21,22].  Recent interest in rare earth oxides is due in part to their potential chemical applications 
[23].  Several review articles dealing with fundamentals and applications of these materials have 
been published since 1990.  Eyring reviewed preparation, crystal structures, and phase 
transformations of rare earth oxides in 1991[24].  Schweda focused on structures and 
transformations of rare earth oxides in 1992 [25].  Finally, Morss reviewed thermodynamic 
properties of rare earth oxides in 1994 [21]. A member of the light-lanthanide series of oxides 
(Ln2O3; Ln=elements La-Sm), praseodymium oxides (PrOx) are important materials for catalysis 
applications, oxygen-storage components, and highly conductive materials because the oxides 
exhibit multiple phases with unique structures and stoichiometries [10,24,25]. Early fundamental 
research on Pr-O based species focused mainly on the various phases possible for complexes 
formed at low/high pressures, low/high temperatures, and various oxygen concentrations 
[11,12,26]. The recent resurgence in interest is due to potential catalyst [27-29] and sensor 
applications [30-31].  The two most common PrOx species found under ambient condition are 
Pr6O11 and Pr2O3, but a variety of other oxides can be produced at non-atmospheric conditions 
[32]. Heating Pr(III) salts or Pr2O3 in air results in the formation of Pr6O11. This oxide is 
thermally stable and is the final decomposition product when Pr species are heated in the 
presence of oxygen. The final stoichiometry depends the temperature and the oxygen partial 
pressure in the ambient atmosphere [21,33].  Phase diagrams, thermal analysis, x-ray diffraction 
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patterns, and thermodynamic data can be found for several Pr-O species and various crystalline 
phases [11,12,26,34-36].  
 
At moderate temperature, compounds of oxygen and rare earth elements are solids and have 
melting points ranging from 2300°C to 2500°C [23].  All the rare earth elements, including 
praseodymium, form a sesquioxide and are polymorphic. Sesquioxides have three polymorphic 
phases A (hexagonal), B (monoclinic), and C (cubic).  For praseodymium, only two structures, 
C-Pr2O3 (body centered cubic) and A-Pr2O3 (hexagonal) have been observed in bulk specimens 
produced under ambient pressure.  The B-Pr2O3 form (monoclinic) is only stabilized under 
hydrothermal conditions (i.e., high temperature and pressure) [32]. At normal atmospheric 
conditions at temperatures lower than 2000°C, the A form (hexagonal) is present for Pr2O3 and 
the C form (cubic) is present for Pr6O11.  Above 2000°C the H type (high temperature hexagonal) 
forms for Pr2O3 and the X type (high temperature cubic) forms for Pr6O11 [23].  The A to H 
transition is accompanied by a lattice expansion, while the H to X transition results in the lattice 
contraction [37-38].   
 
Ternary sesquioxide systems that contain water and carbon dioxide can exhibit numerous solid 
phases, complex ions in solution, and metastable equilibria [10]. Cubic Pr6O11 is thermally 
stable, but under exposure to ambient conditions, will undergo disproportionation into PrO2 and 
Pr(OH)3 in the presence of H2O. However, the cubic structure is more resistant to hydration and 
carbonation under atmospheric conditions compared to hexagonal forms [36,39].  In contrast, 
Pr2O3, which has hexagonal reported crystal structures, is reactive towards H2O vapor and 
atmospheric CO2 [10,36,40-48]. Previous studies describe the tendency of light Ln2O3 species, 
and specifically Pr2O3, to form various hydroxides, hydrated oxides, hydroxycarbonates, and 
hydrated carbonates when exposed to H2O and CO2 [10,40-42].   Hydration and/or carbonation 
can modify the properties of the oxide and can be bulk and/or surface processes, depending on 
how the materials are prepared [32,40,42,48,49].  
 
Preferential formation of hydroxide species over surface carbonation occurs for light Ln2O3 
species due to their basic nature and high affinity for H2O vapor [42]. Reactions tend to reach a 
steady state (oxide converted to a mixed hydroxide/hydroxycarbonate) after about 24 hours in 
atmospheric conditions.  However, samples placed in liquid are labile against further uptake of 
CO2 [42]. The bulk hydration of rare earth oxides on exposure to air is thermodynamically 
favored.  Further, a relationship exists between the preparation of the oxide and degree of 
hydration [48-49].  Accordingly, the degree of hydration is controlled by kinetic factors and is a 
function of time, precursor material, and activation temperature of the precursor [50].  The 
effects of aging (phases/states present at atmospheric conditions) of all light Ln2O3 species 
follow similar trends and have been previously studied using thermal analysis, XRD, and 
infrared (FT-IR) spectroscopy [10,40-42].   
 
Research has shown highly coordinated, layered solid compounds are produced when CO2 is 
present in the Ln2O3 system [51].  The slight substitution of CO3

2- for OH- occurs with extremely 
low CO2 concentration and the species present has an x-ray diffraction pattern similar to pure 
Ln(OH)3[23]. In the Pr2O3-H2O phase, the nucleation of a hydroxycarbonate phase occurs on the 
outer layers of a bulk hydroxide and consists of a nucleus of Pr(OH)3 overcoated by the 
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carbonate phase [42,52].  Therefore, a precipitated hydroxide, or one which has been prepared 
under conditions with CO2 present, will be slightly carbonated.   
 
Surface Activation of Aluminum Alloys 2024-T3 and 7075-T6 
Studies have shown that if aluminum alloy surfaces are properly cleaned and activated, the 
deposition of CeCCs can be completed in less than 5 minutes [53-62]. In the original research 
reported by Hinton et al., [63] CeCC deposition required deposition time of about 200 hours.  
The more rapidly deposited coatings developed at Missouri S&T can meet military corrosion 
testing specifications by protecting substrates for up to 336 hours in ASTM B117 salt spray 
testing [64]. The role of the surface activation process is to reduce the thickness of the native 
oxide layer, exposing intermetallic compounds and allowing the constituents in the coating 
solution to react directly with the alloy surface.  Because of the amphoteric nature of aluminum, 
a wide variety of processes can be used to activate 2024 or 7075 substrates, such as immersion in 
solutions comprised of NaOH, H2SO4, Na2CO3, HBF4, HF, H3PO4, or HNO3.  The strength and 
duration of the surface activation will affect the resulting chemistry of the sample surface and, in 
turn, can modify the deposition and properties of CeCCs [54,56,69].In some cases a combination 
of activation solutions is used to remove the surface oxide and then desmut the resulting surface.   
 
Decroly et al. [65] have shown during strong alkaline activation, a smut layer (non-insulating 
alumina gel) is formed and this layer was identified as necessary for the rapid deposition of 
CeCCs in copper containing aluminum alloys. Frutos et al. [69] have shown in the case of copper 
containing aluminum alloys such as 2024 and 7075, a thick, but non-adherent, cerium (III) 
hydroxide layer quickly forms due to the re-deposition of copper during alkaline etching. Pinc et 
al. [54] have shown that 40 spray cycles were needed to deposit a coating that was approximately 
275 nm thick on Al 2024-T3 with only using degreasing as surface cleaning step, whereas 
surface activation with sulfuric acid after degreasing resulted in a coating thickness of about 200 
nm after only one spray cycle. Previous research [66] characterized the effect of degreasing and 
alkaline activation solutions on the surface oxide composition of Al 7075-T6.  Degreasing only 
removed the upper ~20 nm magnesium-rich oxide layer and did not alter the thickness or 
composition of the more robust aluminum-rich oxide layer in direct contact with the metal that 
was ~10 nm thick. Degreasing and alkaline activation aqueous solutions containing 5 wt% 
Na2CO3, 1 wt% NaOH, or 2 wt% NaOH were shown to thicken the surface oxide to ~20-60 nm.  
The outer ~10-50 nm of the surface oxide was a magnesium-rich corrosion product, while the 
aluminum-rich oxide layer near the underlying substrate provided passivation.  After degreasing 
and alkaline activation deposition led to the formation of CeCCs that were ~100 nm to ~250 nm 
thick and the surface of the aluminum alloy quickly changed to yellow color during the first 
spray cycle.  Thus, different surface activations are needed for different type of alloys so that 
rapid deposition of conversion coatings can take place. 
 
Deposition of Cerium-Based Conversion Coatings 
Since the initial research by Hinton [63], numerous studies have focused on various aspects of 
CeCCs such as the deposition mechanism [55,67-68] and impact of processing parameters 
(surface preparation [54,69], coating solution composition [70,71], post treatment, etc.) on 
corrosion resistance. One aspect of CeCCs that has not been adequately studied is the mechanism 
by which these coatings provide corrosion protection. Several studies have reported a decrease in 
the corrosion potential and a cathodic shift of the corrosion current for panels with CeCCs 
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compared to bare aluminum alloy substrates [72,82]. This indicates that coatings may prevent 
corrosion by inhibiting the oxygen reduction reaction at cathodic sites, which could be due to the 
coatings acting as a barrier to transport of either oxygen or electrons involved in corrosion 
reactions [72,82]. Experimental studies performed as part of this project focus on comparing 
changes observed in CeCCs with good corrosion resistance (post-treated) to those in poor 
performing coatings (as-deposited CeCCs) upon exposure to salt spray corrosion testing.  
Corrosion protection mechanisms of CeCCs deposited using process parameters developed by 
Missouri S&T are discussed in the section designated for Task 3. 
 
Hinton originally showed that CeCCs could be deposited onto AA 2024-T3 and provide 
significant corrosion protection; however, deposition times approached 200 hours [45]. 
Modifications to the coating solution and surface activation of the alloy were able to decrease 
deposition times significantly to where a ~400 nm CeCC could be deposited in minutes [47,53]. 
Coating solutions used in the deposition of CeCCs typically contain a cerium salt (CeCl3, 
Ce(NO3)3)[61,73] an oxidizing agent (H2O2) [55], and various additives (gelatin, NaF, etc.) 
[70,74]. Coatings can be deposited by immersion, spraying, or electrodeposition processes [75]. 
Surface preparation of the aluminum alloy substrates prior to deposition can vary; however, most 
processes involve degreasing, deoxidization/activation, and sometimes desmutting of the panels 
[54,74,76].  Table 1 outlines the deposition parameters used by groups currently researching 
CeCCs on AA 2024-T3. 
 
SEM has been used extensively to characterize the surface morphology of CeCCs [53,75]. SEM 
analysis alone is unable to examine the cross sectional structure of these coatings and examine 
how the aluminum alloy substrate may be affected by the application of the coating. Analysis of 
CeCCs (using Missouri S&T’s processing parameters) using a FIB/SEM system revealed the 
presence of large sub-surface voids in the substrate underneath the coating. The study at 
Missouri S&T is identifying which processing parameters, such as surface preparation and 
coating solution composition, are the causes of the sub-surface voids identified by FIB/SEM 
analysis. Results are discussed in the section designated Task 4. 
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Table 1. Deposition parameters of groups currently researching CeCCs. 

Group Surface Preparation Coating 
Application 

Coating Soln. 
Composition 

Missouri 
S&T 
[70] 

Acetone rinse, commercial 
alkaline cleaner, H2SO4 acid 

etch 

Spray applied for 
3-4 sec, then 35 

sec. delay, 
repeated 5 times. 

0.162 M CeCl3, 1 M 
H2O2, 2.4 g/L gelatin, 

pH to 2.3 w/ HCl 

H. Zhang 
[74] 

Alcohol rinse, Na2CO3 + 
Na3PO4 degreasing, NaOH etch, 

HNO3 etch 

Electrodeposited 
(0.75 mA/cm2, 

40-60 min), 50º C 

0.031 M Ce(NO3)3, 
0.39 – 0.62 M H2O2, 

0.0012 M NaF, pH 3-5 
A.E. 

Hughes 
[76] 

Acetone rinse, silicated alkaline 
cleaner, (NH4)Ce(SO4)4 + 

H2SO4 deoxidizer 

Immersion, 45º C, 
2-5 min 

0.035 M CeCl3, 0.105 
M H2O2, pH to 1.9 w/ 

HCl 
de 
Frutos 
[69] 

Ethanol degreasing, NaOH etch, 
de-smutted w/ HNO3 

Immersion, 85º C,  
5 min. 

0.016 M Ce(NO3)3, 
0.13 M H2O2, pH 

unreported 

C.M. 
Rangel 

[61] 

Polished, ethanol rinse, NaOH 
and HNO3 etches Immersion, 20ºC 

0.002 M Ce(NO3)3, 0.1 
M Na2SO4, up to 0.05 

M H2O2, pH 
unreported 

 
Microelectrochemical Cell Design and Testing 
Electrochemical testing has been used to investigate the corrosion performance of coatings.  In 
addition, results have been correlated to coating corrosion performance in salt spray testing. In 
general, higher total impedance measured by EIS, lower current density (icorr) at open circuit 
potential (OCP), and higher anodic pitting potentials measured by potentiodynamic tests indicate 
better coating performance during salt spray testing [77]. Most of the electrochemical tests 
performed on coatings such as CeCCs have been on a macroscale, with the test area typically 1 
cm2 or greater [71,77] compared to the size of corrosion pits ~10-3 cm2 that result in failure per 
MIL-DTL-5541F standards. Traditional testing provides average corrosion performance across a 
variety of surface features and phases and is unable to determine differences among specific 
surface features. In contrast, microelectrochemical techniques have been developed to probe 
coatings on a smaller scale of around 10-5 cm2 or smaller in an effort to understand how specific 
features affect corrosion performance.  

 
Microelectrochemical corrosion testing using a microcapillary is a relatively new method that 
was developed in the mid-1990s to probe surfaces without requiring that surfaces be perfectly 
flat [78-80]. It is a small area technique that can isolate and test sections less than 100 µm in 
diameter. The principles behind microelectrochemical testing are identical to traditional 
electrochemical testing that utilizes a three electrode configuration. The main requirement for 
microelectrochemical testing is that the potentiostat have electrical current resolution of 10 fA or 
lower because of the size of the area being probed [79,81]. Microelectrochemical testing also 
requires more deliberate and delicate operation than traditional electrochemical testing due to the 
difficulty in pinpointing desired test areas and the use of a fragile glass capillary probe. 
Microelectrochemical test methods were developed at Missouri S&T to characterize CeCCs. 
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Different areas were probed to understand the effect of surface morphology on localized 
corrosion behavior and are discussed in the section designated for Task 4 
 
CeCC Protection Mechanism 
Despite the promising corrosion protection of CeCCs, only limited studies have been conducted 
on the corrosion protection mechanisms of these coatings. Several papers, including Hinton’s 
original study on CeCCs, have observed that the potentiodynamic curves of a coated panel 
compared to a bare alloy exhibited a shift in the cathodic side of the curve to lower current 
densities and a decrease in the open circuit potential (Figure 5). These shifts were interpreted to 
mean that the CeCC acted as a cathodic protector by inhibiting the reduction of water and 
oxygen at cathodic sites (intermetallics) by limiting transport of oxygen and/or electrons at these 
sites [63-66,72,82,83]. 
 

 
Figure 5. Potentiodynamic curve of bare AA 7075-T6 and AA 7075-T6 coated from a 

CeCl3 solution [82]. 

 
This proposed protection mechanism surmise that CeCCs act only as barriers to corrosion and 
must cover an area in order to protect.  These studies have not observed any potential active 
protection that CeCCs may exhibit such as throwing power, the ability to heal after pit formation, 
or form other protective features after corrosion initiation. Better understanding of this, through 
study of the factors that affect the degree in which these coating can protect, will allow for 
improvements of properties and, should the technology be deployed into the field, make 
implementation and troubleshooting easier. Corrosion protection mechanisms of CeCCs 
deposited using process parameters developed by Missouri S&T have been completed and are 
discussed in the section designated for Task 4 and 5. 
 

Task 2: Phase Stability of Praseodymium Compounds  
As part of Task 2, the fundamental precipitation behavior and phase stability was investigated for 
Pr oxides, hydroxides, hydroxycarbonates, and/or carbonates.  The results are needed to 
understand the corrosion response of the inhibitors.  Simultaneous TGA/DTA is being used to 
determine the state of hydration/carbonation and other thermochemical characteristics of Pr2O3, 

Pr6O11, Pr(OH)3 and Pr2(CO3)3•8H2O standards as well as precipitated materials and thermally 
treated samples.  Precipitation studies are being conducted by first solvating and then inducing 
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precipitation at various temperatures and in the presence of a variety of chemical species such as 
dissolved gases (e.g., CO2 and O2) and different temperatures.  Using commercial powders 
including Pr2O3, Pr6O11, Pr(OH)3, and Pr2(CO3)3•8H2O as standards, precipitation products are 
currently being characterized to determine the crystalline phases (XRD analysis) and the particle 
morphology (SEM).  Because other XRD cannot always distinguish carbonate and hydroxide 
species, FT-IR is also being employed as a spectroscopic characterization tool. 
 
Hydration and Carbonation of Praseodymium Compounds 
Characterization using TGA/DTA, FT-IR, and XRD was performed on Pr2O3, Pr6O11, Pr(OH)3 
and Pr2(CO3)3•8H2O powders to compare and contrast the thermal decomposition mechanisms 
and gain insight into the aging processes of both Pr2O3 and Pr6O11. As discussed in literature 
reports, Pr2O3 readily adsorbs H2O and/or CO2 to form hydroxide, carbonate, or 
hydroxycarbonate phases.  It is of interest to compare the hydration/carbonation effects of Pr6O11 
(more stable cubic form of Pr-O) to Pr2O3 (less stable hexagonal form).  Commercially available 
Pr2O3 and Pr6O11 were analyzed by XRD at several intervals over an 8 hour period of exposure 
to the ambient atmosphere.  Visually, it is apparent that Pr2O3 had a much greater affinity 
towards the uptake of H2O and CO2 compared to Pr6O11.  Figure 6 shows Pr2O3 expanding over 
the edge of the XRD sample holder while Pr6O11 remained intact unaffected by the presence of 
H2O vapor and CO2 during the aging study.  Analysis by XRD confirmed that aged Pr2O3 
contained large amounts of Pr(OH)3 in addition to hexagonal Pr2O3.  In contrast, Pr6O11 that 
contained only trace amounts of Pr(OH)3 and was largely unaffected by exposure to atmospheric 
conditions.  Analysis of Pr(OH)3 and Pr2(CO3)3•8H2O was also performed to confirm the 
compositions of the commercial Pr-O compounds following exposure to the ambient atmosphere.  
While Pr(OH)3 was not affected by exposure, Pr2(CO3)3•8H2O partially converted to 
Pr(CO3)OH.  The studies have provided insight into the rate at which Pr-O compounds will or 
will not convert to other species when exposed to atmospheric conditions.  Unlike Pr2O3 and 
Pr2(CO3)3•8H2O, Pr(OH)3 was not affected by exposure to H2O or CO2.  So, once Pr species are 
in the hydroxide phase, they will not adsorb CO2.  Likewise, Pr6O11 is stable and did not react 
with ambient H2O or CO2. 
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Figure 6. Pr2O3 and Pr6O11 following eight hours of XRD analysis exposed to ambient 

H2O and CO2, showing that the Pr2O3 reacted with the atmosphere to form 
species with a higher specific volume. 

 
Pr-O species including Pr2O3, Pr6O11, Pr(OH)3 and Pr2(CO3)3•8H2O undergo a multiple step 
thermal decomposition process dictated by the state in which each became hydrated and/or 
carbonated.  The weight loss as a function of temperature was determined in air and argon for 
Pr2O3, Pr6O11, Pr(OH)3 and Pr2(CO3)3•8H2O (Figure 7 shows data for decomposition in air).  
Each compound displayed at least four stages during thermal decomposition regardless of the 
test atmosphere (air or Ar). Weight loss during Stage 1 was due to the loss of surface H2O 
species.  Bulk chemically combined H2O (i.e., hydroxide species) were driven off beginning in 
Stage 2, but chemically combined CO2 was not driven off until Stage 3.  Stages 2 through 4 were 
steps in which phase transitions began to take place in the bulk of the powders and intermediate 
phases were formed.  Stage 4 denotes formation of the final and most stable phase for each 
compound.  Additional stages in the decomposition of Pr2(CO3)3•8H2O and Pr(OH)3 may occur 
due to the presence of different types of  –OH bonds in these two compounds.  Characterization 
by DTA (not shown) also varied for each species (temperature and number of peaks), but was 
not affected by atmosphere in which the experiments were run.  Only endothermic peaks were 
detected, which correlated well with evidence of mass loss for each compound.  Each mass loss 
between Steps 1 and 3 can be attributed to H2O/-OH and/or CO2 being driven off which was 
consistent with FT-IR characterization.  Analysis by XRD did not detect the presence of 
carbonate species in the starting Pr2O3 nor did XRD detect hydroxide in Pr6O11.  However, 
carbonate (C-O stretch) and/or water (-OH bend) could be identified by FT-IR analysis (Figure 
8).  During the final stages of thermal decomposition (Stage 4), there is an overall change in the 
oxygen stoichiometry for each species examined.  Stoichiometric oxygen to Pr ratios (x=1.5 for 
Pr2O3, and x=3 for Pr(OH)3, and x= 8.5 for Pr2(CO3)3•8H2O) are converted to a non-
stoichiometric ratio (x=1.83 for Pr6O11).  The phase transformation of Pr2O3, Pr(OH)3 and 
Pr2(CO3)3•8H2O to cubic Pr6O11 with a non-stoichiometric oxygen to Pr ratio is also attributed to 
the resultant mass loss. 

 

 

Pr6O11 

Pr2O3 
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Figure 7. Weight loss as a function of temperature by for Pr2O3, Pr6O11, and 

Pr2(CO3)3•8H2O in both air and Ar atmospheres. 

  
 
 (A) (B) 
Figure 8. Comparison of FT-IR spectra for Pr6O11 (A) and Pr2O3 (B) after heating to 

various temperatures. 
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For each material, the most significant mass losses were due to the loss of H2O and/or CO2, 
which also correlates to the intensity of peaks visible in the FR-IR spectra.  Surface adsorbed 
H2O was driven off at lower temperatures followed by bulk chemical H2O then CO2.  Chemically 
combined CO2 was not completely driven off until temperatures greater than 500°C, which 
correlates to FT-IR data.  Also, both TGA and FT-IR results agree with previous reports that 
indicated that Pr6O11 is more stable at elevated temperatures and more resistant to reaction with 
atmospheric H2O and CO2 under ambient conditions compared to Pr2O3.  Characterization by 
XRD of both Pr2O3 and Pr6O11 thermally treated at 1400°C indicated that the final thermal 
decomposition product was Pr6O11 for both starting materials, further confirming the stability of 
Pr6O11 compared to Pr2O3.  A proposed schematic for the thermal decomposition of Pr2O3 based 
species (Pr(OH3) and Pr2(OH)4(CO3)•XH2O) is shown as Figure 9.  The textural, structural, and 
chemical properties of Pr-O compounds are modified by their interaction with atmospheric H2O 
and CO2. Conditions which affect the rate and temperature at which H2O and CO2 are driven off 
during the thermal decomposition of Pr-O species include the presence of two structurally 
distinct hydroxyl species, and the formation of highly disordered layered CO2/OH phases.  Work 
will continue to confirm this model. 
 

 
Figure 9. Proposed thermal decomposition and aging steps for Pr2O3 based hydroxide 

and hydroxycarbonate species. 

 
To characterize evolution of structure and particle morphology during thermal decomposition, 
SEM images were taken of Pr2O3 and Pr6O11 following heat treatment (Figure 10 and Figure 11).  
In general, both powders appeared agglomerated in the as-received condition.  As Pr2O3 was 
heated, it appeared to break into finer particles at temperatures of 1100°C and above.  In contrast, 
the Pr6O11 powder appeared to remain as agglomerated particles as it was heated.  At 1400°C, the 
Pr6O11 appears to have undergone some sintering as indicated by the rounded morphology. 
 
Initial Precipitation Studies 
Precipitation studies were performed using Pr2O3 that was dissolved in trichloroacetic acid.  
Precipitation was induced by adding 1 M NaOH to solutions at room temperature or 85°C.  The 
control sample was precipitated at room temperature from an as-prepared solution.  In addition to 
the control material, different gases were bubbled through the Pr solution to further control the 
precipitation environment.  Argon was bubbled through some solutions to remove other 
dissolved gases. Other solutions were bubbled with oxygen or CO2 to saturate them with those 
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gases.  In all cases, green powders precipitated at the point where the pH began to increase 
rapidly as NaOH was added (denoted by circles in Figure 12). 
 
The time required for the initial formation of precipitate was dependent upon the amount of 
solution chemistry and the temperature of the solution.  Precipitation could not proceed until 
acidic species were decomposed by NaOH addition.  Heating the solution should increase the 
kinetics of the decomposition of the trichloroacetic acid, which should, in turn, require less 
NaOH to neutralize the solution.  As shown in Figure 12, heating to 85°C resulted in 
precipitation with lower NaOH additions for all of the conditions.  A correlation was also found 
between the presence of dissolved CO2 and the solubility of the Pr species.  Analysis showed that 
the presence of dissolved CO2 led to precipitation at lower NaOH additions compared to samples 
where O2 or argon had been bubbled through the solution.  The addition of CO2 should lead to 
the formation of carbonates at room temperature and hydroxycarbonates at higher temperatures, 
which apparently have different solubilities than species formed in CO2 deficient conditions.  
Further research will be required to correlate the solubility of each precipitate to the conditions in 
which precipitation was induced. 
 
Each precipitate was analyzed using XRD and SEM (Figure 13 and Figure 14).  Analysis by 
XRD was consistent with the formation of Pr(OH)3 from the as-prepared solution as well as 
cases where O2 or argon were bubbled through the solutions.  When CO2 was bubbled through 
the solution, the precipitate was nanocrystalline, which prevented unambiguous identification of 
the crystalline phases by this method.  Further analysis is underway to determine if the 
precipitate from the CO2 saturated solution is a hydroxycarbonate species or some other material.  
Observation using SEM revealed that the commercial powder and the precipitates from the 
solutions saturated with O2 and argon were angular crystallites that were several tens of 
micrometers in size.  The precipitate from the CO2 saturated solution appeared to contain a large 
fraction of much finer crystallites. Further analysis is planned to characterize the phases that are 
precipitated including FT-IR analysis, which has proven useful for identifying the presence of 
hydroxide and hydroxycarbonate species. In addition, precipitated powders will be characterized 
using DTA/TGA to evaluate their thermal stability and the steps in the decomposition to Pr2O3 
and/or Pr6O11. 
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Figure 10. Micrographs of thermally treated Pr2O3 showing the evolution of particle 

morphology with temperature.  Note that the magnification varies among the 
images. 
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Figure 11. Micrographs of thermally treated Pr6O11 showing the evolution of particle 

morphology with temperature.  Note that the magnification varies among the 
images. 
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Figure 12. Precipitation curves for solvated Pr3+ at room temperature (nominally 25°C) 

or 85°C after saturating the solution with various gases. 
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Figure 13. Representative XRD patterns for powders precipitated species from various 

solutions showing that Pr(OH)3 formed for precipitation at room temperature 
and 85°C under most conditions.  A nanocrystalline precipitate formed at 
85°C from the solution saturated with CO2. 
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 Ambient:  as-prepared CO2 saturated solution 

  
 
 CO2 + 85°C Commercial Pr(OH)3 

  
 
Figure 14. SEM images of powders precipitated under various conditions compared to 

commercial Pr(OH)3. 

 
Thermal Decomposition Behavior of Praseodymium Oxides, Hydroxides, and Carbonates 
The thermal decomposition behaviors of Pr6O11, Pr2O3, Pr(OH)3, and Pr2(CO3)3•xH2O were 
systematically investigated by TGA/DTA, FT-IR spectroscopy, and powder XRD. In addition, 
morphological changes for each species were also characterized using scanning electron 
microscopy and surface area analysis.  Pr6O11, Pr2O3, Pr(OH)3, and Pr2(CO3)3•xH2O undergo 
multiple step thermal decomposition processes as shown by the TGA and DTA plots in Figure 
15. Each compound displayed up to six stages during thermal decomposition, which occurred 
between 20° C to 200 °C –Stage I, 200°C to 400°C —Stage II, 400°C to 600°C—Stage III, 
600°C to 800°C—Stage IV, 800 °C to 1100°C—Stage V, and 1100°C to 1400°C—Stage VI 
regardless of the test atmosphere (air or Ar). Table 2 summarizes the mass loss for each 
compound during each decomposition stage.     
 
Pr2O3 and Pr6O11 that were nominally not hydrated or carbonated showed multiple stages of 
weight loss and reaction similar to Pr(OH)3 and Pr2(CO3)3•xH2O. The representative peaks in the 
DTA up to ~1000°C were all endothermic.  In addition, the peak temperatures were not affected 

Hydroxycarbonate 
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by whether the experiments were run in air or argon, which is consistent with the loss of 
adsorbed water/hydroxyl groups (-OH), or carbonate groups (-CO3).  These reactions are 
endothermic processes that should not be affected by the presence or absence of oxygen in the 
reaction atmosphere. Each material contained between 0.233 and 13.7 wt % surface adsorbed 
water that was driven off below 200°C, which accounted for the mass loss during Stage I. During 
Stages II and III, remaining surface water was removed and bulk chemically combined hydroxyl 
groups began to decompose, resulting in the largest mass loss for any thermal decomposition 
stage for Pr6O11, Pr2O3, Pr(OH)3 and Pr2(CO3)3•xH2O. 
 
Table 2. Mass percent losses during various ranges of thermal treatment for Pr6O11, 

Pr2O3, Pr(OH3), and Pr2(CO3)3 •xH2O. 
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 (A) (B) 
Figure 15. TGA (A) and DTA (B) plots for Pr6O11, Pr2O3, Pr(OH)3, and Pr2(CO3)3•H2O 

heated at 20°C/min in flowing air. 
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Pr2O3, Pr(OH3) and Pr2(CO3)3•xH2O experienced greater mass losses during Stages I-III than 
Pr6O11 indicating that those materials were more readily hydrated than Pr6O11. The combined 
mass loss during Stages I—III quantitatively showed that Pr6O11 was less reactive in the presence 
of atmospheric conditions, adsorbing the least amount of water among the Pr compounds.  In 
contrast, Pr2(CO3)3•xH2O, had the highest content of hydrated species.   The additional stage in 
the decomposition observed for Pr2(CO3)3•xH2O and Pr(OH)3, during Stage III, were most likely 
due to the presence of two different types of O-H bonds in these two compounds.  During Stages 
IV-VI remaining hydroxyl groups were driven off and carbonate groups began to decompose. 
Pr2(CO3)3•xH2O and Pr(OH)3 experienced greater percent mass losses during this stage 
compared to Pr2O3 and Pr6O11, indicating the presence of carbonate species in Pr2(CO3)3•xH2O 
and Pr(OH)3.  In addition, Pr(OH)3 appears to have a higher reactivity towards CO2 than Pr2O3 
and Pr6O11. 
 
During thermal decomposition, Pr2(CO3)3•xH2O experienced the largest total mass loss at 
40.1%, followed by Pr(OH)3 at 19.4%, and Pr2O3 at 11.0%.  By comparison, Pr6O11 had the 
smallest mass loss at 6.4%.  This trend in mass loss was expected as both hydroxyl groups and 
carbonate groups were present in bulk Pr2(CO3)3•xH2O in the as-received form. Pr(OH)3 was 
hydroxide rich, but reactive toward CO2.  As a result, it became partially carbonated, which 
resulted in the second greatest mass loss among the Pr compounds.  Although Pr6O11 was 
nominally a phase-pure oxide, TGA data showed that it became hydrated and/or carbonated 
during exposure to the ambient based on 6.4% mass loss observed by TGA.  Likewise, Pr2O3 
also reacted with the ambient and had a higher mass loss than Pr6O11 during thermal 
decomposition. As discussed previously, Pr6O11 has a cubic crystal structure whereas Pr2O3 has a 
hexagonal crystal structure, which makes Pr2O3 more likely to combine with both H2O and CO2. 
The thermal decomposition of Pr6O11, Pr2O3, Pr(OH)3 and Pr2(CO3)3•xH2O were all dictated by 
the state of hydration and/or carbonation. 
 
FT-IR analysis was employed to confirm the changes in hydroxyl and/or carbonate losses as a 
function of thermal treatment temperature in air.  Other techniques such as XRD were not 
sensitive to the presence/absence of what were presumed to be primarily surface species.  
Spectra were taken for powders that had been heated to specific temperatures near which mass 
losses were observed by TGA.  The spectra are shown in Figure 16. According to Bernal et al., 
Rosynek et al., Caro et al., and Zubova et al., the sharp band at ~3600 cm-1 is due to O-H 
stretching in surface adsorbed/chemically combined H2O for light Ln2O3 species [18-
20,43,51,84,85]. According to Bernal et al., Dextpert et al, and Rosynek et al., the broad band 
observed in the range of ~1300-1500 cm-1  is due to the C=O stretch and can be assigned to 
hydroxycarbonate-like phases (PrOHCO3), which result from chemically combined CO2  
[20,43,84].  Based on these assignments, each mass loss between Stages I-VI can be attributed to 
H2O/-OH and/or CO2 being driven off.  During thermal decomposition, surface adsorbed H2O 
was driven off first (~300°C), followed by bulk chemically combined H2O.  Chemically 
combined CO2 required higher temperatures (~700°C-800 °C) for removal [86]. Following 
thermal treatment up to 800°C (Stages I-VI) H2O and/or CO2 were removed from each material, 
which accounted for the mass loss observed by TGA and disappearance of bands at ~3600 cm-1 
and ~1300-1500 cm-1  observed in FT-IR spectra. Stage VI was the final stable stage for each 
compound and no further reactions or weight losses were observed after thermal treatment to 
1300 °C. 
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 (A) (B) 

  
 (C) (D) 
 
Figure 16. FT-IR spectra of Pr6O11 (A), Pr2O3 (B), Pr(OH3) (C), and Pr2(CO3)3•xH2O (D) 

prior to thermal treatment and after heating in air to temperatures ranging 
from 200°C to 1300°C. 

 
In addition to FT-IR characterization, Pr6O11, Pr2O3, Pr(OH)3, and Pr2(CO3)3•xH2O powders were 
also characterized using powder XRD in the as- received condition and after thermal treatments 
(Table 3 and Figure 17). 
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Table 3. Summary of intermediate and final phases as determined by XRD for the as-
received compounds and after heat treatment to various temperatures. 

 
 
XRD did not detect crystalline hydroxide or carbonate containing species in Pr6O11.  Likewise, 
TGA data showed that Pr6O11 experienced about half the weight loss of Pr2O3.  In addition, FT-
IR analysis indicated a decreased presence of carbonate and hydroxide groups of Pr6O11 
compared to Pr2O3. When exposed to room temperature air, Pr6O11 reacted to form PrO2 and 
Pr(OH)3.  The reaction was slow at 20°C, but rapid at 100° C [23]. As part of the present study, 
diffraction patterns were collected at ambient temperature (~20 °C) for each powder, which 
likely limited the extent of hydration or disproportionation of Pr6O11.  As reported by others, the 
cubic form of Pr6O11 appeared to be more resistant to the effects of hydration and carbonation 
than other oxides with different stoichiometries and crystal structures [16,39]. 
 
Analysis by XRD and FT-IR confirmed that thermal treatment up to 800°C decomposed 
hydroxide and carbonate species present in Pr2O3, Pr(OH)3, and Pr2(CO3)3•xH2O.  After heating 
to at least 900°C, all of the Pr compounds were converted to Pr6O11, which is in agreement with 
previous studies [14,87-90].  XRD showed that all of the species were in the form of cubic 
Pr6O11 after the mass loss in Stage IV and they all appeared to be in the phase of Pr6O11 after the 
mass losses in Stages V and VI.  The mass losses in the latter stages are likely due to oxygen loss 
or non-stoichiometry.   During thermal decomposition, the oxygen to Pr ratios (denoted “x”) 
changed as Pr2O3 (x = 1.5), Pr(OH)3 (x = 3), and Pr2(CO3)3•xH2O (x = 4.5) were converted to 
Pr6O11 (x=1.83 for Pr6O11).  Pr oxides comprise different stoichiometries and structures including 
intermediate oxygen-deficient modifications and phases of the fluorite structure type that are 
denoted PrOx, where x=1.833, 1.810, 1.800, 1.780, 1.714, 1.667 [91]. It may not have been 
possible to differentiate these intermediate oxide phases by XRD or account for the weight losses 
experienced in Stages V-VI. 
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 (A) (B) 

 
 (C) (D) 
 
Figure 17. XRD patterns for Pr6O11 (A), Pr2O3 (B), Pr(OH3) (C), and Pr2(CO3)3•xH2O (D) 

as-received and after heat treatment to various temperatures. 

 
The texture, crystal structure, and chemistry of Pr6O11, Pr2O3, Pr(OH)3, and Pr2(CO3)3•xH2O 
were modified by their interaction with atmospheric H2O and CO2. Decomposition temperatures 
and kinetics differed in the presence of water or CO2 [91].  Conditions that affected the rate and 
temperature at which H2O and CO2 are driven off during thermal decomposition of Pr2O3, 

Pr(OH)3, and Pr2(CO3)3•xH2O included the presence of two structurally distinct hydroxyl species 
and the formation of highly disordered layered CO2/OH phases.  A representative schematic of 
summarizing the species driven off and phase transformations that take place during the thermal 
decomposition of Pr6O11, Pr2O3, Pr(OH)3, and Pr2(CO3)3•xH2O the can be seen in Figure 18.  
Each arrow represents the species driven off and number of stages required for the starting 
material to reach the final stable phase as determined by XRD. 
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Solid state reactions in the bulk and on the surface of rare earth sesquioxides induce 
morphological modifications in addition to compositional changes [47,87,90]. To characterize 
evolution of particle morphology during thermal decomposition, SEM images were collected for 
Pr6O11, Pr2O3, Pr(OH3), and Pr2(CO3)3•xH2O powders in the as received condition (Figure 19) 
and following thermal treatment at 1300° C (Figure 20). 
 
 

 
Figure 18. The thermal evolution of Pr6O11, Pr2O3, Pr(OH)3, and Pr2(CO3)3•xH2O as 

determined by TGA/DTA, FT-IR, and XRD characterization. 
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Figure 19. SEM micrographs of Pr6O11(A), Pr2O3 (B), Pr(OH3) (C), and Pr2(CO3)3 •xH2O 

(D) in the as received condition. 
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Figure 20. SEM micrographs of Pr6O11 (A), Pr2O3 (B), Pr(OH3) (C), and Pr2(CO3)3•xH2O 

(D) after thermal treatment at 1300°C. Please note the magnification change in 
(C) and (D) necessary to show the various features. 

 
In general, all powders appeared agglomerated in the as-received condition.  BET surface area 
analysis was performed on each of the powders in the as-received and thermally treated 
condition (Table 4).  In addition, equivalent spherical radii were calculated for each of the 
materials using the measured surface area and the theoretical density for each compound [92-95].  
The surface area of Pr(OH)3 decreased by more than an order of magnitude, which was the 
greatest decrease.  Next, the surface area of Pr2O3 decreased by a factor of ~7, Pr2(CO3)3•xH2O 
by about 5, and Pr6O11 by about 2. The as- received Pr6O11 particles pictured in Figure 19(A) had 
an equivalent spherical diameter calculated from surface area of 0.077 µm and were composed of 
rounded particles made up of several grains as indicated by the fissures present in the image. 
Pr2O3  (Figure 19(B)) had a different morphology, consisting of layered, platelet-like particulates 
with a smaller calculated radius of 0.18 µm.  Pr(OH)3 and Pr2(CO3)3•xH2O (Figure 19(C) and 
(D)) appeared to be agglomerates that consisted of smaller crystallites based on the highly 
textured surface morphologies.  The Pr(OH)3 (Figure 19 (C)) was composed of fine equiaxed 
crystallites that had a calculated radius of 0.017 µm.  The crystallites that made up the 
Pr2(CO3)3•xH2O agglomerates (Figure 19(D)) appeared to be acicular, which gave them a 
smaller surface area (3.8 m2/g) and a larger equivalent radius (0.17 µm). 
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Table 4. Summary of specific surface area and radius of each sample material as 

determined by BET analysis prior to and post thermal treatment at 1300° C. 

 
 
Heating the as-received powders to temperatures of 1300°C or higher appeared to cause 
significant changes in the particle morphologies (Figure 20). The Pr6O11, Pr2O3, and Pr(OH)3  
powders appeared to have undergone coarsening and/or densification by sintering processes 
when it was heated to 1300°C as indicated by the rounded particle surfaces.  For example, heat 
treatment caused the surface area of Pr6O11 to decrease from 5.6 m2/g to 2.4 m2/g with a 
corresponding increase in the equivalent particle radius from 0.077 µm to 0.18 µm.  Similarly, 
Pr2O3 and Pr(OH)3 showed decreased surface area and increased equivalent spherical radius after 
heat treatment (Table 4). In contrast, Pr2(CO3)3•xH2O did not experience a significant change in 
morphology, although the surface area decreased while the calculated particle radius increased. 
BET surface area analysis along with collected micrographs show that while each product is in 
the phase of Pr6O11, the surface area and morphology differed. The presence of hydroxyl groups 
and carbonate groups had an effect on the surface area of the initial species and final product of 
thermally decomposed species of Pr6O11, Pr2O3, Pr(OH3), and Pr2(CO3)3•xH2O.  Based on the 
changes in morphology exhibited post thermal treatment at 1300°C depicted in Figure 20 for 
Pr6O11(A), Pr2O3 (B), Pr(OH3) (C), and Pr2(CO3)3 •xH2O (D), the decreased in surface area for 
each powder can be attributed to sintering effects, which changed particle morphology. 
 
Disproportionation of Pr6O11 
Pr6O11 reacts in the presence of H2O to form PrO2 and Pr(OH)3. Phase stability studies focused 
on the effects of reaction with hydrated and anhydrous sulfate salts, solvent, temperature, and 
time on the disproportionation of Pr6O11. Samples were prepared under static conditions 
consisting of 1 g Pr6O11, 3 g Ca2SO4•2H2O or Ca2SO4, and 10mL H2O or Oxall 
(parachlorobenzotrifluoride).  A summary of the phases present after reaction at each condition 
as determined by XRD can be seen in Table 5. 
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Table 5. A summary of the phases present after reaction at each conditions as 

determined by XRD when Pr6O11 was reacted in various environments 
consisting of hydrated or anhydrous sulfate salts, solvent, temperature, and 
time. 

 
 
Pr6O11 decomposed to PrO2 during 24 hours at 20°C in the presence of a hydrated sulfate salt and 
H2O. After 18 hours at 85°C in the presence of a hydrated sulfate salt and an organic solvent 
(Oxall), PrO2 was detected. It took 24 hours at 85°C in the presence of a hydrated sulfate salt and 
Oxall for PrO2 and Pr(OH)3 to form. After 3 hours at 85°C in the presence of either a hydrated or 
anhydrous sulfate salt and H2O, both PrO2 and Pr(OH)3 were detected. After 1 hour at 100°C in 
the presence of a hydrated or anhydrous sulfate salt and H2O, both PrO2 and Pr(OH)3 were 
produced. An increase in temperature and H2O present as solvent increased the rate at which 
disproportionation by Pr6O11→ PrO2 + Pr(OH)3 proceeded.  Pr6O11 will disproportionate in an 
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organic medium nominally free of water if hydrated sulfate salts were present, or in water alone 
regardless if hydrated or anhydrous sulfate salts were present in the system. 
 
Pr-H2O-CO2 Phase Stability 
Precipitation studies were conducted to study the effect of CO2 on phase stability in the Pr-H2O 
system. Solvated praseodymium species were precipitated under various conditions including 
temperatures from ambient up to 85°C in 25% tricholoroacetic acid saturated with gases 
including Ar, O2, and CO2.   The effects of temperature and dissolved gas composition were 
evaluated.  Analytical characterization of the precipitated powders was performed using XRD, 
SEM, FT-IR, BET analysis, and gravimetric analysis in order to characterize the composition, 
crystal structure, morphology, particle size, and solubility of the phases precipitated under 
different conditions.  
 
The control sample was precipitated at room temperature from an as-prepared solution.  In 
addition to the control material, different gases were bubbled through the Pr3+ solution to further 
control the precipitation environment.  Argon was bubbled through some solutions to remove 
other dissolved gases. Other solutions were bubbled with O2 or CO2 to saturate them with those 
gases.  The time required for the initial formation of precipitate was dependent upon the amount 
of solution chemistry and the temperature of the solution.  Precipitation could not proceed until 
acidic species were decomposed by NaOH addition.  In all cases, green powders precipitated at 
the point where the pH began to increase rapidly as NaOH was added. The resultant precipitate 
(green powders) from each condition begins to fall out of solution at point before the pH began 
to rapidly increase to approximately 4.5-5.5. The precipitates were collected by filtration, rinsed 
with deionized water, and dried prior to characterization. The amount of NaOH required to 
precipitate Pr-species under each set of conditions can be seen in Figure 21. 
 
A distinct correlation was found between the presence of dissolved CO2 and the onset of 
precipitation. In the presence of CO2, less base (equivalents of 1 M NaOH) was required to start 
precipitation. Heat had a minimal effect on solubility of the precipitate in the presence of CO2, 
but the presence of O2 and Ar resulted in delayed precipitation as temperature increased.  The 
precipitate was the least soluble at ambient temperature in an O2 rich environment.  Analysis of 
precipitated Pr-based powders showed that CO2 played an important factor in the solubility of 
Pr3+

 species.  The presence of CO2, either added to the system intentionally or dissolved into 
solution by exposure of the water to the ambient atmospheric conditions, increased the solubility 
of Pr-species.  Heating the Pr3+ solution in a CO2 free environment increased the rate of 
precipitation of Pr-species compared to samples precipitated at ambient temperature.  
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Figure 21. Volume of NaOH required to induce precipitation of Pr-species under various 

conditions. 

 
Analysis by XRD was consistent with the formation of Pr(OH)3 from the as-prepared solution as 
well as ambient where O2, Ar, or CO2 were bubbled through the solutions.  Cases where the 
solution was heated to 85°C with O2 and Ar were added via bubbling through the solution also 
were identified as Pr(OH)3 by XRD.  When CO2 was bubbled through the solution kept at 85°C, 
the precipitate was nanocrystalline, which prevented unambiguous identification of the 
crystalline phases by XRD.  Using FT-IR analysis, both –OH (~3600 cm-1) and CO3 (~1500-
1600 cm-1 ) functional groups were detected in each precipitate (Figure 22) indicating the 
presence of a hydroxycarbonate phase. Previous research by other groups on the Pr2O3-H2O 
phase indicate that nucleation of a hydroxycarbonate phase occurs on the outer layers of a bulk 
hydroxide, which produces a nucleus of Pr(OH)3 overcoated by the carbonate phase [23].  
Therefore, a precipitated hydroxide, or one which is prepared under conditions with CO2 present, 
will be slightly carbonated.   Some extent of hydration appears to be favored over complete 
carbonation under all conditions, since all of the species contained hydroxyl groups regardless of 
precipitation conditions. 
 
The microstructure of each precipitated powder was investigated via SEM and BET surface area 
analysis. SEM revealed that the commercial powder and the precipitates from the solutions 
saturated with O2 and argon were angular crystallites that were several tens of micrometers in 
size.  The precipitate from the CO2 saturated solution appeared to contain a large fraction of 
much finer crystallites, regardless of whether the precipitation was performed at ambient 
temperature or 85°C. BET Surface Area Analysis was performed on each powder, a data table 
can be seen in Table 6. The equivalent radius of each material was calculated using the 
theoretical density of Pr(OH)3=3.095 g/cm3 [94]. 
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Figure 22. FT-IR spectra of (A) precipitation at ambient temperature and (B) 

precipitation and 85 °C. 

 
Table 6. Summary of surface area and calculated radii of precipitated Pr-powders 

under various sets of conditions. 

 
 
The powder with the highest specific surface area (55.4 m2/g) was the control specimen prepared 
under ambient conditions.  Other powders produced at ambient temperature in solutions 
saturated with CO2 (16.4 m2/g), Ar (24.4 m2/g ), or O2 (26.3 m2/g) had similar specific surface 
areas, but were not as large as the powder produced in the control experiment. The addition of 
heat yields similar specific areas for each sample prepared with the addition of heat (CO2—5.10 
m2/g  and Ar—5.21 m2/g) except for the sample prepared with the addition of O2 (31.5 m2/g). 
The powder produced with the addition of heat and O2 had an order of magnitude higher specific 
surface area compared to other materials prepared in the presence of heat.  The presence of CO2, 
either added to the system intentionally or dissolved into solution by exposure of the water to the 
ambient atmospheric conditions, increased the solubility of hydroxycarbonate species.  The 
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addition of heat to the system during precipitation will yield Pr-based powders with smaller radii 
when compared to powders precipitated under the same conditions at ambient temperatures 
except with the addition of excess O2. The radius of each Pr-powder particle was calculated and 
the results are listed in order of largest particle radius to smallest particle radius. CO2+ 85° C 
(191.3 nm)→ Ar at 85° C (186.1 nm) → atmospheric conditions at 85° C (132.9 nm) →CO2 at 
ambient temperature (59.22 nm)→ Ar at ambient temperature (40.32 nm) →O2 at ambient 
temperature (36.88 nm) → O2+ 85° C (30.73 nm) → atmospheric conditions at ambient 
temperature (17.51 nm).  Except in the presence of O2, the addition of heat causes particles to 
precipitate out of solutions with larger radii. 
 
Gravimetric analysis was performed on Pr-powders precipitated from solvated Pr2O3 and as 
received PrCO3OH and Pr(OH)3 in order to determine the effects of particle size/powder 
preparation on the solubility of each species (Figure 23). 
 

 
Figure 23. Solubility of each precipitate powder produced under various conditions in 

g/L. 

 
The Pr-powder precipitated at atmospheric conditions at 85° C was the most soluble with an 
average of 0.495 ± 0.06 g/L followed by the powder precipitated in the presence of O2 at ambient 
temperature (0.349 ± 0.03 g/L), and Ar at 85° C (0.301 ± 0.03 g/L), which were not statistically 
different as calculated by the student t-test.   The Pr-powder precipitated with CO2 at ambient 
temperature (0.253 ± 0.03 g/L), Ar at ambient temperature (0.277 ± 0.01 g/L), O2+ 85° C (0.275 
± 0.04 g/L), CO2+ 85° C (0.207 ± 0.05 g/L), and Ar at 85° C (0.301 ± 0.03 g/L) were less soluble 
and all were not statistically different as calculated by the student t-test.  The least soluble Pr-
powders were precipitated at atmospheric conditions at ambient temperature (0.191 ± 0.10 g/L).  
For powders of nominally the same composition, particles with smaller radii would be easier to 
disperse and be more soluble, but the results do not follow this trend.  The Pr-powder with one of 
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the largest radii (atmospheric conditions at 85° C) was the most soluble while the Pr-powder 
with the smallest radii (atmospheric conditions at ambient temperature) was the least soluble.  
Both these sample sets were statistically different as calculated by the student t-test but the rest 
of the data showed no distinct trends and the data sets were not statistically different as 
calculated by the student t-test.  The results indicated significant differences in the chemical 
composition and/or phase among the precipitates. 
 

Task 3:  Coating Deposition 
 
Cerium-Based Conversion Coatings 
As part of the mechanistic study, coating deposition parameters were varied to produce CeCCs 
varied corrosion protection.  One parameter that affects corrosion protection is the addition of 
gelatin to the deposition solution.  Coatings produced from solutions that contained gelatin 
typically provide significant corrosion protection (e.g., no pitting or tailing for two weeks in 
ASTM B117 salt spray).  Coatings deposited from solutions without gelatin do not provide 
corrosion protection.  XRD analysis (Figure 24) showed that CeCCs deposited from solutions 
containing gelatin converted from the as-deposited hydrated cerium oxide (CeO2•2H2O) to 
hydrated cerium phosphate (CePO4•H2O) during post treatment.  Formation of hydrated cerium 
phosphate has been correlated to improved corrosion protection in previous research at Missouri 
S&T.[54]  CeCCs deposited from solutions without gelatin do not convert to the protective form, 
but remain in the as-deposited hydrated cerium oxide state.  In subsequent studies, coatings 
deposited from solutions with and without gelatin will be characterized to determine structural, 
morphological, and electrochemical differences between coatings that provide corrosion 
protection and those that do not as well as the changes in these quantities during corrosion. 
 
Previous characterization studies have revealed that CeCCs typically contain highly cracked 
areas after deposition and post-treatment.  A representative micrograph of a CeCC on Al 2024-
T3 with cracked areas present is show in Figure 25.  For coatings that provide corrosion 
protection, the highly cracked areas typically make up around 10% of the total area. 
Approximately 90% of the surface area of the coatings (labeled “typical”) has a network of fine 
cracks. Further analysis has shown that the “large” surface cracks are often associated with sub-
surface damage in both Al 2024-T3 and Al 7075-T6 substrates.  The cracks not only penetrate 
through the coating, but are also associated with crevices and larger porous areas beneath the 
surface of the aluminum alloy panel surfaces.  Formation of the sub-surface data was due to the 
combined effects of chloride ions and H2O2 present in the coating solution.  Cross sections of 
CeCCs on Al 2024-T3 and Al 7075-T6 were produced using an in-situ focused ion beam (FIB) 
milling.  Cross sections were examined to observe the extent.  Figure 26 shows a SEM image of 
the cross section of a cracked CeCC with a sub-surface crevice directly below a surface crack. 
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Figure 24. XRD patterns of post-treated CeCCs deposited from solutions with varying 

amounts of gelatin showing the formation of CePO4•H2O in coatings deposited 
from solutions with gelatin contents of 400 ppm or higher and nanocrystalline 
CeO2•2H2O in coatings deposited from solutions with less gelatin. 
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Figure 25. Typical SEM image of a CeCC capable of providing corrosion protection 

showing a highly cracked area and a more typical surface morphology. 

 

 
Figure 26. SEM image of cross-section of a CeCC produced by FIB milling. 

 
The area selected for the cross section included large cracks in the coating.  EDS analysis of 
these areas (Figure 27) showed increased the oxygen concentrations compared to the bulk Al 
alloy. The amount of Cu detected in the crevices was similar to the bulk areas.  The milled areas 
also had high concentrations of gallium, which is an artifact of the FIB milling process that 
employs a gallium ion beam.  Additionally, a visually lighter (less dense) layer outlining the 
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crevices was observed, which will be further characterized to determine its elemental 
composition and determine its role in crevice formation and corrosion protection. 
 

 
 
 
O 14.02 

Ga 3.73 

Al 75.27 

Cu 6.97 
 
 
 
 
 
Figure 27. SEM image of a FIB cross section of a CeCC on Al 2024-T3 showing surface 

cracks in the coating connected to sub-surface damage in the substrate.  
Chemical analysis shows oxygen enrichment in the damages areas. 

 
The evolution sub-surface crevice formation in Al 2024-T3 substrates has been correlated to the 
number spray applications of the CeCC solution using similar FIB analysis.  Initial data showed 
crevices increased in volume and depth with an increasing number of spray cycles used to 
deposit the coating.  As part of research on a related project (WP-1519) [96], specific reaction 
schemes were developed to further understand the role of substrate dissolution during the 
deposition of CeCCs.  As part of the present project (WP-1618), the role of crevices in corrosion 
was investigated. 
 
Formation of Sub-Surface Crevices During CeCC Deposition 
The CeCC depositon solution, which contains 0.3 M chloride ions and 1 M H2O2, causes 
localized, excessive dissolution of aluminum near intermetallic particles over approximately 
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10% of the substrate surface resulting in formation of voids a few microns below the surface 
during deposition.  Alternate CeCC deposition methods/chemistries were explored whereby an 
alternate oxidizing agent, NaClO4 (1.42 M), was added to offset the impact of a decreased 
concentration of H2O2 (0.05 M).  CeCCs were deposited without sub-surface voids with 
decreased amounts of H2O2. To determine if the dissolution of Al3+ was due to the surface 
pretreatment or the electrochemical effects of the Ce3+ salt, potentiodynamic scans were 
performed in solutions containing the species of interest. Representative potentiodynamic curves 
of bare Al 7075-T6 in three different solutions, 2 wt% NaOH, 0.3 M NaCl and 1 M H2O2 (pH 
adjusted to 2.3 with HCl), or 0.3 M NaNO3 and 1 M H2O2 (pH adjusted to 2.3 with HNO3), can 
be seen in Figure 28. 
 

 
Figure 28. Bare 7075-T6 exposed to aqueous solutions containing either 0.3 M NaNO3 

with 1 M H2O2, 0.3 M NaCl with 1 M H2O2, or 2 wt% NaOH. Scan rate 1.0 
mV/s vs. SCE. 

 
The anodic sweep of potentiodynamic curves performed in 2 wt% NaOH and 0.3 M NaNO3 with 
1 M H2O2 both exhibited a passive region whereas potentiodynamic curves performed in 0.3 M 
NaCl and 1 M H2O2 only exhibited active behavior. The panels retained a passive film on the 
surface that provided some corrosion resistance when exposed to NaOH and NaNO3 electrolytes, 
but when chloride were present, no such passive films were formed. Passivity is a condition of 
corrosion resistance due to thin surface films under highly oxidizing conditions at high anodic 
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polarization.  These films passivate the underlying substrate only if they are adherent and are 
dense (i.e. Al2O3)[97].  The presence of a passive film will alter the anodic polarization behavior.   
 
The native oxide present on the Al substrate is affected during exposure to each different type of 
electrolyte employed during the potentiodynamic experiments.  In the potentiodynamic scan for 
bare Al 7075-T6 exposed to the NaOH solution, an OCP of -1.5 V was reached and a passivation 
region was observed in the potential region between -1.4 V and -1.0 V.  The low OCP of -1.5 V 
indicated that the NaOH solution caused the substrate to be very active.  An OCP of -0.3 V was 
reached by the panel exposed to a nitrate and H2O2 solution, which showed a passivation region 
in the potential range between -0.3 V and 0.3 V. It has been shown that nitrate ions help 
passivate the surface of Al alloys by incorporation into the surface oxide [98]. The more noble 
OCP value and passivation region indicated the nitrate solution caused the substrate to become 
inactive. When exposed to a solution containing chloride ions and H2O2, an OCP of -0.75 V was 
reached and passivation of the bare Al 7075-T6 panel did not occur. The flat anodic curve was 
indicative of native oxide that was converted to non-protective salt film due to high 
concentration of chloride ions.  Based on the OCPs obtained from potentiodynamic scans, the Al 
matrix was more active in the NaOH solution, but still relatively active in the chloride ion and 
H2O2 solution.  Lack of an anodic passivation region indicated pitting of the substrate occurred in 
the presence of chloride ions and H2O2.  The combination of nitrate and H2O2 was not as 
aggressive as the combination of chloride ions and H2O2 in altering the native oxide layer on the 
Al substrate. 
 
Potentiodynamic scans indicated that the combination of chloride ions and H2O2 will not 
passivate the surface of Al 7075-T6, whereas NaOH and the combination of nitrate ions and 
H2O2 caused surface passivation. Depending on the composition of the coating solution whether 
it was chloride ion/H2O2 based or nitrate/H2O2 based, the surface of Al 7075-T6 will be altered 
and the surface morphology will change.  The surface morphology of Al 7075-T6 exposed to 
aqueous solutions containing NaOH, a combination of chloride ions and H2O2, or a combination 
of nitrate ions and H2O2 are show in Figure 29. 
 

 
Figure 29. Surface morphology of Al 7075-T6 exposed to (a) 2 wt % NaOH, (b) an 

aqueous solution an aqueous solution containing 0.3 M chloride ions and 1 M 
H2O2, and  (c) an aqueous solution containing 0.3 M nitrate ions and 1 M H2O2. 

 
Basic activation lightly etched the surface of Al 7075-T6 (Figure 29a).  Other than some minor 
compositional contrast that was likely due to roll marks in the alloy, no distinct surface features 
were observed after basic etching.  In contrast, the combination of chloride ions and H2O2 
heavily etched the Al 7075-T6 panel (Figure 29b). Extensive etching of the bare Al alloy resulted 
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in a non-uniform surface on which cracks and crevices were apparent.  When exposed to a nitrate 
and H2O2 solution, the surface morphology of Al 7075-T6 resulted in the formation of a non-
uniform corrosion product (Figure 29c).  The surface was not heavily etched compared with the 
chloride and H2O2 solution, but unlike the NaOH treated panel, a thin visible coating was 
produced in some areas. The combination of nitrate and H2O2 did not produce an aggressive 
enough solution to achieve the same etching effects as the chloride ion and H2O2 solution. 
 
Previous research has confirmed that basic activation of Al 7075-T6 increased surface activity by 
reducing the native oxide corrosion resistance, which accelerated the spontaneous deposition of 
CeCCs using a spray process [99]. The significant etching produced by the combination of 
chloride ions and H2O2 present in the coating solution allowed for increased surface activity and 
enhanced the spontaneous deposition of CeCCs. When chloride ions and H2O2 were employed in 
the CeCC deposition solution, Al3+ was dissolved and the surface of the substrate was etched.  
 
The “heavily” cracked regions of the CeCCs were most likely due to a thicker CeCC layer in this 
localized area and can be seen in Figure 30.  It is hypothesized that these sites contain a higher 
concentration of noble Cu-based IMCs compared to the rest of the substrate. During CeCC 
deposition, the solution caused extensive, localized Al dissolution, which, in turn, caused the 
growth of sub-surface voids beneath the highly cracked areas of the CeCC. These regions 
typically constituted ~10% or less of the surface area of coated panels.  Exposure to chloride ions 
and H2O2 converted the native oxide to a non-protective salt film and promoted pit formation, 
which allowed electrolyte to channel beneath the substrate and react.  Sub-surface voids were 
typically observed beneath areas of CeCCs that had crack sizes of ~200 nm in size, which are 
shown in Figure 30. 
 

 
Figure 30. Surface morphology of a CeCC deposited from a solution containing chloride 

ions and H2O2 on Al 7075-T6. 

 
In addition to altering the surface morphology of the Al substrate, the combination of chloride 
ions and H2O2 in the deposition solution resulted in localized sub-surface voids during CeCC 
deposition (Figure 31). Compositional information was collected from cross-sections of regions 
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with sub-surface voids.  For Al 7075-T6 panels, areas where material had been removed had 
higher concentrations of Cu compared to the bulk alloy.  Table 7 lists the chemical composition 
of three different areas analyzed (area A, area B, and area C labeled in Figure 31). Compositional 
data showed copper enrichment in areas where sub-surface crevices evolved.  Sub-surface voids 
did not occur throughout the entire Al substrate, but were isolated to specific regions.  It is 
possible the presence of Cu-rich IMCs induced localized dissolution of Al from susceptible 
regions.  The localized reactions of chloride ions and H2O2 occurred due to galvanic coupling of 
noble Cu-based IMCs and the active Al matrix with chloride ions serving as the charge transfer 
carrier. Al3+ is preferentially removed more readily in areas where Cu-rich IMCs are present 
compared to surrounding regions in which Cu-rich IMCs are not present. 
 

 
Figure 31. Surface morphology of a CeCC deposited from a solution containing chloride 

ions and H2O2 on Al 7075-T6. 

 
To deposit CeCCs without sub-surface voids, alternate deposition methods/chemistries were 
explored. Sub-surface voids were caused by the combination of chloride ions and H2O2 in the 
deposition solution, so reducing the concentration or removing either of these components from 
the coating solution should reduce or eliminate sub-surface voids.  Previous research has shown 
that coatings can be deposited using a spontaneous immersion process, which uses a coating 
solution containing the same concentration of chloride ions as the spray solution (0.3M), but with 
significantly less H2O2 (0.05M in the immersion solution compared to 1M in the spray solution) 
[73]. The immersion solution employs NaClO4 as an oxidizing agent in addition to a small 
concentration of H2O2. The addition of oxidizers can reduce the coating times from hundreds of 
hours (original Hinton process [82]) to a matter of a few minutes.  CeCCs produced using the 
immersion process with this coating solution did have cracks in the film but did not have sub-
surface voids (Figure 32).  Compositional information was collected from cross-sections of 
regions of the coating produced with no sub-surface voids.  Table 8 lists the chemical 
composition of three different areas analyzed (area A, area B, and area C labeled in Figure 32). 
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Table 7. Compositional analysis of three different regions within the cross-sectional 
area of a standard CeCC as labeled in Figure 31. 

 

 
Figure 32. FIB cross section of an immersion deposited CeCC on Al 7075-T6. 

 
Compositional analysis showed copper enrichment in areas where the coating had formed, but no 
sub-surface voids were observed in the substrate in contrast to what was observed for the 
standard coating process.  The coating area adjacent to the copper rich IMC appeared to have 
cracked due to the thickness of the coating in that region indicating this area would likely be 
identified as “heavily cracked” and a potential site for sub-surface voids if it were deposited with 
the standard coating process.  Although no sub-surface voids were observed, the corrosion 
protection provided by this coating was significantly less than that for a standard spray-deposited 

Area A  
(Bulk Alloy) 

Area B 
(Light Area) 

Area C 
(Crevice) 

Element Atomic Percent Element Atomic Percent Element Atomic Percent 

O  2.19 O  25.6 O  8.50 

Mg  1.49 Mg  0.80 Mg  1.51 

Al  95.7 Al  69.5 Al  87.4 

  P  0.97 P 1.21 

  Cl  1.86 Cl 0.80 

  Cu 1.32 Cu 0.15 

    Zn 0.46 
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coating as multiple pits were detected on the coatings within 24 hours when tested per ASTM 
B117 standards. 
 
Table 8. Compositional analysis of three different regions within the cross-sectional 

area of a standard CeCC as labeled in Figure 32. 

Area A  
(Bulk Alloy) 

Area B 
(Light Area) 

Area C 
(Crevice) 

Element Atomic Percent Element Atomic Percent Element Atomic Percent 

O 3.75 O 31.07 Mg 2.62 

Mg 17.33 Mg 1.40 Al 94.73 

Al 49.60 Al 49.87 Cu 0.78 

Cu 22.96 P 1.34 Zn 1.82 

Zn 1.30 Zn 0.30   

Ce 0.61 Ce 13.95   

 
 
Chloride-Free and Chloride-Based CeCC Deposition Solutions 
The type of cerium (III) salt and oxidant employed into the deposition solution of cerium-based 
conversion coatings (CeCCs) determines the presence of sub-surface voids in the aluminum 
substrate along with contributing to the corrosion performance of the coatings.  In an effort to 
produce coatings with improved corrosion resistance, but without sub-surface voids in the 
substrate, CeCCs were spray deposited from solutions using different combinations of CeCl3 and 
Ce(NO3)3, but with the standard concentration of H2O2 (1M). The concentration of cerium was 
fixed at 0.1 M with the following combinations of Ce3+ sources:  1) a chloride-free solution 
containing only Ce(NO3)3; 2) a solution containing 10 wt.% CeCl3 and 90 wt.% Ce(NO3)3; 3) a 
solution containing  67 wt.% CeCl3 and 33 wt.% Ce(NO3)3; and 4) the standard solution using 
only CeCl3 as the Ce3+ source.  Little to no coating was visible for the panels deposited from the 
chloride-free solution.  The resultant CeCCs from each solution were more apparent with 
increasing amounts of chloride ions.  Coating thickness and uniformity were judged based on the 
observation of a golden yellow color on the substrate surface. 
 
Coating thicknesses were measured for CeCCs produced from the nitrate/chloride ion solutions 
by AES (Figure 33).  Coating thickness was determined using the crossover point for the Ce and 
Al signals from the spectra. The thickness of the Al-oxide layer between the CeCC and the Al 
substrate was represented by the crossover of the Al and O lines.  With an increase in chloride 
ion concentration in the deposition solution, the electrochemical activity at the substrate surface 
was the predominant driving force allowing for thicker coatings to be produced.  A more uniform 
coating was visible with increasing amounts of chloride. 
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CeCCs deposited using a chloride ion-free solution (Figure 33a) produced a coating that was ~60 
nm thick, while the 10 wt. % chloride ion solution (Figure 33b) produced a coating that was ~70 
nm thick.  When the chloride ion content was increased to 67 wt. % (Figure 33c), the thickness 
increased to ~200 nm and CeCCs produced from the standard solution (Figure 33d) were ~400 
nm thick.  AES data confirmed that a higher chloride ion concentration was needed to achieve 
the optimal CeCC thickness, which has been shown to be ~300 nm to 400 nm in previous studies 
[53,71].  The combination of Ce(NO3)3 and H2O2 did not produce an aggressive enough solution 
to  achieve the same etching effects as a CeCl3 and H2O2 based coating solution and interfered 
with the electrochemical interactions needed for coating deposition. The Ce3+ salt employed in 
the deposition solution affected coating thickness.  The combination of chloride ions and H2O2 
etched the surface of the Al alloy, which aided in the rapid deposition of thicker and more 
uniform CeCCs.  Standard concentrations of chloride ions (0.3 M) yielded thicker CeCCs than 
solutions with reduced chloride ion concentrations. 
 

 
Figure 33. AES depth plots profile analysis of CeCCs deposited on Al 7075-T6 from (a) a 

chloride free solution, (b) the 10 wt.% chloride solution, (c) the 67 wt.% 
chloride solution, and (d) the standard solution on Al 7075-T6. 

 
Electrochemical methods were used to characterize the corrosion protection of coatings prepared 
from solutions with different ratios of nitrate to chloride in precursors. Representative 
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potentiodynamic curves are shown in Figure 34.  The corresponding corrosion potentials (Ecorr) 
and corrosion current density (icorr) calculated using Tafel fits are reported in Table 9. 
 
The Ecorr values were not affected significantly by the chloride concentrations employed in this 
study.  The icorr values for CeCCs decreased with increasing chloride concentration in the 
deposition solution.   CeCCs deposited from the chloride-free solution had an icorr of 17.3 
µA/cm2, while CeCCs prepared from the standard solution had an icorr of 0.288 µA/cm2, a 
decrease of about two orders of magnitude.  A noticeable increase in anodic pitting potential 
(Epit) can also be noticed with the increase in chloride ion concentration, which is an indication 
of passivation.  In CeCCs deposited from the chloride ion-free solution Epit was almost equal to 
Ecorr indicating no passivation, i.e., no corrosion protection due to coatings, while CeCCs 
prepared from the standard solution had the highest Epit value indicating strong passivation.  The 
decrease in icorr and increase in Epit for CeCCs deposited from solutions with higher chloride 
concentrations was most likely due to formation of a more uniform, thicker coating (~400 nm).  
The higher coating thickness and more uniform coating were likely the result of the more 
aggressive coating solution. Regardless of the presence of sub-surface voids, CeCCs deposited 
with solutions containing chloride and H2O2 exhibit a decrease in icorr and increase in Epit.  This 
suggests that CeCCs deposited with only nitrates or lower concentrations of chloride ions may 
allow exposed active sites in the substrate subject to interact with electrolyte influencing the icorr 
and impact the ability of the coating to protect. 
 

 
Figure 34. Potentiodynamic scans for CeCCs deposited on 7075-T6 from solutions 

containing different fractions of CeCl3 and Ce(NO3)3 ranging from chloride 
ion-free to the standard solution containing only chloride ion.  The scan rate 
was 1mV/s vs. SCE and the electrolyte consisted of 0.35 wt. % NaCl + 0.70 wt. 
% (NH4)2SO4. 
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Table 9. Values for corrosion currents and corrosion potentials calculated from 
potentiodynamic analysis of CeCCs deposited on 7075-T6 formulated from 
solutions containing different fractions of CeCl3 and Ce(NO3)3. 

 icorr (µA/cm2) Ecorr (mV) 

Chloride Free 17.3 -560 

10 wt.% Chloride 2.50 -514 

67 wt.% Chloride 0.629 -524 

Standard 0.288 -530 
 
In addition to potentiodynamic scans, EIS was used to characterize the overall impedance of 
CeCCs prepared using different amounts of chloride and nitrate precursors (Figure 35). 
 

 
Figure 35. EIS analysis of CeCCs deposited on Al 7075-T6 from deposited on Al 7075-T6 

from solutions containing different fractions of CeCl3 and Ce(NO3)3 ranging 
from chloride ion-free to the standard solution containing only chloride ions. 

 
The overall coating impedance increased with increasing chloride ion concentration in the 
deposition solution.  CeCCs deposited from standard solution had the highest total impedance 
(~95000 Ω-cm2) compared to CeCCs deposited from the chloride ion-free solution (~3000 Ω-
cm2).  Coatings with higher total impedance typically exhibit better corrosion protection as do 
coatings that exhibit a passivation region following a potentiodynamic scan.  Electrochemical 
characterization of each CeCC of interest showed the corrosion protection increased with 
increasing concentration of chloride in the deposition solution. Standard CeCCs exhibited the 
highest total impedance when compared to chloride-free CeCCs in which sub-surface voids were 
not present.  CeCCs produced from chloride ion and H2O2 containing solutions allow for thicker 
and more uniform coatings compared to chloride ion-free containing solutions impacting the 
overall impedance of each coating. 
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To better understand the effects of increased chloride ion concentration in the deposition 
solution, the EIS data were fit to equivalent circuit models and then compared to other physical 
characteristics of the coatings.  Two models with physical representations for coatings produced 
from chloride ion-free solutions, 10 wt.% chloride ion solutions, 67 wt.% chloride ion solutions, 
and standard coating solutions were proposed. The impedance results were fit into an equivalent 
circuit where Rsoln represents the solution resistance, Cp represents the geometric capacitance, Rp 
is the bulk resistance of the coating in parallel with it, Qdl represents the constant phase element, 
and Rct is the charge transfer resistance of the corrosion processes occurring at the interface in 
parallel with Qdl. For each sample, the n value was attributed to constant phase element 
depending on the calculated value [100-101102]. Values for each of these components are shown 
in Table 10 and the highest χ2 value (a direct measure of how close a model fits experimental 
data calculated from the sum of the squares of all residuals)[103,104] given by the software 
ZSimpWin was 0.007.  Actual values less than 1 were considered sufficient to indicate a good fit 
of a model to experimental data. 
 
Table 10. Summary of values calculated with ZSimpWin software version 3.21 by fitting 

EIS data to equivalent circuit models using individual component values. 

Parameter Chloride 
Free 

10 wt.% 
Chloride 

67 wt.% 
Chloride 

Standard 
Coating 

Rsol 25 31 31 33 

Cp --- --- 1.31 x 10-6 4.6 x 10-7 

Rp --- --- 136 74 

Qdl 1.1 x 10-5 5.1 x 10-6 4.9 x 10-6 2.6 x 10-5 

n 0.92 0.93 0.80 0.77 

Rct 3053 11390 57898 94770 

χ2 0.0008 0.002 0.004 0.006 

 

EIS data for CeCCs deposited from chloride ion-free solutions and 10% chloride ion solutions 
could be fit to one semicircle with a single associated time constant and was modeled as a 
capacitor. The equivalent circuit used to model both of these coatings can be seen in Figure 36 
and values of each component are listed in Table 10. 
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 (A) (B) 
Figure 36. Equivalent circuits used to fit EIS data for coatings produced from (a) 

chloride ion-free and 10 wt.% chloride ion and (b) 67 wt.% chloride ion, and 
standard solutions. 

 
When n ≠ 1, a system shows behavior attributed to surface heterogeneity or continuously 
distributed time constants for charge-transfer reactions [100]. Typically, if the value of n is 
greater than 0.8, it can be viewed as a capacitor, which indicates the presence of a double layer at 
the electrolyte/surface interface of the substrate [101].  CeCCs produced from chloride ion-free 
and 10 wt.% chloride ion based solutions were non-uniform and thinner (~60 to 70 nm) 
compared to the coating thickness (~300 to 400 nm) produced by the standard coating solution.  
The thinner, less uniform coating allows for a greater interaction between the electrolyte and 
substrate surface causing the corrosion process of the substrate to dominate. 
 
CeCCs deposited from 67 wt.% chloride ion and standard coating solutions were comprised of 
two semicircles, which could be fitted to two time constants indicating one component was due 
to the coating and the other due to a corrosion process [101]. The equivalent circuit used to 
model both of these coatings can be seen in Figure 36b and values of each component are listed 
in Table 10.  The n value was slightly less than 0.8 indicating it behaved as a constant phase 
element rather than capacitance along with surface heterogeneity or continuously distributed 
time constant at the interface. CeCCs produced from solutions containing 67 wt.% chloride ion 
and standard solutions were more uniform and thicker (~200 nm to 400 nm) compared to 
coatings produced from chloride ion-free and 10 wt.% chloride ion solutions (~60-70 nm).  This 
caused the coatings to dominate the corrosion resistance of the sample. 
 
The fact that two time constants were present for CeCCs deposited from 67 wt.% chloride ion 
solutions and standard coating solutions and only one time constant was present in coatings 
produced from chloride ion-free solutions and 10 wt.% chloride ion solutions indicated that each 
coating behaved differently electrochemically due to differences in uniformity.  More aggressive 
chloride ion-containing coating solutions led to thicker coatings in the same number of spray 
cycles when compared to coating solutions with decreased concentrations of chloride ions. As 
shown in the fitted equivalent circuits, despite the presence of sub-surface voids, the coatings 
produced from 67 wt.% chloride ion containing solutions and standard coating solutions had 
impacted corrosion resistance when compared to coatings with no sub-surface crevices produced 
from chloride ion-free or 10 wt.% chloride ion solutions due to the fact thicker and more uniform 
coatings are produced by these solutions. 
 
The improvement in corrosion protection with the increasing chloride percentage in the 
deposition solution can also be seen in optical images of panels after exposure to salt spray 
corrosion testing (Figure 37). 
 

Rsoln Qdl

Rct

Element Freedom Value Error Error %
Rsoln Fixed(X) 16 N/A N/A
Qdl-T Fixed(X) 0.0011816 N/A N/A
Qdl-P Fixed(X) 1 N/A N/A
Rct Fixed(X) 2489 N/A N/A

Data File:
Circuit Model File: C:\Documents and Settings\sjwt5\My Documents\CorrExp-Electro\Year 2009\RCRCR.mdl
Mode: Run Simulation / Freq. Range (0.001 - 1000000)
Maximum Iterations: 100
Optimization Iterations: 0
Type of Fitting: Complex
Type of Weighting: Calc-Modulus

Rsoln Cp

Rp Qdl

Rct

Element Freedom Value Error Error %
Rsoln Fixed(X) 16 N/A N/A
Cp Fixed(X) 7.9214E-06 N/A N/A
Rp Fixed(X) 2027 N/A N/A
Qdl-T Fixed(X) 0.0011816 N/A N/A
Qdl-P Fixed(X) 1 N/A N/A
Rct Fixed(X) 2489 N/A N/A

Data File:
Circuit Model File: C:\Documents and Settings\sjwt5\My Documents\CorrExp-Electro\Year 2009\RCRCR.mdl
Mode: Run Simulation / Freq. Range (0.001 - 1000000)
Maximum Iterations: 100
Optimization Iterations: 0
Type of Fitting: Complex
Type of Weighting: Calc-Modulus
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Figure 37. CeCCs deposited on 7075-T6 from Ce(NO3)3/ Ce(NO3)3 solutions after 24 

hours in salt spray testing:  (a) chloride ion-free, (b) 10 wt.% chloride ions, (c) 
67 wt.% chloride ion, and (d) standard solutions. 

 
CeCCs prepared from the chloride ion-free solution (Figure 37a) had numerous pits and salt tails 
and appeared to erode, offering no corrosion protection.  CeCCs prepared from the 10 wt.% 
chloride ion  solution (Figure 37b) also performed poorly in salt spray testing.  CeCCs prepared 
from the 67 wt.% chloride ion solution (Figure 37c) offered marginally better corrosion 
protection than the CeCCs prepared from the chloride-free and 10 wt.% chloride ion solution, but 
was not as protective as the CeCCs deposited using the standard solution.  As expected based on 
results of the electrochemical characterization, the CeCCs prepared from the standard (all 
chloride) solution (Figure 37d) provided excellent corrosion protection and exhibited no pits or 
salt tails after 24 hours in salt spray testing.  These studies revealed that while the combination of 
chloride and H2O2 caused surface and sub-surface etching, CeCCs deposited from chloride and 
H2O2 containing solutions were also thicker and more uniform, passivated the surface more 
effectively, had increased overall impedance, and exhibited better corrosion protection. 
 
Surface Activation of 7075-T6 
Previous research has described the role of different processing parameters on the thickness and 
corrosion resistance of CeCCs [54-56,64,65,67,69,70,72,83]. Recent studies have shown that 
alkaline cleaning (also referred to as degreasing) followed by acid activation using sulfuric acid 
increased the deposition rate and corrosion resistance of CeCCs on Al 2024-T3 [54,70].Stable 
species for aluminum and magnesium were determined at various pH values by calculating E-pH 
diagrams.  Diagrams were constructed at room temperature with and without the presence of 
carbonate ions (Figure 38 and Figure 39) 
 



 63 

 
Figure 38. E-pH diagram for the Al-Mg-H2O system at 298 K. 
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Figure 39. E-pH diagram for the Al-Mg-C-H2O system at 298 K. 

 
For dilute concentrations of magnesium and aluminum (10-6 M) at zero solution potential, Figure 
38 (without carbonate ions) shows that aluminum is stable as AlOOH (designated Al2O3•H2O) in 
the pH range 4 to 11.5.  Below pH 4, aluminum dissolves as Al3+ ions, while above pH of 11.5, 
aluminum dissolves in the form of aluminate (AlO2

-) ions. When the temperature was increased 
to 55°C, the stability regions did not change significantly.  Therefore, Figure 38 can be used over 
the range of temperatures of interest in this study, which was room temperature to the 
temperature of the degreasing solution (55°C). Considering magnesium species, Mg(OH)2 is 
stable at pH values greater than ~11.5, but dissolves as Mg2+ at lower pH values.  Based on the 
diagram, aluminum should form a stable, protective oxide when the pH value is between 4 and 
11.5, but should dissolve or corrode at higher or lower values.  In contrast, magnesium dissolves 
at pH values below ~11.5, but is protected by Mg(OH)2 at higher pH values.  
 
Figure 39 shows the effect of the presence of carbonate ions (CO3

- 0.6 M) on stability of 
magnesium and aluminum species.  Carbonate ions do not affect the stability of aluminum 
species.  In contrast, the presence of CO3

- ions favors the formation of MgCO3 at pH values from 
~9.5 up to 12.2 at potentials above ~ -0.5 V.  The stable magnesium species was Mg(OH)2 at 
higher pH values and potentials above ~ -0.6 V.  At the lower pH values, magnesium should 
dissolve as MgHCO3

+ ions at higher solution potentials. At lower potentials Mg(C2H3O2)+ or 
Mg(C2O4)2

2- were the stable solution species.  Hence, the addition of carbonate ions increases the 
pH range for stability of magnesium by forming a stable carbonate phase.  
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The pH of the degreasing solution used in this study was 9.1 and the solution temperature was 
maintained at 55°C.  Figure 38 suggests the stable species for aluminum and magnesium are 
AlOOH and Mg2+. During degreasing, magnesium on the surface should be converted to Mg2+, 
but alumina should not be affected.  Therefore, immersion in the degreasing solution should 
dissolve a magnesium-rich oxide, but not affect an aluminum-rich oxide.  
 
The pH values of the 1NaOH and 2NaOH solutions were both above 12.9.  At these higher pH 
values, Figure 38 suggests the stable species should be Mg(OH)2 and aluminate ions. During 
surface activation in NaOH solutions, magnesium should be converted to stable Mg(OH)2 while 
aluminum should dissolve as aluminate ions. The pH of 5Na2CO3 is 11.5.  In the presence of 
carbonate ions at this pH, magnesium on the surface should be converted to stable MgCO3, while 
aluminum should be dissolved as aluminate ions (Figure 39).  While more complex than the 
effect of the degreasing solution, exposure of degreased surfaces to the alkaline activation 
solutions should dissolve aluminum species, but stabilize magnesium-species as Mg(OH)2 or 
MgCO3.  
 
Figure 40 shows the AES depth profiles for acetone rinsed Al 7075-T6.  Acetone should remove 
surface contamination such as dust or oil without altering the surface oxides. After acetone 
rinsing, the concentrations measured at the surface were 4 at% Al, 22 at% Mg, and 22 at% O, 
suggesting a magnesium-rich oxide was present. The total oxide thickness was ~30 nm, based on 
the point where the aluminum and oxygen lines crossed. The ~20 nm of the upper surface oxide 
was magnesium-rich. The aluminum content increased near the oxide-metal interface, but the 
oxide still had a significant magnesium content (~20 at%).  Therefore, magnesium appeared to 
be surface active in the aluminum alloy because it was present in higher quantities (>20 at%) 
compared to its content in the alloy (2.5 wt% or 2.9 at%). 
 

 
Figure 40. AES depth profile of acetone-rinsed Al 7075-T6. 

 
Figure 41 shows the AES depth profile after degreasing. The aluminum line crossed the oxygen 
line at ~10 nm, suggesting that the oxide layer was ~10 nm thick.  Further, the oxide layer was 
aluminum-rich compared to the acetone rinsed surface. The magnesium content at the surface 
decreased from the original value of ~20 at% in the acetone rinsed substrate (Figure 40) to less 
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than 10 at% (Figure 41) after degreasing.  Based on the E-pH diagrams, magnesium-species 
should dissolve as Mg2+ ions at the pH of the degreasing solution, but aluminum species are 
stable as AlOOH. 
 

 
Figure 41. AES depth profiling of Al7075-T6 after degreasing. 

 
Comparing the AES results in Figure 40 with those in Figure 41, it appears that outer portion of 
the magnesium-rich native oxide layer was removed by degreasing, which left an aluminum-rich 
oxide that was ~10 nm thick. 
 
AES depth profile analyses were performed on Al 7075-T6 after surface activation in three 
different solutions: 1) 1NaOH (Figure 42), 2) 2NaOH (Figure 43), and 3) 5Na2CO3 (Figure 44).  
Comparison of AES data for degreasing (Figure 41) with those of surface activations suggests 
surface activation caused an increase in surface oxide thickness from ~10 nm after degreasing to 
20-30 nm after activation in 1NaOH or 5Na2CO3 and ~60 nm after activation in 2NaOH. 
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Figure 42. AES depth profiling of Al7075-T6 after degreasing followed by activation in 

1NaOH. 

 

 
Figure 43. AES depth profiling of Al7075-T6 after degreasing followed by activation in 

2NaOH. 
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Figure 44. AES depth profiling of Al7075-T6 after degreasing followed by activation in 

5Na2CO3. 

 
The increase in thickness of the oxide layer on the panel activated with 2NaOH is an indication 
of the higher activity of this solution compared to the other two solutions.  The magnesium 
content of the oxide layer after activation was higher than it was after degreasing. At the high pH 
of the activation solutions, aluminum species should dissolve as aluminate ions, but magnesium 
is stable as Mg(OH)2 or MgCO3, depending on the activation solution used.  AES data for each 
surface activation showed the concentrations at the panel surfaces were 25 to 30 at% Al, 15 to 20 
at% Mg, and ~50 at% O.  These compositions were similar through the oxide to within ~10 nm 
of the aluminum alloy substrates surface.  The ~10 nm oxide layer closest to the interface with 
the substrate appeared to be similar to the native oxide present on the surface after degreasing.  
Based on the AES results, during activation it appears that a magnesium-rich oxide formed on 
top of the aluminum-rich layer that was present after degreasing. 
 
Degreasing and alkaline activation are part of the standard process for deposition of CeCCs.  The 
purpose of these steps is to alter the surface oxide composition and thickness to promote 
deposition of uniform CeCCs with sufficient thickness to provide corrosion protection.  After 
only degreasing, AES depth profiling showed that the CeCC thickness after one spray cycle was 
~30 nm.  For comparison, CeCCs on alkaline activated panels had thicknesses in the range of 
100 to 250 nm after one spray cycle (Table 11). 
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Table 11. Coating thickness by AES depth profiling of spray deposited CeCCs after 
degreasing and alkaline activation (denotes not measured). 

 Degreasing 5Na2CO3 1NaOH 2NaOH 
1 spray (nm) 30 100 175 250 
5 sprays (nm) - 230 380 500 

 
Visually, no color change was observed for the surface of degreased panels after one spray cycle, 
whereas the color of alkaline activated panels changed to yellow after one spray cycle, indicating 
deposition of cerium-based coatings. Increasing the number of spray cycles to five on a 
degreased panel showed only a faint color change indicating insignificant deposition (thickness 
was not measured).  In contrast, five spray cycles produced a more intense color change on 
alkaline activated panels indicating thicker deposition, which was determined to be in the range 
of 250 nm to 500 nm for the different activation processe.  While degreasing removed the 
magnesium-rich oxide layer, it did not alter the dense native alumina layer on the panels.  
Apparently this layer protected the alloy surface during deposition and did not allow the coating 
solution to penetrate the oxide and react with the substrate, which is required for spontaneous 
deposition of coatings. In the case of alkaline activated panels, the surface oxide was altered such 
that the deposition solution could react with the substrate to produce coatings. Panels cleaned in 
5Na2CO3 produced thinner coatings than 1NaOH and 2NaOH, which indicated that it was less 
aggressive than the NaOH solutions. Based on observed color changes and measured coating 
thicknesses, degreasing followed by activation altered the surface 
 
The corrosion resistance of CeCCs on degreased and alkaline activated panels was evaluated in 
salt spray testing conducted in accordance with ASTM B117. With only one spray cycle, 
degreased and 5Na2CO3 activated panels showed significant corrosion in the form of pits and salt 
tails within 24 hours.  The coatings on these panels were too thin to provide significant 
protection.  Increasing the spray cycle to five for degreased panel did not improve the corrosion 
resistance and the panels showed the formation of pits and salt tails within 24 hours.  In contrast, 
coatings produced by one spray-drain cycle on panels activated in1NaOH or 2NaOH performed 
better and inhibited the formation of pits and salt tails for at least 24 hours. When the number of 
deposition spray cycles was increased to five, the coatings on the substrate prepared using any of 
the three alkaline activation solutions provided better corrosion protection as compared to the 
coatings deposited with one spray cycle. In this analysis, seven out of ten CeCCs prepared using 
five spray-drain cycles on alkaline activated panels inhibited the formation of visual pits and salt 
tails for up to 2 weeks in salt spray testing. Thus, alkaline surface activation on Al 7075-T6 not 
only helped promoted deposition of uniform CeCCs with increased thickness, but the subsequent 
CeCCs also demonstrated enhanced corrosion resistance. 
 
The EIS results for the acetone rinsed panel using a test electrolyte with a natural pH of ~5.5 
showed significant noise at ≤ 1 Hz (Figure 45).  Similar EIS curves were obtained for degreased 
or degreased and alkaline activated panels (not shown here).   The OCP for all these curves 
ranged from -0.60 to -0.65 VSCE.  Due to the noise at ≤ 1 Hz, the low frequency results from EIS 
could not be analyzed with equivalent circuit (EC) models.  Mansfeld and Fernandes [105] 
observed an inductance loop at low frequencies, and they attributed it to the similarity of the 
OCP and pitting potentials. Based on the present results along with those of Mansfeld and 
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Fernandes, the impedance data were reliable at frequencies above 1 Hz; no meaningful data were 
obtained below this frequency. 
 

 
Figure 45. EIS test result for acetone rinsed Al 7075-T6 panels. 

 
The polarization scans of an acetone rinsed and a 2NaOH activated panel using the test 
electrolyte with a pH of ~5.5 showed nearly vertical cathodic slopes and lack of passivation 
(Figure 46).  Similar polarization scans of degreased or degreased and 1NaOH or 5Na2CO3 
activated panels were obtained and the OCP ranged between -0.57and -0.49 VSEC.  The lack of 
passivation indicated that the OCP and pitting potential were almost equal.  The cathodic slopes 
for all of the panels were nearly vertical, indicating that corrosion was controlled by diffusion-
limited transport of oxidizing agents.  Thus, the polarization scans showed that the test 
electrolyte at pH 5.5 was corrosive to the alloy and was capable of causing pitting at OCP. 
 

 
Figure 46. Polarization scans of acetone rinsed and 2NaOH activated panels. The 

polarization scans of degreased or degreased and 1NaOH or 5Na2CO3 
activated panels were similar to these two scans and are not included here. 
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Optical image and SEM micrographs of a panel after EIS testing using the test electrolyte with a 
pH of ~5.5 showed pits and tails (Figure 47a).  The optical image (Figure 47a) validates the 
electrochemical results shown in Figure 45 in that severe corrosion in the form of pits and tails 
occurred at OCP. Figure 47b is a micrograph of a pitted area showing one large pit (~200 µm in 
diameter) and two smaller pits (~20 µm in diameter).  One of the small pits shown in Figure 47b 
is magnified in Figure 47c.  Point EDS analysis near the center of the pit on the spot shown by 
the cross in Figure 47c revealed an elevated copper content (1.7 at%).  For comparison, the 
amount of copper detected by EDS on the matrix where no pitting corrosion occurred was ≤ 0.1 
at%.  The EDS result and SEM micrographs suggest that during EIS testing chloride ions caused 
pitting of the alloy at OCP near copper-rich sites. 
 

 
Figure 47. Pits developed after EIS testing using a test electrolyte of pH 5.5: (a) optical 

image of the 1 cm2 test area showing white salt tails, (b) SEM micrograph 
displaying one large pit and two smaller pits, and (c) magnified SEM 
micrograph of one of the small pits shown in (b). 

 
EIS results using a test electrolyte with a pH of 9.0 for all surface treatments are shown in Figure 
48.  The impedance plots were different from those obtained using the same test electrolyte at its 
natural pH of ~5.5.  All curves in Figure 48 had maxima around 7.94 Hz and minima around 6.3 
kHz and 1 Hz.  At this electrolyte pH, the OCP at which EIS testing was conducted ranged from 
-0.65 to -0.70 VSCE for all panels, whether acetone rinsed or alkaline activated.  At low 
frequencies (<1.00 Hz), the EIS data exhibited no noise.  The EIS plots exhibited trends similar 
to those shown by Mansfeld and Fernandes [105], which was stabilized in 0.5 N NaCl electrolyte 
for at least 24 hours before conducting EIS testing.  Thus, by increasing the test electrolyte pH to 
9.0, the EIS test could be performed at low frequencies on these surfaces within 1 hour of 
stabilization in the test electrolyte. 
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Figure 48. Impedance plots with key frequencies for Al 7075-T6 using a test electrolyte of 

pH 9.0 for various surface treatments. 

 
Similar polarization scans were obtained for degreased or degreased and 1NaOH or 5Na2CO3 
activated panels (Figure 49). The anodic slopes exhibited passivation, that is, a separation 
between pitting potential and OCP.  The cathodic slope was less vertical than when the test 
electrolyte was at pH 5.5, indicating corrosion was not diffusion-limited. Polarization scans 
showed that increasing the test electrolyte pH to 9.0 made the solution less corrosive to the alloy. 
 
Significantly less pitting was observed after testing in the electrolyte with a pH of 9 (Figure 50). 
Prior to testing, the panel was polished, degreased, and activated using the 2NaOH solution.  
Optical image (Figure 50a) revealed no pitting or tailing after EIS testing.  Pits could be 
observed only at higher magnification (Figure 50b). Figure 50c shows a cross-section 
micrograph of the pit in Figure 50b.  Point EDS analysis around the pitted area at points labeled 
A, B, and C revealed an elevated copper content (1-5 at%) in the pit compared to the matrix 
(labeled D in Figure 50c), which only had ~0.1 at% copper.  As when the test electrolyte at pH 
~5.5 was used, the pits that developed at OCP formed near copper-rich sites.  SEM micrographs 
show that during EIS testing, pitting was less severe when the test electrolyte was used at pH 9.0. 
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Figure 49. Polarization scans for an electrolyte of pH 9.0 on panels after surface cleaning 

and 2NaOH activation.  Similar polarization scans were obtained for 
degreasing or degreasing plus 1NaOH or 5 Na2CO3 activations, so those scans 
are not shown here. 

 

 
Figure 50. Post-EIS testing using test electrolyte of pH 9.0: (a) optical images displaying 

the 1 cm2 test area, (b) SEM micrographs of a pit, and (c) SEM cross section 
micrograph of the pit shown in b.  (Note the copper contents detected by EDS 
in at% at A, B, C, and D were 1.0, 5.0, 2.1, and 0.1 at%, respectively). 

 
The effect of test electrolyte pH on the corrosion behavior of aluminum alloys is dependent on 
the thermodynamic stability of water [106].  In the E-pH diagram of water at 1atm (Figure 51), 
line X represents oxygen-water equilibrium, and line Y represents hydrogen-water equilibrium.  
The stable potential region for water is between lines X and Y and is expressed by equation I.  
Below line Y, hydrogen liberation is favored (equation II), which is one of the cathodic reactions 
that occurs during metal corrosion [82,107-109].  The other common cathodic reaction that 
occurs during metal corrosion is reduction of dissolved oxygen (equation III) [109]. 
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Figure 51. An E-pH diagram constructed to illustrate the thermodynamic stability of 

water at 1 atm pressure and 298 K. 
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Using a test electrolyte with a pH 5.5, the final OCP was in the range of -0.60 to -0.65 VSCE 
during stabilization.  This value falls below line Y as seen in Figure 51.  When the pH was 
increased to 9.0, the OCP decreased slightly (-0.65 to -0.70 VSCE), but remained within the stable 
region of water.  Therefore, increasing the test electrolyte pH to 9.0 from the natural pH of 5.5 
inhibited the hydrogen evolution reaction, which can be identified by the difference in the 
cathodic slopes in the polarizations test shown in Figure 46 and Figure 49.  The polarization scan 
with a test electrolyte of pH 5.5 in Figure 46 exhibited a nearly vertical cathodic slope indicating 
diffusion-limited mass transport, which was dependent on how fast water reduced to form 
hydrogen gas on the metal surface.  Figure 49 does not display this behavior, indicating that the 
corrosion was less dependent on water reduction.  Instead, corrosion was likely dependent on 
reduction of dissolved oxygen on the metal surface.  The OCP values calculated by fitting Tafel 
slopes in Figure 46 were in the range of -0.50 to -0.60 VSCE, higher than the OCP obtained 
during stabilization (0.68 VSEC).  This increase is likely due to buildup of a hydrogen gas layer 
given by expression II, which created an overpotential.  Thus, the E-pH diagram shows that 
corrosion can be mitigated by changing the pH to stabilize water. 
 
The EIS plot for all surface treatments using test electrolyte pH 9.0 exhibited two time constants, 
which were apparent in the data as capacitive loops ().  One time constant is associated with 
response of the bulk oxide at high frequency (105-100 Hz) and the other with pits at low 
frequency (100-10-2 HFigure 49z).  Figure 52 shows a schematic diagram and proposed EC of the 
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surface oxide with a pit.  Thus, a less corrosive test electrolyte at pH 9.0 permitted collection of 
stable EIS data that could be fitted to an EC model to describe the corrosion behavior of the 
surface oxide. 
 

 
Figure 52. Schematic diagram and proposed EC of an oxide coating with a pit after 

reaching steady-state in an electrolyte. 

 
Table 12 lists the values for each EC component and its standard deviation calculated by 
regression of the model (Figure 52) to the data (Figure 48).  The term R(s) represents solution 
resistance, which was nearly constant (15-22 Ω•cm2) for all panels whether, surface cleaned or 
activated. The oxide is a high resistance insulator and can be considered a partially blocked 
surface, i.e., one using only capacitance denoted by C(Ox). Incorporating oxide resistance, 
R(Ox), in the model generated errors >106.  The term R(p) represents the polarization resistance 
of the passive surface, and  R(ct) is the charge transfer resistance of the pitted area.  The 
capacitance arising from the charge separation at the dielectric double layer is denoted by C(dl), 
which was also nearly constant (1.0-1.4 mF/cm2) for all panels, whether acetone rinsed or 
activated.  The chi-square value for each fit was less than 0.02, indicating very good fits. The 
EIS plot can be fitted into various circuit models that may lead to different physical 
interpretations due to differences in the individual parameters.  However, the value of overall 
resistance, R(T), that is, the sum of R(p) and R(ct), is significant because it is independent of the 
models used to fit the data. 
 
Table 12 shows that the oxide layer capacitance, C(ox), of the acetone rinsed substrate had the 
lowest value, which was 5.6 µF/cm2.  Capacitance is inversely proportional to thickness, and this 
low value indicates that the original oxide was the thickest before cleaning.  After degreasing, 
C(ox) increased to 8.7 µF/cm2 and remained in the range of 8.5-9.6 µF/cm2 after activation.  The 
increase in capacitance value from the EC modeling is consistent with previously reported oxide 
thickness [66] obtained by Auger electron spectroscopy measurements, which showed that the 
oxide layer thickness decreased from ~30 nm on the original panel to ~10 nm after degreasing 
and remained at ~10 nm after subsequent surface activation. 
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Table 12. Equivalent ciruit values for EIS data from Figure 48. 

 
 
The average overall resistance of panels that were rinsed with acetone and degreased was ~5.9 
kΩ•cm2.  Panels that had only an acetone rinse had a high resistance variance (standard deviation 
~1.1 kΩ•cm2), but after degreasing the measured range was 5.7-6.1 kΩ•cm2.  Thevariance was 
also apparent from the high standard deviation of Rp for acetone rinse (0.5 kΩ•cm2) than from 
alkaline treated panels (0.03 kΩ•cm2).  With such high variance, coatings deposited on this 
surface tend to be non-uniform.  The variance in the overall resistance also indicated that the 
surface of as-received panels must be treated to produce a surface with uniform electrochemical 
properties, which improve the adhesive properties of any subsequent coatings.  The results show 
that as-received Al 7075-T6 had a strong corrosion resistant surface oxide and that cleaning by 
degreasing made the oxide more uniform, but did not alter its overall resistance. 
 
After degreasing, R(ct) increased from 3.5 kΩ•cm2 (acetone rinsed) to 4.0 kΩ•cm2, which 
countered the loss in R(p); therefore, the R(T) value did not change significantly.  The decrease 
in R(p) and the increase in R(ct) is likely due to thinning of the passive oxide layer from ~30 nm 
on the starting surface to ~10 nm after degreasing due to removal of magnesium-rich oxide layer. 
Therefore, no change in R(T) was detected after degreasing, indicating the overall corrosion 
resistance of the natural alumina layer was not significantly affected.  The changes in R(p) and 
R(ct) indicated that the oxide had been altered, resulting in less variance in R(T). 
 
Surface activation using 2NaOH decreased the overall resistance of Al 7075-T6 surface oxide to 
~4.2 kΩ•cm2, which was ~30% lower than the overall resistance after degreasing (~5.9 kΩ•cm2).  
Activation with 5Na2CO3 or 1NaOH decreased overall resistance to ~4.8 kΩ•cm2, which is a 
decrease of ~20%.  The decrease was less for these two activations because the solutions have 
lower pH values than 2NaOH solution and are less chemically aggressive. 
 
Both R(p) and R(ct) decreased after alkaline activations, indicating the surface oxide 
electrochemical resistance had been decreased.  The decrease in overall resistance is an 
indication that the surface oxide is more susceptible to corrosion.  This susceptibility to corrosion 
can be observed during the deposition of CeCCs from aqueous solutions.  Previous research [66] 
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showed that on a degreased panel, a coating that was only ~30 nm thick was deposited after a 
single spray-drain cycle.  In contrast, deposition on alkaline activated panels produced coating 
thicknesses that were in the range of 100-250 nm.  Because 2NaOH activation decreased the 
overall resistance the most, it also produced the thickest coatings (~250 nm).  Activation in 
1NaOH and 5Na2CO3 both decreased the overall resistance, but less than the 2NaOH activation, 
and, therefore, produced coatings with intermediate thicknesses (~175nm for 1NaOH and ~100 
nm for 5Na2CO3). The decrease in resistances indicated that during surface activation the native 
oxide was altered, making it more susceptible to attack by the coating solution, such that the 
coating deposition solution could easily penetrate the oxide and react with the substrate to 
deposit the coatings. 
 
Deposition of CeCCs on Aluminum Alloy 380 
AA380 alloy sheets 0.3 cm thick were cut into test panels 2.5 cm by 7.6 cm in size.  The 
composition of AA380 is summarized in Table 13.  Pretreatment of the panels prior to coating 
started with an isopropyl alcohol wipe followed by degreasing in an aqueous solution of a 
commercial alkaline cleaner (5 wt% Turco 4215 NC-LT in deionized water) for 5 minutes at 
55°C. After degreasing, the panels were activated by immersion for 10 min at 60oC in an 
aqueous solution containing 1 wt% sulfuric acid. Following cleaning and activation, the panels 
were rinsed in deionized water that was either at room temperature (nominally 25°C) or heated to 
100°C. After rinsing, the panels were immersed in the deposition solution for different time 
intervals of up to 8 min.  
 
Table 13.  Nominal Composition of Aluminum Alloy 380. 

element Si Fe Cu Mn Mg Ni Zn Sn Other Al 

wt% 7.5-
9.5 

2.0 
 

3.0-
4.0 

0.50 
 

0.10 
 

0.50 
 

3.0 
 

0.35 
 0.50 balance 

 
The CeCC deposition solution was prepared from a stock solution consisting of 40 g CeCl3•H2O  
(Alfa Aesar, 99.9%), 780 g of de-ionized water, pH adjusted to 2.07 with HCl.  For the 
deposition solution, 205 g of the stock solution was mixed with 0.8 g of a water soluble gelatin 
(DSF, Rousselot) that was dissolved in 25 g of de-ionized water.  Just before deposition, 15 ml of 
H2O2 (Fisher Chemical, 30 wt.%) was added. 
 
Coated panels were post-treated by immersion for 5 minutes in a water solution containing 2.5 
wt% Na3PO4 (pH adjusted to 4.5 with phosphoric acid) that was heated to 85°C.  The corrosion 
resistances of the coated panels were evaluated using salt spray testing (Q-Fog, Q-Panel Lab 
Products) per ASTM standard B117.  Panels with CeCCs were stored at room temperature in the 
laboratory for at least 24 h before characterization or salt spray testing. 
 
The crystalline phases in the alloy and coatings were characterized by X-ray diffraction (Philips 
X-Pert Pro) using copper Kα radiation.  Scanning electron microscopy (SEM; Hitachi S-4700) 
with energy dispersive X-ray spectroscopy (EDS; Phoenix System) was used to characterize the 
surface morphologies and compositions of CeCCs.  
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Electrochemical impedance spectroscopy (EIS) was carried out at open circuit potential with 
amplitude of 10 mV in the frequency range from 105 to 10-2 Hz.  Measurements were made after 
stabilization in the test electrolyte for 1500 s. All experiments were conducted with a frequency 
response analyzer (Schlumberger SI 1255 HF) and a potentiostat/galvanostat (EG&G Princeton 
Applied Research Model 273A). Potentiodynamic analysis was carried out after EIS, the initial 
potential was -0.4 VSCE and final potential is 0.8 VSCE with respect to the open circuit 
potential, and the scan rate was 1mV/sec. The electrochemical cell was a 250 mL water jacketed 
beaker maintained at 25°C. The cell electrolyte was a modified prohesion solution, which 
consisted of 0.70 wt% (NH4)2SO4 and 0.35 wt% NaCl in deionized water. The exposed area of 
the working electrode was 1 cm2. A saturated calomel electrode (SCE) was used as the reference 
electrode and Pt mesh with an area of 12 cm2 was used as the counter electrode. 
 
X-ray diffraction analysis  of bare AA380 alloy detected five different phases, specifically the Al 
matrix phase, a second phase of Si, and three intermetallic phases that were present in trace 
quantities, Al2Cu, FeSi2 and Al4.5FeSi.  Combining analysis of surface morphology (Figure 53a 
and b) and EDS (not shown) of the substrate after pretreatment, it appears that FeSi2 and/or 
Al4.5FeSi intermetallic particles were dissolved by the alkaline and acid pretreatment.  
Dissolution sometimes left holes in the substrates that were up to about 20 µm in diameter 
(Figure 53c and d). 
 
Pretreatment also altered the electrochemical response of the substrates.  From the 
potentiodynamic curves shown in Figure 54a pretreatment increased the open circuit potential 
from about -600 mVSCE for the starting panel to about -500 mVSCE after alkaline cleaning, acid 
activation and rinsing.  Figure 2a also shows that the pretreatment increased the corrosion current 
from 0.3 µA/cm2 before pretreatment to 2.0 µA/cm2 after pretreatment. However, the rinsing 
temperature, 25°C or 100°C, did not produce significant differences in either the open circuit 
potential or the corrosion current.  The increase in corrosion current after pretreatment indicates 
that the alloy surface is more electrochemically active and easier to coat.  From the 
corresponding electrochemical impendence spectra, Figure 54b, the impedance of starting panel 
was around 40 kΩ•cm2, which was much larger than the impedance after pretreatment (~7.5 
kΩ•cm2 for both rinsing temperatures).  In comparison to previous studies [54], the pretreatment 
process likely reduced the thickness of the native oxide layer, which decreased the impedance of 
the substrate. Previous analysis showed that the reduction in impedance and increase in corrosion 
current were necessary to promote deposition of CeCCs [54]. 
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 (a) (b) 
 

  
 (c) (d) 
Figure 53. SEM surface morphology of AA380 cleaned panel; a) 180 grit polished, b) 

25oC rinsed, c) 25oC rinsed showing an area with removal of material; and d) 
100oC rinsed. 

  
 (a) (b) 
Figure 54. (a) Potentiodynamic Polarization curves and (b) Impedance spectroscopy of 

bare, rinsing at 25oC and 100oC of AA380 alloy. 
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The substrates rinsed at 25°C prior to coating deposition, increasing the immersion time in the 
coating solution made the surface more electrochemically active. From the potentiodynamic 
curves in Figure 55a, the corrosion current increased from 0.82 µA/cm2 after two minutes in the 
coating solution to 1.6 µA/cm2 after 5 minutes and 2.7 µA/cm2 after eight minutes (Table 14). In 
contrast, the open circuit potential did not vary significantly among the three panels, with all 
having values around -530 mV. The increasing corrosion current with the increasing immersion 
time suggests that the surface of the AA380 is more susceptible to chloride attack and 
dissolution. Therefore, the potentiodynamic curves for coatings on substrates rinsed at 25oC, 
increasing the immersion time appears to increase attack of the substrate by the coating solution. 
 
For substrates rinsed at 100oC prior to coating deposition, increasing the immersion time in the 
coating solution increases the corrosion resistance. The potentiodynamic curves shown in Figure 
55b reveal that the corrosion current decreased from 0.73 µA/cm2 after immersion for 2 minutes 
to 0.54 µA/cm2 after five minutes and to 0.34 µA/cm2 after eight minutes (Table 14). The open 
circuit potential was about the same after immersion in the deposition solution for 2 or 5 minutes 
(-480 mV), but decreased to about -540 mV after immersion for eight minutes.  The decreasing 
corrosion current indicated that the coatings had better corrosion resistance as the immersion 
time increased. Compared to panels rinsing at 25oC (0.82 µA/cm2), rinsing at 100oC for 2 
minutes resulted in a coating with better corrosion resistance (0.73 µA/cm2) and the corrosion 
resistance, as measured by corrosion current, continued to increase as deposition time increased. 
Therefore, rinsing at 100oC prior to coating deposition appears to be a better choice for 
deposition of CeCCs on AA 380 alloy. 
 
Table 14. Electrochemical parameters derived from EIS and Potentiodynamic 

measurements of CeCCs deposited on AA 380 substrates rinsed at different 
temperatures. 

Immersion 
Time 
(min) 

Corrosion Parameters 
Rp (kΩ•cm2) Icorr (µA/cm2) Ecorr (mVSCE) 

25oC 100oC 25oC 100oC 25oC 100oC 
2 32 36 0.82 0.73 -540 -480 
5 16 49 1.60 0.54 -550 -480 
8 10 76 2.70 0.34 -510 -540 

 
The EIS results were consistent with potentiodynamic analysis. Rinsing at 25oC prior to 
deposition resulted in coatings with impedance values that decreased as immersion time 
increased (Figure 55c). For panels rinsed at 25°C prior to coating, the impedance was 32 kΩ•cm2 
after 2 minutes of immersion in the coating solution and the value decreased to 16 kΩ•cm2 after 
5 minutes and 10 kΩ•cm2 after eight minutes. However, for panels rinsed at 100°C prior to 
coating deposition, the impedance was 36 kΩ•cm2 after immersion in the coating solution for 2 
minutes, and it increased to 49 kΩ•cm2 after 5 minutes and 79 kΩ•cm2 after 8 minutes (Figure 
55d).  For panels rinsed at 100°C prior to coating deposition, the impedance of 79 kΩ•cm2 after 8 
minutes of immersion in the coating solution was more than double the highest value for 
coatings deposited on panels rinsed at 25°C, which was 32 kΩ•cm2 after 2 minutes of immersion 
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in the coating solution. These results indicate that rinsing at 25°C prior to deposition led to 
corrosion resistance that decreased with increasing immersion time in the coating solution 
whereas rinsing at 100°C prior to coating deposition led to corrosion resistance that increased 
with the increasing immersion time. 
 

 
 (a) (b) 

  
 (c) (d) 
Figure 55. Electrochemical behavior of CeCCs deposited AA380 alloy in prohesion 

solution; potentiodynamic curve a) 25°C, b) 100°C, and impedance spectra, c) 
25°C, and d) 100°C. 

 
Coatings that were deposited on substrates that were rinsed at 25°C were cracked and had large 
holes.  As shown in Figure 56, the cracks became larger as coating time increased.  In addition to 
the cracks, large holes that were about 5 µm in diameter were also observed on the panel 
surfaces.  Even though the coatings were cracked, the average thickness in areas with coating 
increased as immersion time increased.  For example, the coating thickness (Figure 57) was 
about 350 nm after 2 min, but increased to nearly 2 µm after 8 min of immersion in the coating 
solution.  However, the thickness was not uniform and it varied across the panel.  The surface 
morphology is consistent with the electrochemical test results that showed that coating 
impedance decreased as immersion time increased for coatings on substrates rinsed at 25°C.  The 
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impedance approached a value of 10 kΩ•cm2 for deposition times of 8 min, which was about one 
third of the value (32 kΩ•cm2) after immersion for 2 minutes.  Hence, SEM analysis is consistent 
with electrochemical results that showed that coatings deposited on substrates rinsed at 25°C did 
not serve as effective barriers to corrosion due to non-uniform coverage of the AA380 surface. 
 

  
 (a) (b) 
 

 
 (c) 
Figure 56. Surface morphology of coatings deposited on AA380 panels rinsed at 25°C 

after immersion in the coating solution; (a) 2 min, (b) 5 min, and c) 8 min. 

 
Coatings that were deposited on substrates rinsed at 100°C had a nodular appearance (Figure 58) 
similar to previous work.[71]  The coatings covered the substrates and only a few, small cracks 
(<0.5 µm wide) were observed.  As with coatings deposited on substrates rinsed at 25°C, the 
thickness of CeCCs deposited on substrates that were rinsed at 100°C increased as deposition 
time increased.  After 2 min of immersion, the coating thickness was just over 200 nm and it 
increased to ~700 nm after 8 min (Figure 57).  Despite being thicker than CeCCs on high 
strength aluminum alloys such as 2024-T3 and 7075-T6, the coatings had only a few small 
cracks.  As shown by the electrochemical analysis in (Figure 55d), coating impedance increased 
as immersion time increased, which is consistent with the formation of a thicker, continuous 
coating.  Therefore, the surface morphology and thickness of the coating are consistent with 
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electrochemical results, which showed that coatings on substrates that were rinsed at 100°C prior 
to deposition increased the impedance compared to uncoated substrates. 

 
Figure 57. Thickness as a function of immersion time for CeCCs deposited on panels 

rinsed at 25°C and 100°C. 

 
Coatings had a yellow-gold appearance (Figure 59a and Figure 60a) after post-treatment.  
Coatings deposited on substrate rinsed at 25°C prior to immersion showed a significant amount 
of white product corrosion after salt spray testing.  Corrosion pits and salt tails were visible after 
24 hours in salt spray testing as shown in Figure 7b.  Coatings continued to degrade with further 
time in salt spray testing (Figure 59c and d).  In contrast, coatings deposited on substrates rinsed 
at 100°C prior to deposition showed better corrosion resistance.  After 24 hours, a few corrosion 
pits were present (Figure 60b), but significant salting was not observed until after 192 hours of 
salt spray testing.  Therefore the results of salt spray testing were consistent with electrochemical 
characterization and surface morphology.  Coatings deposited on substrates that were rinsed at 
25°C prior to immersion had higher corrosion currents, lower impedance values, and were 
cracked, which led to more severe corrosion in salt spray testing.  However, coatings that were 
deposited on substrates that were rinsed at 100°C prior to deposition had lower corrosion 
currents, higher impedance values, and were free of large cracks.  As a result, coatings deposited 
on substrates rinsed at 100°C provided improved corrosion protection for AA380 alloy 
substrates. 
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 (a) (b) 

 
 (c) 
Figure 58. Surface morphology of coatings deposited on panels rinsed at 100°C after 

immersion in the coating solution; (a) 2 min, (b) 5 min, (c) 8 min. 
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 (a) (b) (c) (d) 
Figure 59. Optical Images of coatings deposited on substrates rinsed at 25°C, a) as 

deposited, and after salt spray performance b) 24 hours, c) 96 hours, and d) 
192 hours. 

 

    
 
Figure 60. Optical images of coatings deposited on substrates rinsed at 100°C, a) as 

deposited, and after salt spray performance b) 24 hours, c) 96 hours, and d) 
192 hours. 

 
Epoxy-Polyamide Primers with Praseodymium-Based Inhibitors 
The first year efforts focused on primers deposited onto Al alloys 2024-T3 and 7075-T6 with 
CrCC pre-treatments.  Primer formulation and deposition was performed by Deft.  The initial set 
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of samples consisted of both solvent (02GN084 series) and water-based (44GN098) primers 
coated on CrCC on top of Al 2024-T3. Both systems have shown that they can inhibit corrosion 
of high strength Al alloy panels scribed to bare metal for at least 3000 hours in ASTM B117 salt 
spray.  The Deft epoxy-polyamide primers with Pr-based inhibitors have the best performance on 
CrCCs. 
 
During the second and third years of the project, efforts remained focused on primers deposited 
onto Al alloys 2024-T3 and 7075-T6 with CrCC pre-treatments.  Primer formulation and 
deposition were again performed by Deft.  The set of samples discussed in this report consisted 
of both solvent and water-based primers coated on CrCCs on Al 2024-T3 panels. Both systems 
have shown that they can inhibit corrosion of high strength Al alloy panels scribed to bare metal 
for at least 3000 hours in ASTM B117 salt spray.  The Deft epoxy-polyamide primers with Pr-
based inhibitors have the best performance on CrCCs.  In light of results seen with the solvent-
based and water-based series samples Deft formulated test coatings containing Pr-phases only 
(Pr2O3 and Pr6O11) and coatings containing only acid extenders (Ca2SO4, Ca2SO4 •2H2O, BaSO4, 
and talc).  These samples were subjected salt spray exposure similar to the standard formulations 
and characterized to pinpoint key components in the coating and their relationship to the overall 
corrosion protection mechanism. 
 

Task 4:  Characterization of Corrosion Behavior 
This task focuses on characterization of the rare-earth phases in as-deposited coatings, reactions 
that occur during corrosive attack, and phases present after attack.  The characterization effort 
has three main aspects, physical characterization (Task 4.1), electrochemical characterization 
(Task 4.2), and performance evaluation (Task 4.3).  The goal of physical characterization is to 
identify the composition, crystal structure, and morphology of chemical species that are present 
in as-deposited coatings, that migrate during corrosive attack, and that are present after 
corrosion.  For primer coatings, analysis focuses on the phase of the rare-earth inhibitor in the 
coating, dissolution and transport during corrosive attack, and the deposition of passivating 
species in exposed regions. Standard electrochemical techniques along with newly developed 
electrochemical techniques are being used to characterize and evaluate the protection provided 
by rare earth inhibitors.  The primary method for performance evaluation is salt spray testing 
according to military specifications.  To understand the mechanisms, characterization is being 
performed through the entire period of performance evaluation. 
 
Physical Characterization 
Conversion coatings and primer coatings were being characterized after deposition and as a 
function of time in performance evaluation (salt spray testing or electrochemical testing).  The 
primary characterization techniques used to examine coating surfaces and cross sections were 
XRD, AES, and SEM with simultaneous chemical analysis by EDS.  Focused ion beam 
processing was also used to produce cross section specimens from selected areas in as-deposited 
and corroded coatings for further analysis. 
 
Cerium-Based Conversion Coatings 
The study of the mechanisms by which Ce compounds provide corrosion protection was the 
main goal of this portion of the project. As discussed previously, during deposition of CeCCs, 
sub-surface crevices are formed due to the interaction between the spray solution and Al alloy.  
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The study of the mechanisms by which CeCCs provide corrosion protection is the main goal of 
this portion of the project. As discussed previously, during deposition of CeCCs, sub-surface 
voids are formed due to the interaction between the spray solution and Al alloy. Analysis of 
CeCCs (using Missouri S&T’s processing parameters) using the FIB/SEM system revealed the 
sub-surface extended ~5 µm into the substrate beneath the coating (Figure 61). This discovery 
impacted the original scope of studying the protection mechanism of CeCCs because of the more 
complicated structure that was observed.  Not only do CeCCs have to act as a barrier that 
protects the underlying substrate, but they must also provide protection to the sub-surface 
crevices beneath the panel surface.  Hence, the protection mechanism is more complicated than 
originally envisioned. 
 

 
 
Figure 61.  FIB cross section of a CeCC on Al 2024-T3 showing sub-surface voids 

underneath an area exhibiting large cracks. 

 
These features were found underneath areas of the coating that exhibited large cracks, which 
typically covered ~10 % of the surface.  It is thought the presence of sub-surface voids affected 
the overall corrosion protection of CeCCs deposited from solutions containing CeCl3 and H2O2. 
 
Cerium-based conversion coatings on Al 2024-T3 substrates were characterized after various 
exposure times in salt spray corrosion testing. As-deposited coatings performed poorly in salt 
spray corrosion testing, exhibiting light salt tailing after as little as one hour of exposure. With 
longer exposure times, the degree of salting present on the as-deposited coatings grew more 
severe to the point that after 24 hours the panels appeared corroded over the entire surface. In 
comparison, post-treated CeCCs exhibited improved corrosion protection. No visible corrosion 
was observed on post-treated coatings through seven days of salt spray exposure. After 14 days 
of testing, post-treated CeCCs showed some visible salt tails. 
 
Electrochemical changes occurring in CeCCs during salt spray exposure were characterized 
using EIS analysis. Nyquist plots of EIS data for post-treated coatings (Figure 62) showed that 
impedance values were ~40 kΩ-cm2 prior to salt spray exposure (0 hours). Upon exposure, 
impedance values of the post-treated CeCC increased during the first 12 hours, and then 
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stabilized at values of more than 100 kΩ-cm2. Impedance values remained at about this level 
until ~14 days, when salt tailing was observed on the sealed coatings and the impedance 
decreased to ~70 kΩ-cm2. Assuming that impedance is directly related to corrosion resistance, 
EIS testing showed that sealed CeCCs exhibited improved corrosion resistance after the first 12 
hours of salt spray exposure and remained stable for up to ~2 weeks. 
 

 
Figure 62. Nyquist plots of electrochemical impedance spectroscopy data for post-treated 

CeCC after various salt spray exposure times. 

 
Nyquist plots of EIS data for as-deposited coatings (Figure 63) did not exhibit similar trends to 
post-treated coatings. Measured impedances of as-deposited CeCCs were an order of magnitude 
less than the values observed for post-treated coatings. Prior to salt spray exposure, as-deposited 
coatings had impedances of ~8 kΩ-cm2. The impedance dropped after one hour of salt spray 
exposure to ~5 k Ω-cm2, then increased back to its initial values for exposures ranging from three 
to 12 hours. Impedance values increased again to about 12 kΩ-cm2 after about 24 hours, at which 
point panels exhibited heavy salting. 
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Figure 63. Nyquist plots of electrochemical impedance spectroscopy data for as-deposited 

CeCCs after various salt spray exposure times. 

 
To understand how coatings changed during salt spray exposure, EIS data were fit to equivalent 
circuit models, which are illustrated in Figure 64a and b. The calculated parameter values for 
post-treated and as-deposited coatings are listed in Table 15 and Table 16, respectively. 
 

 
Figure 64. Models of the equivalent circuits used to fit EIS data from (a) post-treated and 

(b) as-deposited CeCCs 

(a) 

(b) 
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Table 15. Parameter values for post-treated CeCCs, fitted from the equivalent circuit 
shown in Figure 24a: Rs(Qox(Rp(QdlRct))) (Rs – solution resistance, Qox – 
coating capacitance, Rp – polarization resistance, Qdl – double layer 
capacitance, Rct – charge transfer resistance) 

Salt Spray 
Exposure Time 

Rs 
(Ω-cm2) 

Qox 
(µΩ-1secncm-2) 

Rp 
(Ω-cm2) 

Qdl 
(µΩ-1secncm-2) 

Rct 
(kΩ-cm2) 

0 hours 16 ± 1 19 ± 4 190 ± 26 42 ± 10 46 ± 3 

1 hour 14 ± 1  20 ± 6 356 ± 43 27 ± 5 51 ± 5 

3 hours 17 ± 2 12 ± 2 355 ± 92 19 ± 11 74 ± 8 

6 hours 16 ± 3 14 ± 3 317 ± 98 21 ± 7 99 ± 8 

12 hours 8 ± 5 11 ± 2 246 ± 52 21 ± 3 126 ± 4 

24 hours 12 ± 6 24 ± 3 308 ± 67 28 ± 1 130 ± 5 

48 hours 10 ± 1 23 ± 8 316 ± 24 33 ± 5  125 ± 12 

168 hours 14 ± 5 17 ± 4 339 ± 36 30 ± 10 125 ± 8 

336 hours 7 ± 3 22 ± 6 290 ± 30 21 ± 4 87 ± 8 
 
Table 16. Parameter values for as-deposited coatings, fitted from the equivalent circuit 

shown in Figure 24b: Rs(QdlRct) (Rs – solution resistance, Qdl – double layer 
capacitance, Rct – charge transfer resistance). 

Salt Spray 
Exposure 

Time 

Rs 
(Ω-cm2) 

Qdl 
(µΩ-1secncm-2) 

Rct 
(kΩ-cm2) 

0 hours 15 ± 8 29 ± 6 9 ± 1 

1 hour 20 ± 3 38 ± 6 6 ± 1 

3 hours 21 ± 2 59 ± 15 8 ± 1 

6 hours 23 ± 2 50 ± 3 8 ± 2 

12 hours 18 ± 1 33 ± 19 9 ± 1 

24 hours 20 ± 2 76 ± 8 12 ± 1 

48 hours 19 ± 2 75 ± 6 12 ± 2 

168 hours 22 ± 5 83 ± 18 13 ± 2 
 
For post-treated coatings, the best fits were produced using models with two time constants, 
while data from as-deposited coatings could be fit to circuits with one time constant. These same 
equivalent circuits were used successfully in previous studies to calculate coating parameters in 
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which the total resistance was made up of components from the solution (Rs), coating (Rp), and 
double layer (Rct)[70,102].  In these studies, the measured capacitances were attributed to the 
capacitance of the coating (Qox) and double layer (Qdl) [70,102].  The errors between the fitted 
equivalent circuits and the data were under ten percent for all coatings in the present study. 
 
Post-treated coatings exhibited no significant changes in capacitance, solution resistance, or 
coating resistance as salt spray exposure times increased. In contrast, the charge-transfer 
resistance increased from an initial value of 46 kΩ-cm2 prior to salt spray exposure to 130 kΩ-
cm2 after 12 hours of exposure. Charge-transfer resistance remained between 120 – 130 kΩ-cm2 

through 168 hours of salt spray testing, then exhibited a decrease to 87 kΩ-cm2 after 336 hours, 
at which time sealed coatings began to exhibit visible pitting and salt tailing. Thus, the increase 
in impedance of sealed coating with salt spray exposure was attributed to an increase in the 
charge-transfer resistance of the coatings. Charge-transfer resistance is related to the corrosion 
protection of exposed areas of the coating, such as cracks or other defects. Changes in the 
charge-transfer resistance can be due to break down or build up of corrosion protection in these 
areas and due to the formation of a passive layer. Therefore, based on the increases in charge-
transfer resistance, EIS testing showed post-treated coatings formed a protective layer or 
otherwise passivated areas on the substrate that were exposed and not covered by the coating. 
 
For as-deposited coatings, neither capacitance nor solution resistance exhibited significant 
changes during salt spray exposure. As with post-treated coatings, the charge-transfer resistance 
of as-deposited coatings exhibited change with increasing salt spray exposure time. Before salt 
spray exposure, the charge-transfer resistance of as-deposited CeCCs was ~9 kΩ-cm2. After an 
initial drop to ~6 kΩ-cm2 after the first hour of exposure, the resistance increased and remained 
between 8 and 9 kΩ-cm2 through 12 hours of salt spray testing. For longer exposure times, as-
deposited coatings exhibited an increase in impedance, which was due to an increase in the 
charge-transfer resistance to ~12 kΩ-cm2, where remained through 168 hours of exposure. Thus, 
changes in impedance observed in as-deposited coatings were also the result of changes in the 
charge-transfer resistance, just as was observed for post-treated coatings. The impedance and the 
degree of change, however, were both significantly less for as-deposited coatings with increases 
of ~ 3 to 6 kΩ-cm2 for as-deposited coatings compared to increases of ~60 kΩ-cm2 for post-
treated coatings after 24 hours of salt spray testing. 
 
Changes in surface compositions of CeCCs during salt spray exposure were analyzed using AES 
depth profiling. Prior to corrosion testing, sealed CeCCs (Figure 65a) were ~450 nm thick, based 
on the depth at which cerium concentrations fell below those of aluminum. In addition, AES 
detected ~40 at% oxygen, but minimal aluminum (<5 at%) at the surface of the coatings before 
salt spray exposure. After six hours of exposure (Figure 65b), aluminum and oxygen 
concentrations at the surface increased to 20 at% and 50 at% respectively. After 24 hours of 
exposure (Figure 65c), an aluminum-rich layer ~150 nm thick, based on the depth at which the 
aluminum concentrations fell below that of cerium, was detected on the surface. The thickness of 
the aluminum-rich layer remained in the range of 100 to 150 nm through 14 days of salt spray 
exposure for post-treated coatings. 
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Figure 65. AES depth profiles for post-treated CeCCs a) before salt spray exposure and 

after b) 6 hours and c) 24 hours of salt spray exposure. 

 
Prior to salt spray exposure, as-deposited CeCCs exhibited an AES depth profile (Figure 66a) 
similar to that of the sealed coatings. The coating thickness was ~450 nm with aluminum and 
oxygen concentrations at the surface of the coating of ~5 at% and 40 at%, respectively. After six 
hours of salt spray exposure (Figure 66b), an aluminum-rich layer ~150 nm thick was present on 
the as-deposited coatings, which had surface concentrations of aluminum and oxygen of 40 at% 
and 50 at%, respectively. The thickness and composition of the alumina layer remained at ~150 
nm after 24 hours of testing (Figure 66c) and through 14 days of exposure. 
 
During the first 24 hours of salt spray exposure, post-treated CeCCs exhibited significant 
increases in impedance and developed an aluminum-rich layer ~150 nm thick on the surface 
while having no visible corrosion. Given the correlation between the increase in impedance and 
the development of the aluminum-rich layer, it is hypothesized that post-treated CeCCs 
facilitated the formation of a protective alumina layer during salt spray exposure. The source of 
aluminum, phase of the layer, and areas covered by the layer have not been investigated 
extensively, but remain the subject of continuing research on the corrosion protection 
mechanisms of CeCCs. 
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Figure 66. AES depth profiles of as-deposited CeCCs a) before salt spray exposure and 

after b) 6 hours and c) 24 hours of salt spray exposure. 

 
In contrast to post-treated coatings, as-deposited CeCCs did not exhibit the same increases in 
impedance during salt spray exposure. Instead, the impedance remained relatively constant (after 
an initial drop) during the first 24 hours of salt spray exposure. The aluminum-rich layer on the 
surface of as-deposited coatings was thicker (based on AES depth profiling) after the same salt 
spray exposure times as compared to the aluminum-rich layer on post-treated coatings. Unlike 
the aluminum-rich layer that formed on sealed CeCCs, the aluminum-rich layer on unsealed 
coatings did not appear to be protective, since coating impedance did not increase with the 
presence of the layer. Additionally, significant salting was observed on as-deposited coatings 
after 24 hours of salt spray exposure. Thus, the aluminum-rich layer that formed on as-deposited 
CeCCs during salt spray exposure did not exhibit protective properties, appearing to be a 
corrosion product rather than a protective layer. 
 
In addition to studying the electrochemical and surface chemical changes that occurred during 
salt spray exposure, structural changes were also characterized. Specifically, subsurface voids 
were found in both sealed and unsealed coatings. Subsurface voids were found in areas of CeCCs 
that exhibited large cracks on the surfaces. For post-treated CeCCs, large cracks were present 
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over ~10% of the area of the coated surfaces and sub-surface voids were found in most of these 
areas. After six hours of salt spray exposure, large cracked areas of post-treated CeCCs exhibited 
small pits (Figure 67). With longer exposure times, pits were still observed, but neither the 
number nor the size appeared to change. 
 

 
Figure 67. SEM images of a post-treated CeCC after six hours of salt spray exposure in 

which areas of the coating (~10% of the total area) exhibiting large cracked 
were found to have developed small pits. 

 
FIB cross sectioning was done on a corrosion pit found in an area with large cracks on a post-
treated CeCC after seven days salt spray exposure (Figure 68). The cross section of the pit 
revealed the presence of subsurface voids underneath the pit. In addition, a dark aluminum-rich 
phase was observed surrounding most of the perimeter of voids. After seven days of salt spray 
testing, the dark aluminum-rich phase in the void remained intact, with few, if any, defects such 
as pores or cracks. Given the lack of corrosion product either in the voids or on the surface of the 
panels, post-treated CeCCs appear to be able to protect the alloys from corrosion even inside 
subsurface voids. Within the voids, the protection may be due to the oxide surrounding these 
features, which could be resistant to the corrosive conditions that develop in salt spray testing. 
 
As-deposited coatings had large cracks present in over half of the area of the coated surface; 
however, sub-surface voids were found in only a small fraction of the areas with large cracks. 
Large cracked areas of as-deposited coatings did not develop pits as was observed for post-
treated CeCCs. Rather, these areas developed nodules that were rich in aluminum and oxygen 
after 6 hours of salt spray exposure (Figure 69a). The alumina nodules became more prevalent 
with time until ~24 hours of exposure at which time the large cracked areas were completely 
covered by the aluminum-rich material (Figure 69b). 
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Figure 68. FIB cross section of a pit found in a post-treated CeCC after seven days of salt  

 
Figure 69. Surface morphology of as-deposited CeCCs after a) six hours and b) 24 hours 

of salt spray exposure. 

 
Combined with the observation of salt tails and analysis of the EIS data, the aluminum-rich 
phase on these coatings was a corrosion product that deposited on isolated areas of the coating 
surfaces, not a protective layer that formed in the post-treated CeCCs. 
 
The cross sectional structure, prepared by FIB milling, of an aluminum-rich nodule found on an 
as-deposited CeCC after 6 hours of salt spray exposure (Figure 70) revealed subsurface voids 
present underneath these features, just as they were found underneath pits in the post-treated 
coatings. The dark oxide phase around these voids exhibited a large degree of porosity. This 
morphology indicated that the oxide found around the perimeter of the voids in as-deposited 
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coatings did not have the protective properties of the dense, coherent oxide found around the 
voids of post-treated coatings. 
 

 
Figure 70. FIB cross section of an alumina nodule found in an unsealed CeCC after 6 

hours of salt spray testing. 

The FIB/SEM analysis revealed that the corrosion protection of CeCCs depended on the coating 
processing conditions. Specifically, post-treatment affected the morphology of aluminum-rich 
oxide phases that formed inside subsurface voids and on the surfaces of CeCCs. The surfaces of 
as-deposited CeCCs exhibited a large degree of corrosion product (aluminum-rich nodules) in 
the first 24 hours of salt spray exposure, while the surfaces of post-treated coatings developed 
small pits with no visible corrosion product. Based on these observations, post-treated coatings 
were able to protect the alloys to a greater degree than as-deposited coatings. The CeCCs 
protected the alloys despite the presence of uncoated subsurface voids that formed during coating 
deposition. While further studies are needed to understand this behavior, SEM imaging of cross 
sectional structures showed that the oxide present around the voids in post-treated coatings was 
dense and coherent, while the oxide present in the voids of as-deposited coatings exhibited a 
significant amount of porosity after salt spray exposure. This result suggests that post-treatment 
may alter the oxide present around subsurface voids to a phase and/or structure that can better 
protect the surrounding substrate compared to the oxide present in the voids of an unsealed 
coating. 
 
Chemical and Structural Analysis of Sub-Surface Crevices Formed During Spontaneous 
Deposition of CeCCs 
The spontaneous deposition of CeCCs from coating solutions containing soluble chlorides and 
H2O2 produced subsurface crevices in the alloy substrates. Cross-sectional microscopy has 
shown that these areas were exposed to the surface through cracks in the CeCCs.  Additional 
EDS analyses indicated that no cerium was present on crevice surfaces, consistent with previous 
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analyses [110].  Since these regions were not protected by CeCCs, areas containing crevices 
should be more susceptible to the formation of stable pits, which would lead to corrosion of the 
specimen.  Because subsurface crevices are formed during CeCC deposition, crevices were 
present in as-deposited and post-treated CeCCs.  As-deposited coatings contained visible 
corrosion pits and salt tails after 3 days of salt spray exposure, but post-treated CeCCs have been 
shown to withstand up to 14 days of salt spray exposure without exhibiting visible corrosion.  
The significant improvement in the corrosion resistance of CeCCs after phosphate post-treatment 
has been attributed to factors that affect barrier properties (i.e., minimization of cracks and the 
formation of CePO4·H2O within the coating) as well as characteristics that indicated active 
corrosion inhibition (i.e., structural changes and interfacial layer formation) during salt spray 
exposure [74,111]. Cross-sectional analyses of as-deposited and post-treated CeCC specimens 
indicated that post-treatment also affects subsurface crevices, increasing the corrosion resistance 
of crevices separately from its effect on the crystalline phase present in CeCCs. 
 
Localized subsurface crevices in an as-deposited CeCC specimen are shown below as Figure 71.  
A FESEM/FIB equipped with a STEM detector was used to collect cross-sectional images and 
perform chemical mapping.  As labeled in the figure, an Al-O containing phase was present on 
the interior surfaces of the crevices.  In as-deposited specimens, electron diffraction patterns 
from this phase did not exhibit diffracted spots or rings (Figure 72a), indicating it was 
amorphous.  A previous investigation has shown that the combination of soluble chlorides and 
hydrogen peroxide species aggressively etches the aluminum alloy substrate during coating 
formation [110]. This etching introduces Al3+ ions into the near surface environment where the 
estimated pH is > 5 based on the precipitation of Ce species.  Under these conditions, the 
formation of an Al(OH)3 gel-like phase is favored for Al in contact with an aqueous solution. 
The amorphous Al(OH)3 phase present in regions containing subsurface crevices in as-deposited 
specimens was also found to contain up to 1.6 at. % Cl.  In an aqueous environment, chloride 
ions will act to destabilize the aluminum hydroxide structure, providing a plausible explanation 
for the accumulation of aluminum corrosion product on the coating surface that has been 
reported elsewhere [112]. Earlier studies examining the corrosion of nominally pure aluminum 
by water reported that amorphous aluminum hydroxide exhibited a higher solubility in water 
compared to other crystalline forms of hydrated aluminum oxides/hydroxides such as boehmite, 
bayerite, or gibbsite [113]. A detailed study of the hydration of passive oxide films on aluminum 
is available elsewhere [114]. 
 

 
Figure 71. A high angle annular dark field STEM image of subsurface crevices on an as-

deposited CeCC (no salt spray exposure) and corresponding EDS maps. 
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Figure 72. Diffraction patterns taken from phase formed on the surface of subsurface 

crevices for (a) as-deposited CeCC and (b-c), post-treated CeCC. 

 
Analysis of the Al-O phase inside crevices of specimens that were post-treated in an 
orthophosphate solution at 85 °C for 5 min revealed several differences.  For post-treated 
specimens, electron diffraction within the Al(OH)3 phase produced ring patterns (Figure 72b and 
Figure 72c), indicating this phase crystallized during post-treatment.  Analysis by EDS, shown in 
Figure 73, suggested that processes active during post-treatment removed the majority of 
chlorine from these regions, reducing the detected concentration to ≤ 0.30 at. %.  Since as-
deposited and post-treated specimens were cross-sectioned in the same manner (i.e., FIB 
milling), the difference in chlorine concentration did not appear to be an artifact of sample 
preparation.  The reduced chlorine concentration may help explain the increased pitting 
potentials observed from post-treated coatings since the concentration of chlorine in aluminum 
oxide/hydroxide films is inversely proportional to pitting potential (i.e., lower chloride 
concentrations correspond to more anodic pitting potentials). Some of the diffraction patterns of 
the crystallized phase match closely to that of gibbsite, a crystallized form of Al(OH)3.  
However, the structure of the phase located on crevices surfaces was not uniform and probably 
consisted of various forms of hydrated aluminum hydroxides and/or oxides.  None of the 
diffraction patterns matched aluminum phosphate phases, nor did EDS analysis indicate the 
presence of phosphorus.  The structural transition of amorphous Al(OH)3 to transition alumina 
structures  upon exposure to aqueous environment appears to be consistent with other data 
reported in literature [113,113]. Hart investigated the phase of films formed on aluminum after 
exposure to pure water at temperatures of 25 – 100 °C.  A critical temperature near 65 °C was 
defined, above which the developed films consisted only of boehmite and below which growth 
of the oxide film was believed to progress from an amorphous film, to boehmite, and finally 
bayerite.  Therefore, it appears reasonable for amorphous aluminum hydroxide that formed 
during CeCC deposition to be at least partially crystallized during exposure to 85 °C aqueous 
phosphate solution.  During extended exposure to salt spray environment this phase may slowly 
transform to boehmite or bayerite.  Compared to an amorphous Al(OH)3 layer, a crystalline layer 
should have fewer defects and function as an improved barrier coating, thus improving corrosion 
resistance. 
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Figure 73. A high angle annular dark field STEM image of a subsurface crevice on a 

post-treated CeCC specimen and corresponding EDS maps (no salt spray 
exposure). 

 
When analyzed in conjunction with the data reported by Pinc et al.,[110] it can be concluded that 
post-treatment in a phosphate solution has a significant impact on the subsurface crevices, which, 
in turn, has an effect on their corrosion resistance.  The effect on the crevices appears to be 
separate from the effect of post-treatment on CeCCs (i.e., conversion of as-deposited hydroxy 
and peroxy species to hydrated CePO4).  By introducing crevices into an electrodeposited CeCC 
specimen (which does not form crevices during deposition), the corrosion performance was 
adversely affected by the formation of an amorphous Al(OH)3 phase containing chlorine.  This 
effectively generated regions that were more susceptible to corrosion, significantly reducing the 
corrosion resistance of the specimen.  Phosphate post-treatment restores the corrosion resistance 
of these specimens. The mechanism of restoration appears to be a result of reduction of the 
chloride concentrations and crystallization within the Al-O layer inside crevices during post-
treatment. 
 
Directly Deposited Cerium Phosphate Coatings on Al 2024-T3 
Cerium phosphate coatings were deposited directly on Al 2024-T3 substrates using conditions 
initially defined by Fair, et al [115].  The solutions were formulated to yield 5, 15, 30, or 60 g of 
CePO4 per liter of solution.  All of the solutions had a Ce:P:citrate ratio of 1:1:2.  Coatings 
deposited with the 5 g/L solution appeared to deposit slowly, with visible deposition only 
observed after multiple coatings cycles had been performed.  Visual examination of coatings 
deposited from solutions designed to yield 15, 30, or 60 g/L CePO4 indicated that the coating 
thickness increased with increasing CePO4 in the deposition solution.  Since the deposition times 
were the same for each coating, the thicker coatings corresponded to faster deposition rates.  
Deposition from the 5 g/L solution resulted in coatings with the least cracking as shown in 
Figure 1a.  Coatings deposited from the 15, 30, and 60 g/L solutions exhibited similar 
morphologies and did not change significantly as a function of precursor concentration (Figure 
74).  When the deposition solution was heated, precipitation appeared to occur uniformly 
throughout the solution and was not observed to preferentially precipitate on the alloy surface.  
Hence, the adhered coating was formed by precipitation of species in close proximity to the 
substrate with the majority of the remaining precipitate being removed during subsequent rinsing 
steps.  Electron diffraction of the resulting coatings, Figure 75, indicated that hydrated CePO4, 
rhabdophane or CePO4·H2O, was present.  After 18 hours of salt spray exposure, corrosion pits 
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and tails were evident across the panel surface for each of the directly deposited coatings as 
shown in Figure 76.  Coatings deposited from 5 g/L solutions exhibited less corrosion than 
coatings deposited with higher concentration solutions because they contained fewer cracks, 
thereby functioning as a better barrier coating. 
 

 
Figure 74. Surface morphology of directly deposited CePO4 coatings produced using 

precursor solutions designed to yield (a) 5,  (b) 15, (c) 30, and (d) 60 g/L 
CePO4. 

 

 
Figure 75. Electron diffraction ring pattern observed from a directly deposited CePO4 

coating.  The ring pattern is indicative of hydrated CePO4·H2O, rhabdophane 
(PDF 35-0614). 
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Figure 76. Directly deposited CePO4 coatings after 18 hours of salt spray exposure, 

(a) 5 g/L, (b) 15 g/L, (c) 30 g/L, (d) 60 g/L.  The tested areas shown for the 
panels measure about 2.5 cm x 6.5 cm. 

 
The ratio of Ce, P, and citrate present in the precursors solutions was varied in an attempt to alter 
the deposition rate and/or morphology of the resulting coatings.  These permutations did not 
have a significant effect on coating morphology (Figure 77) or corrosion performance (Figure 
78).  Coating solutions containing higher amounts of Ce and P were believed to have higher 
deposition rates based on visual observations of thicker CePO4·H2O layers per coating cycle.  
Also, solutions with less citric acid exhibited faster precipitation compared to those with higher 
concentrations of citric acid, indicating that the CePO4·H2O formation was slower from solutions 
containing the cerium citrate complex as compared to free Ce3+ ions.  To some extent this allows 
control of the precipitation rate, which can be used to slow deposition and produce coatings with 
less noticeable cracking as citrate concentration is increased, Figure 77.  Changing the relative 
concentrations of cerium and phosphate in the solution influenced the observed deposition rate 
more strongly than citrate concentration, with higher concentration of phosphoric acid resulting 
in significantly faster (and less controlled) precipitation.  In addition, higher phosphate contents 
resulted in coating morphologies that exhibited larger cracks and even some spalling of the 
coating, Figure 77f.  These changes in morphology did not have a significant impact on the 
corrosion performance of the directly deposited CePO4 coatings.  Despite their poor corrosion 
performance, the CePO4·H2O coatings had uniform morphology across the alloy substrate 
surfaces. 
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Figure 77. Surface morphology of directly deposited CePO4 coatings deposited with 

different ratios of Ce:P:citrate in the precursor solutions, (a) 1:1:0.5, (b) 1:1:1, 
(c) 1:1:2, (d) 1:0.5:2, (e) 1:0.5:0.5, and (f) 1:2:2 

 

 
Figure 78. Directly deposited coatings (60 g/L CePO4) after 18 hours of salt spray 

exposure, (a) 1:1:0.5 (Ce:P:citrate), (b) 1:1:1, (c) 1:1:2, (d) 1:0.5:2, (e) 
1:0.5:0.5, (f) 1:2:2.  The panels measure about 2.5 cm x 6.5 cm. 
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The morphology of spontaneously spray deposited CeCCs was less uniform than the directly 
deposited coatings.  Approximately 90 % of the surface of phosphate post-treated conversion 
coatings contained fine (< 150 nm wide), or no, cracks whereas the remaining 10 % exhibits 
larger cracks that had widths > 1 µm.  However, these CeCCs provide significant corrosion 
protection.  Previous studies have shown that CeCCs prepared using similar conditions can 
withstand up to 336 hours of salt spray exposure without exhibiting significant corrosion pits or 
tails. 
 
Polarization and EIS data were collected from directly deposited coatings, bare Al 2024-T3, and 
a post-treated CeCC.  Representative polarization scans are shown in Figure 79 and a summary 
of values measured by fitting polarization and impedance data is included as Table 17. Just as 
varying the direct deposition process parameters had little effect on corrosion performance, no 
large differences in total resistance, corrosion current, or pitting potential were observed among 
the directly deposited specimens.  Compared to the bare Al 2024-T3 substrate, directly deposited 
CePO4 coatings had a small influence on electrochemical properties, increasing the total 
resistance by only 2 – 6 times, from 1.1 kΩ cm2 to 2.1 – 6.9 kΩ cm2.  However, neither the 
measured corrosion current densities (≈2 µA/cm2 to ≈4 µA/cm2) nor the pitting potentials (≈-570 
mV) changed significantly.  The increased total resistance may correspond to partial coverage of 
the substrate or fewer defects in the coating, but the changes did not have a significant effect on 
corrosion performance.  For comparison, parallel measurements collected from CeCCs showed a 
six-fold increase in total resistance compared to directly deposited CePO4 coatings on average 
(from ≈4 kΩ cm2 to ≈24 kΩ cm2), a corresponding decrease in the corrosion current (≈2.5 
µA/cm2 to ≈0.45 µA/cm2), and pitting potentials that were approximately 30 mV more anodic.  
The improved electrochemical properties of CeCCs correlate to improved corrosion performance 
such as during ASTM B117 salt spray corrosion testing used in this study.  Post-treated CeCCs 
are consistently able to withstand at least 168 hours of salt spray exposure without exhibiting 
corrosion pits or tails, whereas directly deposited CePO4 coatings show extensive corrosion after 
only 18 hours. 
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Figure 79. Representative polarization scans of bare Al 2024-T3, directly deposited 

CePO4, and post-treated CeCC. 

 
Table 17. Summary of electrochemical properties measured from bare Al 2024-T3, 

directly deposited CePO4 coatings, and post-treated CeCCs. 

 
 
The lack of corrosion inhibition of directly deposited CePO4 coatings is attributed to the 
deposition mechanism, which is primarily driven by a change in temperature rather than pH or 
surface chemistry as is the case with CeCCs.  The temperature driven mechanism operates 
independently of localized chemical or electrochemical gradients and, therefore, does not exhibit 
preferential deposition near active sites.  As a consequence, local cathodes distributed throughout 
the alloy matrix may, or may not, have been adequately covered during coating deposition.  In 
contrast, deposition of CeCCs relies on electrochemical interactions with the substrate to 
precipitate cerium compounds.  Initial deposition of CeCCs occurs on or near intermetallic 
particles (serving as local cathodes) before spreading to cover the remaining substrate [63]. In 
part, the corrosion protection provided by CeCCs is via a barrier mechanism in which the oxygen 
reduction reaction is inhibited by the selective deposition of cerium compounds onto local 
cathodes.  However, CeCCs commonly have defects such as surface cracking and subsurface 
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crevices [110].  These features expose localized areas of the substrate that should be susceptible 
to corrosion, similar to a directly deposited coating that only partially covers a localized, 
electrochemically active area. 
 
Cross sectional analysis of directly deposited CePO4 coatings and post-treated CeCCs after salt 
spray exposure revealed that the two coatings exhibited significantly different responses to 
corrosive environments, Figure 80 and Figure 81.  For directly deposited coatings, exposed areas 
at the base of cracks that extended to the substrate showed evidence of pit initiation at the 
crack/substrate interface as well as the formation of corrosion product beneath the coating 
adjacent to the cracks.  Corrosion products were also evident on the surface of the coatings as a 
highly porous, fibrous layer rich in aluminum and oxygen.  The coating/substrate interface 
farthest from the cracks remained unchanged, suggesting that the directly deposited coatings 
functioned as barriers.  While cracks in the post-treated CeCC also extended to the substrate, no 
signs of pitting corrosion were observed at the crack/substrate interface after seven days of salt 
spray exposure and no visible evidence of corrosion was evident on the specimen surface.  
Furthermore, a 60 – 100 nm thick layer had formed at the CeCC/substrate interface.  The CeCCs 
appear to be capable of providing protection by reacting to the corrosive environment and 
protecting areas of the substrate exposed by defects in the coating.  Likewise, chromate based 
conversion coatings provide excellent protection and release hexavalent chromium ions that 
reduce to form a hydrated Cr(III) oxide on electrochemically active sites, thereby protecting 
limited areas of exposed substrate.  This interfacial reaction layer is believed to improve the 
corrosion performance of CeCCs and demonstrates that post-treated CeCCs are not acting solely 
as inert barriers, but respond to the salt spray environment. 
 

 
Figure 80. Cross sectional montage of a directly deposited CePO4 coating after 3 days of 

salt spray exposure.  Image is a cross-section of a bulk specimen viewed 45° 
from the sample surface. 

 

 
Figure 81. Cross sectional montage of a phosphate post-treated CeCC after 7 days of salt 

spray exposure imaged in STEM/HAADF mode. 
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Analysis of the interfacial reaction layer by EDS did not reveal the presence of phosphorous, but 
rather showed its composition to consist predominately of Ce, Al, and O.  The mechanism by 
which the interfacial layer formed during corrosion testing is not understood, but the layer has 
been observed only in CeCCs subjected to a phosphate post-treatment.  It is theorized that the 
formation process may be sensitive to changes in the local pH, facilitating the reaction between 
cerium and aluminum hydroxide species to potentially form a thermodynamically favorable 
cerium aluminate phase.  Analysis by EDS also suggests that chloride ions from the deposition 
process may have been trapped at the CeCC/substrate interface during the initial stages of 
coating formation.  The residual chloride ions, or the introduction of chloride ions at the 
coating/substrate interface during salt spray exposure, may act to destabilize the aluminum 
oxides and/or hydroxides present near the interface, facilitating reaction with neighboring cerium 
species.  Post-treatment transforms many of the cerium hydroxy/peroxy species present after 
coating deposition to CePO4·H2O, and prior analysis has suggested nearly complete reduction of 
Ce(IV) species to hydrated Ce(III) phosphate at the surface [116]. However, post-treated CeCCs 
did not exhibit a uniform rhabdophane phase throughout the coating thickness, but rather 
exhibited heterogeneity of structures and compounds (e.g., unconverted cerium hydroxy/peroxy 
species and cerium hydrogen phosphate species) that may be metastable [111].  These 
compounds may be predisposed to react with neighboring species during salt spray exposure, 
acting to protect exposed areas of the substrate, whereas a uniform CePO4·H2O coating 
containing only the rhabdophane phase (i.e., directly deposited CePO4 coatings) would remain 
unchanged under the same conditions, responding like a static barrier coating by only protecting 
areas of the substrate that were coated. 
 
Alkaline Activation of Al 7075-T6 
After spraying the coating deposition solution on the alkaline activated panels, the surface turned 
yellow.  This color change was an indication that a coating was deposited. With degreasing only 
(no activation), a uniform light color change occurred after ~5 spray cycles indicating that 
coatings were very thin.  Pinc et al. [54] also reported similar results on degreased Al 2024-T3.  
For NaOH activated panels, the color changed instantly upon contact with the coating solution 
during the first spray cycle.  In contrast, Na2CO3 activated panels changed color after ~5-10 
seconds of contact with the solution during the first spray cycle, and the yellow color grew more 
intense as drain time increased.  Thus, visual observation indicated that NaOH activation 
promoted rapid coating deposition, Na2CO3 activation led to slower deposition, and no alkaline 
activation resulted in very thin coatings being deposited. 
 
Surface morphology of as-deposited coatings on 5Na2CO3 activated surfaces showed uniform 
coating deposition (Figure 82a).  Large cracks and network of scissures in the coatings were only 
visible at higher magnification (Figure 82b).  The surface morphology of as-deposited coatings 
on NaOH activated surface were very different than a 5Na2CO3 surface as the surface was 
dominated with craters and surface defects such as large cracks (greater than 0.5 µm wide) and 
areas of exposed substrate (Figure 83a-b). 
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Figure 82. As-deposited CeCCs on Al 7075-T6 that underwent 5Na2CO3 activation: (a) 

General appearance of surface and (b) enlargement of the rectangular area 
marked in (a). 

 

 
Figure 83. As-deposited CeCCs on Al 7075-T6 that underwent NaOH activation: (a) 

1NaOH and (b) 2NaOH.  Note: the dotted circled regions show areas where 
the substrate is exposed. 

 
Craters are defined as white circular features surrounding a dark phase, often with cracks on the 
white areas that extended into the dark phase.  Previous research [66] showed that the 2NaOH 
activation decreased the electrochemical resistance of the surface oxide by ~28% compared to 
as-received Al 7075-T6, which was the most among the three different activations and 
contributed to deposition of the thickest coatings (~500 nm).  However, examination of Figure 
82 and Figure 83 revealed that CeCCs on 7075-T6 that underwent 2NaOH activation had more 
surface defects than coatings on substrates with a different activation.  One notable difference 
between the surface morphology of CeCCs deposited on substrates that underwent Na2CO3 
activation and those on substrates that underwent NaOH activation was that few, if any, craters 
were observed on coatings deposited on 5Na2CO3 activated surfaces.  Therefore, it is clear from 
the micrographs that surface preparation influenced the morphology and integrity of CeCCs, 
with 5Na2CO3 activation leading to the most uniform coating coverage. 
 
After sealing CeCCs had fewer visible cracks compared to as-deposited coatings; however, 
certain areas with large cracks still remained (Figure 84 and Figure 85).  Higher magnification of 
coatings deposited on 5Na2CO3 activated surfaces (Figure 84b) showed that very few scissures 
were visible after sealing, but areas with large cracks were still visible.  Similar to 5Na2CO3 
activation, few scissures were visible on sealed coatings deposited on NaOH activated surfaces.  
In addition, exposed areas of the substrates were not found on sealed coatings, indicating that 
sealing may promote better adhesion of coatings to the substrate and of the coatings.  Thus, the 
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micrographs revealed that even though alkaline activation produced coatings with surface 
defects, sealing reduced the number of defects and may have also promoted better adhesion of 
the coatings to the substrate. 
 

 
Figure 84. Sealed CeCCs on Al 7075-T6 that underwent 5Na2CO3 activation: (a) General 

appearance of surface and (b) enlargement of the rectangular area marked in 
(a). 

 

 
Figure 85. Micrographs of sealed CeCCs on Al 7075-T6 that underwent alkaline 

activation: (a) 1NaOH and (b) 2NaOH. 

 
Subsurface crevices were found under regions with large cracks or craters (Figure 85).  
Subsurface crevices are the result of localized dissolution of aluminum adjacent to noble IMCs 
such as copper-based IMCs [77].  Because the localized dissolution of aluminum is accompanied 
by generation of electrons that are consumed during coating deposition, crevice formation 
produced thicker coatings near the dissolution site.  Typically, CeCCs were more than 1 µm thick 
near areas of active dissolution as shown in Figure 86.   
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Figure 86. SEM cross-section micrograph (tilted 45° from vertical axis) of a subsurface 

crevice formed during CeCC deposition after 5Na2CO3-activation. 

 
In addition, large cracks were observed in these regions.  Analysis of the micrographs in Figure 
82, Figure 83, Figure 84, and Figure 85 indicated that CeCCs deposited on 5Na2CO3 activated 
surfaces were more uniform in appearance and had fewer surface defects and craters compared to 
CeCCs on substrates that underwent either of the NaOH activations.  Therefore, CeCCs 
deposited on 5Na2CO3 activated substrates likely contained fewer subsurface crevices than 
coatings on NaOH activated substrates.  The density of large cracks and craters revealed that 
Na2CO3 activation was likely to result in less localized dissolution of the aluminum substrate 
during coating deposition, which could indicate that dissolution was more uniform across the 
surface.  These results suggest that proper surface activation can be used to control and mitigate 
not only cracks in the CeCCs, but also the extent of subsurface crevice formation. 
 
The electrochemical response was measured for as-deposited and sealed CeCCs deposited on 
substrates that underwent 5Na2CO3, 1NaOH, and 2NaOH alkaline activations (Figure 87).  These 
plots showed subtle inflections were present at high frequencies (~0.63 kHz) for all coatings.  At 
1.25-0.05 Hz, maxima were obtained for all curves.  The inflections and maxima indicated that 
corrosion protection was produced by two different processes.  Thus, impedance plots needed to 
be fitted to an equivalent circuit model with two time constants (Figure 88), each comprising a 
capacitance in parallel with a resistance to represent each of the corrosion protection 
mechanisms. 
 
In the equivalent circuit shown in Figure 88, Rsoln represents the solution resistance.  The 
electrochemical behavior of the coatings is represented by the capacitance Cp and bulk resistance 
Rp.  The corrosion process that occurs at the interface between the electrolyte and the substrate is 
represented by a constant phase element Qdl in parallel with the charge transfer resistance Rct. 
The overall resistance, RT, is the sum of Rp and Rct.  The impedance plot can be fitted to various 
equivalent circuit models, each using different parameters and thus suggesting different physical 
interpretations.  However, the value of the overall resistance, RT, is significant because it is 
independent of the models used to fit the data. 
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Figure 87. Impedance plots of CeCCs on Al 7075-T6 after various surface activations: (a) 

as-deposited and (b) sealed.  Note: Square symbols denote 5Na2CO3, diamonds 
denote 1NaOH, and circles denote 2NaOH-activations. 

 

 
Figure 88. Equivalent circuit model to fit the impedance plots in Figure 87. 

 
The term Qdl is used to describe the frequency dependence of non-ideal capacitance behavior 
given by Equation IV. 
 
 Z = Zo(jω)-n (IV) 
 
When n is not equal to 1, the system behavior can be attributed to surface heterogeneity or 
continuously distributed time constants for charge-transfer reactions. If n is equal to 1, Qdl is a 
capacitor with capacitance of 1/ Z0, which indicates the presence of a double layer at the 
electrolyte/surface interface of the substrate. If n is equal to 0, Qdl is a resistor with a resistance 
of the value of Z0.  Qdl can be converted to capacitance by Equation V 
 
 Cdl = Qdl(ωmax)n-1 (V) 
 
where ωmax is the angular frequency at which the imaginary part of the impedance has maximum 
value.  Table 18 lists the values with the standard deviations obtained for all components in the 
equivalent circuit model for each of the coatings.  The value of χ2 is a measure of the model fit to 
experimental data, with lower values indicating better fit. The range of χ2 values given by the 
software ZSimpWin was 0.003 to 0.011, indicating a very good fit of the data to the equivalent 
circuit models. 
 

Rsoln Cp

Rp Qdl

Rct

Element Freedom Value Error Error %
Rsoln Fixed(X) 16 N/A N/A
Cp Fixed(X) 7.9214E-06 N/A N/A
Rp Fixed(X) 2027 N/A N/A
Qdl-T Fixed(X) 0.0011816 N/A N/A
Qdl-P Fixed(X) 1 N/A N/A
Rct Fixed(X) 2489 N/A N/A

Data File:
Circuit Model File: C:\Documents and Settings\sjwt5\My Documents\CorrExp-Electro\Year 2009\RCRCR.mdl
Mode: Run Simulation / Freq. Range (0.001 - 1000000)
Maximum Iterations: 100
Optimization Iterations: 0
Type of Fitting: Complex
Type of Weighting: Calc-Modulus
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Table 18. Summary of values calculated with the standard deviation for fitting EIS data 
to equivalent circuit models for CeCCs deposited on Al 7075-T6. 

 
 
CeCCs deposited on 5Na2CO3 activated substrates had the lowest coating capacitance (Cp) 
values (as-deposited: 0.46 µF/cm2 and sealed: 0.18 µF/cm2) in both the as-deposited and sealed 
conditions.  The highest values were for coatings deposited on substrates that underwent 2NaOH 
activation (as-deposited: 3.8 µF/cm2 and sealed: 0.32 µF/cm2).  Since capacitance is inversely 
proportional to dielectric thickness for equivalent charge separation, the 5Na2CO3 activated 
panels would be expected to have the thickest coatings.  This result appears to contradict 
previous research [117], which showed that CeCCs deposited on substrates activated with 
2NaOH produced the thickest coatings (~500 nm) and those activated with 5Na2CO3 produced 
the thinnest coatings (~250 nm).  As shown in Figure 83 and Figure 85, the density of surfaces 
defects caused by the more aggressive NaOH activation solutions helps explain this discrepancy.  
Surface defects make coatings less effective barriers to corrosion, and some of the measured 
response may be due to the exposed native thin oxide layer rather than the thicker CeCCs. Thus, 
the lower capacitance value for thinner coatings deposited using 5Na2CO3 activation is due to 
more uniform coating coverage. 
 
The double layer capacitance values (Cdl), derived from Qdl, shown in Table 18 for both as-
deposited and sealed conditions were the lowest for CeCCs deposited on substrates activated 
with 5Na2CO3 (as-deposited: 5.26 µF/cm2 and sealed: 1.54 µF/cm2) and the highest for coatings 
on substrates activated with NaOH (as-deposited: 9.08 µF/cm2 and sealed: 3.67 µF/cm2).  This 
trend was similar to that for coating capacitance and indicated that the dielectric double layer 
between the electrolyte and the substrate where corrosion occurs was thicker for CeCCs 
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deposited on substrates that underwent 5Na2CO3 activation compared to coatings on substrates 
that underwent either of the NaOH activations.  These results indicate that alkaline activation 
also influenced the dielectric double layer thickness where corrosion occurred. 
 
CeCCs deposited on substrates that underwent 5Na2CO3 activation exhibited the highest 
impedance (Sealed: 189 kΩ-cm2 and as-deposited: 96 kΩ-cm2) while those deposited with 
2NaOH activation exhibited the lowest (Sealed: 64 kΩ-cm2 and as-deposited: 5 kΩ-cm2). The 
total resistance offered by as-deposited CeCCs deposited with 2NaOH activation was 
comparable to that of bare Al 7075-T6, which previous research showed to be ~8 kΩ-cm2 [117].  
The similarity of the measured values of the total resistance of the as-deposited coatings on 
2NaOH activated substrates and bare Al 7075-T6 panels indicated that the corrosion resistance 
of the as-deposited coatings was primarily due to the native oxide, not to the coatings.  Even 
though coatings covered a large fraction of the surface of the panels, the corrosion behavior 
appeared to be dominated by defects in the coatings (Figure 84b).  These results also reflected 
the discrepancy seen in coating capacitance (Cp) values since the measured capacitance was 
likely due mainly to the thinner native oxide layer rather than the thicker CeCC.  The two 
components of the total resistance (bulk resistance and charge transfer resistance) both showed 
higher values for as-deposited and sealed CeCCs deposited with 5Na2CO3 activation than for 
those deposited with NaOH activation.  These results show that less aggressive activation can 
produce uniform coatings that exhibit better corrosion resistance. 
 
Cathodic polarization scans of as-deposited CeCCs showed that those activated with 2NaOH had 
the highest cathodic current density and those activated with 5Na2CO3 had the lowest (Figure 
89a). These results indicated that the coatings deposited using 5Na2CO3 activation exhibited 
better cathodic inhibition.  The OCP for all three as-deposited CeCCs ranged from -0.62 to -0.57 
VSCE.  The corrosion current density obtained after fitting the Tafel slopes for 5Na2CO3, 1NaOH, 
and 2NaOH were 0.42, 0.98, and 4.3 µAmps/cm2, respectively.  The polarization data and SEM 
results indicated that coatings with fewer large cracks and more uniform coverage had fewer 
exposed areas, which resulted in fewer areas for cathodic reduction reactions during corrosion. 
 

 
Figure 89. Polarization scans of CeCCs on Al 7075-T6 after various surface activations: 

(a) as-deposited and (b) sealed. 

 
Polarization scans of sealed CeCCs using all three activation solutions showed similar cathodic 
current densities (Figure 89b).  The OCPs of the coating deposited on a 2NaOH activated surface 
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was the lowest (-0.75 VSCE), whereas those for CeCCs deposited on 5Na2CO3 and 1NaOH 
activated surfaces exhibited more noble potentials (~-0.57 VSCE).  The corrosion current densities 
of sealed panels obtained after fitting the Tafel slopes for CeCCs deposited on 5Na2CO3, 
1NaOH, and 2NaOH surfaces were 0.12, 0.23, and 0.75 µAmps/cm2, respectively.  Sealing 
measurably reduced the corrosion current density for all coatings, but the corrosion current 
density was still the lowest for Na2CO3 activated panels, further indication that coatings 
deposited on substrates that underwent the 5Na2CO3 activation provided the best corrosion 
protection.  An anodic scan of sealed coatings showed that CeCCs deposited on 5Na2CO3 
surfaces exhibited lower current density at the same oxidizing potentials compared to those 
deposited using NaOH activations, suggesting that the former provided better passivation and 
higher pitting potentials.  The polarization scans of sealed panels showed lower corrosion current 
density and better passivation for coatings deposited on substrates that underwent Na2CO3 
activation compared to coatings on substrates that underwent NaOH activation, which is an 
indication of better corrosion protection. 
 
Salt spray testing showed that as-deposited CeCCs deposited with 2NaOH activation showed 
severe pitting corrosion after 24 hours.  In the case of as-deposited CeCCs on substrates that 
underwent 1NaOH and 5Na2CO3 activations, no pits were observed after 24 hours in salt spray.  
Pitting corrosion could be observed on as-deposited CeCCs using 1NaOH and 5Na2CO3 
activations after 48 hours, although 5Na2CO3 activation produced fewer pits.  Severe pitting was 
observed after 168 hours of salt spray testing for as-deposited CeCCs using 1NaOH and 
5Na2CO3 activations.  For all three alkaline activation processes, seven out of ten sealed CeCCs 
panels inhibited pit formation for 336 hours in ASTM B 117 salt spray testing. Electrochemical 
testing also showed CeCCs deposited with 5Na2CO3 activation exhibited the highest corrosion 
impedance and the lowest corrosion current density.  Combined, these two testing showed 
CeCCs deposited on Al 7075-T6 with 5Na2CO3 activation provide the best corrosion protection 
among the three alkaline activation solutions. 
 
Effect of Humidity on CeCCs on 7075-T6 
The impedance of CeCCs increased with exposure to humidity (Figure 90). The increase was 
most significant for as-deposited coatings, with the impedance increasing from ~5 kΩ-cm2 
before humidity exposure to ~60 kΩ-cm2 after 24 hours of humidity exposure and then to ~90 
kΩ-cm2 after 168 hours of humidity exposure.  The increase was lower for sealed CeCC panels, 
increasing only from ~65 kΩ-cm2 before exposure to ~90 kΩ-cm2 after 168 hours of humidity 
exposure.  Previous research has also shown an increase in impedance during salt spray testing 
conducted per ASTM standard B117 [63]. Thus, placing a CeCC high strength aluminum alloy 
panels in a humid environment increased the measured impedance. 
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Figure 90. EIS testing results for CeCCs placed in a humid environment: (a) as-deposited 

and (b) sealed. 

 
The EIS data were fitted to two different equivalent circuit models (Figure 91) to permit 
comparison to various physical characteristics of the coatings.  The values of each of the 
components are listed in Table 19. Solution resistance, Rsoln, was nearly constant in the range of 
40-60 Ω-cm2 for all specimens The bulk resistance of the coatings, Rp, which was also fairly 
constant at 70-100 Ω-cm2, is in parallel with the geometric capacitance of the coatings, Cp.  
Charge transfer resistance, Rct, is related to the corrosion processes occurring at the metal-
electrolyte interface in parallel with the constant phase element Qdl. The increase in impedance 
due to exposure to humidity was caused by an increase in charge transfer resistance as this value 
increased from 5 to 94 kΩ-cm2 for as deposited coatings and 64 to 91 kΩ-cm2 for sealed 
coatings.  Qdl is an empirical impedance given by Equation IV above. 
 
When n is greater than zero but less than 1, the system shows behavior attributable to surface 
heterogeneity or continuously distributed time constants for charge-transfer reactions. If n is 
equal to 1, Qdl is a capacitor with C = 1/ Z0, which indicates the presence of a double layer at the 
electrolyte/surface interface of the substrate. If n is equal to 0, Qdl is a resistor with R = Z0.  The 
value of n for all of the CeCCs was in the range of 0.65 to 0.79, which indicates a distribution of 
time constants in these specimens. The value of χ2 is a measure of the model fit to experimental 
data as it is calculated from the sum of the squares of all residuals, with lower values indicating 
better fitting .The highest χ2 value given by the ZSimpWin was 0.01, indicating very good 
agreement between the data and the equivalent circuit models. 
 

 
Figure 91. Equivalent circuits used to fit EIS data: (a) one time constant and (b) two time 

constants. 
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Table 19. Summary of values calculated to fit EIS data (Figure 90) to equivalent circuit 

models (Figure 91) for CeCCs deposited on Al 7075-T6.  Note: AD: As-
deposited and S: sealed. 

 Time 
(hr) 

Rsol 
(Ω-cm2) 

Cp 
(µF/cm2) 

Rp 
(Ω-cm2) 

Qdl 
(sn/(MΩ-1-cm-2)) 

n Rct 
(Ω-cm2) 

χ2 

AD 0 41 - - 3.73E-05 0.79 5331 0.005 
AD 24 49 5.6E-07 102 1.89E-05 0.77 60620 0.005 
AD 168 53 3.93E-07 104 1.61E-05 0.76 93700 0.005 
S 0 56 3.25E-07 96 2.49E-05 0.72 63730 0.010 
S 24 50 2E-07 82 1.99E-05 0.70 79810 0.006 
S 168 52 2.01E-07 70 2.3E-05 0.65 91010 0.003 

 
 
 
A Bode phase diagram of as-deposited CeCCs showed slight inflection at ~104 Hz after the 
panels were subjected to the humid environment (Figure 92a).  There was no significant 
difference in the Bode phase diagrams of sealed panels before and after exposure to humidity 
(Figure 92b).  The presence of an inflection at ~104 Hz for as-deposited CeCCs indicates 
development of a new time constant.  As-deposited CeCCs could be fitted to an equivalent 
circuit with only one time constant before exposure to the humid environment (Figure 91a).  
After exposure, as-deposited panels were fitted to an equivalent circuit with two time constants 
(Figure 91b), indicative of an impedance due to the coating itself as well as and the metal-
electrolyte interface. 
 

 
Figure 92. Phase angle Bode plot of CeCCs that were (a) as-deposited and (b) sealed. 

 
Polarization scans of CeCCs exposed to humidity are shown in Figure 93.  As-deposited CeCCs 
exposed to humidity for 24 hours showed a decrease in corrosion current density from ~0.4 
µAmps/cm2 before exposure to ~0.1 µAmps/cm2 after exposure when calculated using Tafel 
plots. Additional exposure up to 168 hours resulted in a corrosion current density of 0.07 
µAmps/cm2.  Sealed panels exposed to humidity for 24 hours showed the lowest corrosion 
current density (~0.04 µAmps/cm2) and multiple pitting potentials, indicating that the coating 
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provides electrochemical protection in addition to serving as a barrier.  After 168 hours of 
exposure, the corrosion current density of a sealed panel increased (~0.30 µAmps/cm2) similar to 
the original sealed panel with no exposure to humidity (~0.25 µAmps/cm2).  The polarization 
scans indicated that exposure to humidity changed the electrochemical response toward a more 
passivating condition. 
 

 
Figure 93. Polarization scans as a function of time exposed to the humidity chamber for 

(a) as-deposited and (b) sealed CeCCs. 

 
AES depth profiling was performed to determine whether humidity affected the elemental 
composition of CeCCs (Figure 94).  For both as-deposited and sealed CeCCs, a constant 
elemental signal was detected for the outer ~250 nm before the aluminum signal began to 
increase.  Previous research has shown that after salt spray testing, aluminum had been 
transported to the surface where it produced an aluminum and oxygen-rich layer, which was 
accompanied by an increase in impedance [112,118].  The AES data for panels exposed to 
humidity clearly showed that no aluminum was detected on the surface; thus, the increase in 
impedance from humidity exposure was not due to the formation of an aluminum and oxygen-
rich layer on the surface of the CeCCs. 
 

 
Figure 94. AES depth profiling of CeCC after 168 hours of exposure to humidity: (a) as-

deposited and (b) sealed. 

Mg Mg 
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SEM was used to characterize the surface morphology of CeCCs before and after exposure to 
humidity (Figure 95 and Figure 96).  Figure 95 shows that the as-deposited CeCCs had both 
large cracks (>0.5 µm wide) and incomplete coverage of the underlying aluminum substrate. 
Exposure to humidity did not appear to affect the crack size.  Incomplete substrate coverage 
appears to be due to spallation of the coating.  Figure 96 shows that sealed CeCCs had much 
smaller cracks (<0.5 µm wide) and complete coverage of the underlying aluminum substrate.  
Further, exposure to humidity did not affect surface morphology.  Thus, humidity does not 
appear to affect the surface morphology of as-deposited or sealed CeCCs. 
 

 
Figure 95. Micrographs of as-deposited CeCCs after exposure to humidity for: (a) 0 

hours, (b) 24 hours, and (c) 168 hours. 

 

 
Figure 96. Micrographs of sealed CeCCs after exposure to humidity for: (a) 0 hours, (b) 

24 hours, and (c) 168 hours. 

 
XPS analyses were performed to determine whether humidity changed the valence state of 
cerium in the top surface of CeCCs (Figure 97).  During the coating deposition process, cerium 
precipitated as Ce(IV) species, most likely CeO2•2H2O, to form the coatings.  Sealing 
transformed CeO2•2H2O to CePO4•H2O, resulting in a reduction from Ce(IV) to Ce(III) 
[116,119]. A high resolution XPS scan was performed on the Ce 3d spectrum to determine the 
oxidation state.  As-deposited panels had an intense peak at 916 eV, which is exclusively 
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associated with the Ce(IV) valence state [102,119]. XPS of sealed panels showed that the 
intensity at this binding energy was greatly diminished, indicating that the panels were 
predominately in a Ce(III) valence state.  The Ce 3d spectra for an as-deposited CeCC after 168 
hours of humidity exposure showed another peak beginning to appear at 902 eV (indicated by a 
circle in Figure 90a).  This peak corresponds more closely to the Ce(III) valence state [119-120].  
In the case of sealed panels, the valence state of the top surface of the coating did not appear to 
change, indicating that the Ce(III) in the sealed coating was electrochemically stable, but 
polarization scans indicated active protection.  Therefore, the protection appears to be provided 
by some means other than a cerium redox reaction within the coating.  However, it is possible 
that some portion of the increase in impedance of as-deposited panels exposed to humidity may 
have been due to a change in the valance state of the cerium. 
 

 
Figure 97. XPS spectra of CeCCs exposed to humidity for: (a) as-deposited and (b) sealed 

coatings. 
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Salt spray testing per ASTM standard B117 was also done to characterize the corrosion 
resistance of the coatings exposed to humidity.  Sealed panels either before or after exposure to 
humidity can inhibit corrosion (i.e., formation of corrosion pits and salt tails) for up to 336 hours 
of salt spray testing, so the corrosion resistance of these sealed CeCCs was not further 
characterized.  Results from salt spray testing of as-deposited CeCCs showed that exposure to 
humidity for 168 hours enhanced corrosion resistance.  After 24 hours of salt spray testing, no 
corrosion products had formed on the surfaces of as-deposited CeCCs that had been exposed to 
humidity for 168 hours (Figure 98).  In contrast, pits and salt tails formed within 4 hours on as-
deposited panels with no exposure to humidity or with 24 hours of exposure to humidity.  
However, although the charge transfer resistance of as-deposited panels exposed to humidity (94 
kΩ-cm2) increased significantly and was greater than that of standard sealed CeCCs (64 kΩ-
cm2), corrosion still occurred within four days in salt spray testing.  These results demonstrate 
that exposure to a humid environment improved the impedance as measured by EIS, but that 
alone did not provide significant corrosion protection during salt spray testing. 
 

 
Figure 98. Images of panels after 24 hours of salt spray testing for as-deposited CeCCs 

exposed to the humid environment for:  (a) 0 hours, (b) 24 hours, and (c) 168 
hours.  Note that the panel size was 2.5 cm by 7.6 cm. 

 
As a comparison, uncoated (bare) Al 7075-T6 panels that underwent only alkaline cleaning were 
also exposed to the humid environment for 24 and 168 hours.  EIS showed a significant increase 
in impedance from ~10 kΩ-cm2 before exposure to ~280 kΩ-cm2 after 168 hours humidity 
(Figure 99a).  A Bode phase diagram showed two time constants (Figure 99b).  The EIS data 
were fitted to equivalent circuits as shown in Figure 91a-b; and the values for each of the 
components are listed in Table 20. The highest value of χ2 was 0.02, indicative of a good fit of 
the data.  Prolonged exposure to humidity showed a significant increase in impedance and 
development of a second time constant, indicating an altered surface layer was likely responsible 
for the increase in impedance. 
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Table 20. Summary of values calculated to fit EIS data (Figure 99a) to equivalent circuit 
models (Figure 91) for bare Al 7075-T6. 

Time 
(hr) 

Rsol 
(Ω-cm2) 

Cp 
(µF/cm2) 

Rp 
(Ω-cm2) 

Qdl 
(sn/(MΩ-1-cm-2)) 

n Rct 
(Ω-cm2) 

χ2 

0 43 - - 7.52E-06 0.87 8248 0.006 
24 49 7.36E-07 746 5.15E-06 0.76 92780 0.006 
168 27 8.31E-07 1700 3.30E-06 0.82 275000 0.022 

 

 
Figure 99. EIS analyses of bare Al 7075-T6 after humidity treatment: (a) Nyquist plot 

and (b) Bode phase angle. 

 
A polarization scan of alkaline cleaned Al 7075-T5 exposed to the humid environment showed 
that the corrosion current density decreased from an initial value of 6.4 to 0.16 µAmps/cm2 after 
exposure for 168 hours (Figure 100).  The decrease in corrosion current density was 
accompanied by a significant increase in pitting potential (Epit) (-0.4 VSCE) compared to panels 
not placed in the humidity chamber.  Figure 100 shows that the pitting potential of bare Al 7075-
T6 not placed in humid environment is approximately the same as the OCP (-0.65 VSCE) when 
using the electrolyte composed of 0.6 wt% NaCl and 0.6 wt% (NH4)2SO4. After exposure, the 
separation between the pitting potential and the OCP was significant (~0.25 VSCE), indicating 
development of a passivation region.  Even with only 24 hours of exposure to humidity, the 
corrosion current density decreased by ~0.15 µAmps/cm2 and the pitting potential was higher (-
0.55 VSCE) compared to the OCP (-0.65 VSCE).  Thus, electrochemical testing showed 
improvement in the corrosion resistance of bare Al 7075-T6 after exposure to humidity.  The 
previous surface chemical analysis showed the development of a surface layer rich in Al and O.  
Combined, the two results indicate that the increase in corrosion resistance is due to the 
development of the altered surface layer. 
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Figure 100. Polarization scans of bare Al 7075-T6 exposed to humidity for times ranging 

from 0 to 168 hours. 

 
In contrast to the increase in corrosion resistance inferred from electrochemical testing, bare Al 
7075-T6 panels that had been exposed to humidity for 24 and 168 hours developed a significant 
number of pits and tails upon exposure to salt spray for only 4 hours.  The amount of corrosion 
indicated that the altered surface layer did not protect the alloy against corrosion attack during 
salt spray testing.  Even though electrochemical testing showed a significant increase in 
corrosion impedance and an order of magnitude decrease in corrosion current density, the panels 
could not prevent corrosion for four hours in salt spray testing.  Hence, the altered surface layer 
was vulnerable to attack by chloride ions. 
 
Figure 101 provides a schematic model of the proposed interaction between humidity and the 
substrate through cracks in the coatings.  Through the cracks in the coating and exposed areas of 
the substrate, humidity interacts with the surface of the alloy and alters it.  The changes in the 
surface of the substrate increase the impedance as measured by EIS.  Since sealed panels have 
fewer and smaller cracks a smaller area of the substrate is exposed.  Therefore, the increase in 
impedance was less for sealed CeCCs.  The impedance of sealed CeCCs increased from ~65 kΩ-
cm2 before exposure to ~90 kΩ-cm2 after exposure compared to as-deposited CeCCs, which 
increased from ~5 kΩ-cm2 before exposure to ~95 kΩ-cm2 after exposure.  Exposure to humidity 
also increased the impedance of bare Al 7075-T6 from ~10 kΩ-cm2 to ~280 kΩ-cm2.  
Electrochemical analysis indicated that the increase in impedance was due to an increase in 
charge transfer resistance between electrolyte and the substrate, which indicates the development 
of an altered surface layer on the substrate. Although exposure to the humid environment 
increased the impedance of all of the specimens, the resistance to corrosion in salt spray testing 
was not significantly improved.  Therefore, it appears that the altered surface layer is not 
resistant to corrosion in the salt spray environment. 
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Figure 101. Schematic diagram of interactions between humidity and a CeCC: (a) pre-

humidity and (b) post-humidity. 

 
Initial Detection of Pr-species Outside of The Matrix of Epoxy-Polyamide Primers 
Primers with Pr-based inhibitors had not been fully characterized prior to this project. One of the 
primary goals of this research was to identify the composition, crystal structure, and morphology 
of species (Pr, Ca, S, Cr) present in the as-deposited coating, in the coating after corrosion, and 
in the scribes of corroded panels.  Following salt spray testing in 500 hour increments up to 3000 
hours, AES, SEM-EDS, and XRD analyses were performed to characterize changes occurring 
during corrosion. 
 
The initial effort focused on coated panels.  Both SEM and EDS were performed to characterize 
the field and scribe areas to identify the chemical composition of species present.  A 
representative micrograph of a particle containing Pr, Ca, and O is shown in Figure 102 along 
with elemental analysis.  This particular specimen was a water-based primer deposited on an Al 
2024-T3 substrate that had a CrCC.  The particle was present after 1500 hours in salt spray.  A 
SEM image with elemental analysis of a scribed area of an Al 2024-T3 panel coated with a 
solvent-based primer on top of a CrCC following 1500 hours in salt spray is shown in Figure 
103. 
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Figure 102. SEM image of a particle present in the field of a water-based primer coating 

after 1500 hours of salt spray testing along with EDS analysis showing the 
particle contains Pr and O in addition to other species. 

 

   
Figure 103. SEM image of the scribe in a solvent-based primer on CrCC coated Al 2024-

T3 following 1500 hours in salt spray with accompanying elemental analysis. 

 
SEM-EDS is consistent with analysis of the field of a panel.  The table in Figure 102 is 
representative of species and concentrations found in each sample regardless of hours spent in 
salt spray. When used to identify the concentration of Pr and Ca found in the scribe following 
salt spray testing, SEM-EDS analysis has not been consistent. The presence or absence of 
various species is not directly related to corroded or shiny areas of scribes. Unlike the 

Small Pits 
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conclusions drawn from the AES data for Ca migration, at this time, no direct correlation has 
been identified between time in salt spray and Pr/Ca concentration in the scribe as determined by 
AES.  The results suggest that Pr migrates to the scribe during salt spray testing, but the 
concentration is not directly proportional to time spent in salt spray.  Scribe analysis will 
continue for test panels as a function of times in salt spray up to 3000 hours.  In addition, work 
will continue on optimization and refinement of characterization methods. 
 
XRD was also used to identify crystalline species in the field of primers before, during, and after 
corrosion.  Initial XRD studies have detected the presence of Ca2SO4•2H2O, Pr(OH)3, and TiO2 
in primers prior to salt spray testing and for test times up to 1500 hours.  These compounds are 
consistent with other analysis of the species in the field of the primer.  In addition, Reitveld 
refinement of the XRD spectra provided evidence of fluctuating levels of Ca2SO4•2H2O and 
Pr(OH)3 (the presumed active corrosion inhibitors) following periods of varying time in salt 
spray testing.  Duplicate experiments are in progress to confirm the initial findings and further 
identify the concentrations of species in the primer as a function of time in salt spray testing. 
 
SEM-EDS, XRD, and FIB-cross sectional analyses were performed on panels prepared by Deft. 
Both solvent-based and water-based series primers coated on top of CrCCs on Al 2024-T3 were 
characterized to track changes occurring during corrosion.  Coated panels were imaged in the 
SEM and EDS was performed in both the field and in the scribe to identify the chemical 
composition of species present.  Scribed test panels were placed in ASTM B117 salt spray and 
selected panels removed after increments of 500 hours, up to 3000 hours, were characterized for 
Pr-species, which previously have only been found in trace amounts.  Initially it was thought the 
corrosion product in the scribe would contain a uniform distribution of Pr-species, but Pr species 
were found in localized areas and had an acicular/dendritic morphology. Chemical analysis by 
EDS showed Pr was not detected in the scribes of as-received panels (solvent-based and water-
based series).  However, following salt spray testing, Pr species were detected at discrete 
locations within the scribes.  A representative micrograph and EDS mapping of a Pr-rich 
precipitate can be seen in Figure 104. 
 

 
Figure 104. Micrograph and EDS mapping of a Pr-rich precipitate found within the scribe 

of a solvent-based series panel following 3000 hours salt spray exposure. 
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Discrete Pr-rich areas were also found near the primer-scribe interface, which appeared to 
indicate that Pr-species were migrating out of the primer matrix and re-precipitating in the scribe 
(Figure 105). 
 

 
Figure 105. Micrograph of several clusters (denoted by circles) of Pr-rich precipitates 

found within the scribe of a water-based series panel following 1000 hours salt 
spray exposure. 

 
Areas where Pr-precipitation products were found were also Cu rich, suggesting that the 
presence of Cu-containing intermetallic particles in the substrate influenced the precipitation of 
Pr.  This may be an indication that Pr species were precipitating to passivate galvanic couples 
within the scribed areas.  Work is in progress to identify the exact phase/composition of the Pr-
precipitation products as well as to determine the growth mechanism within the scribe. 
 
Screening for the presence Pr in the scribes of panels following corrosion testing without 
complicated instrumentation would be a quick and easy method to screen panels to determine if 
the primer were providing corrosion protection. The organic azo dye Arsenaso III was employed 
in an attempt to detect the presence of Pr in the scribes of panels after salt spray testing.  An 
aqueous solution of 0.05% Arsenazo III (4 mL), formate buffer pH 3.5 (1 mL), and 1% ascorbic 
acid (2 mL) was first added to commercially available Pr(OH)3 and Al2O3 as a control study.  
Shown in Figure 106, no color change was observed (the reagent remained purple) in the 
presence of Al2O3.  In contrast, the color changed to teal when the solution was mixed with 
Pr(OH)3.  The scribe of a panel that had a water-based series Deft primer exposed to 3000 hours 
of salt testing and then stripped of its primer coating was tested.  The reagent solution was 
distributed along the scribe using a syringe as shown in Figure 107.  It was found that heavily 
salted areas were Pr-rich, but no Pr was detected in darkened areas.   This study indicated that Pr 
species were present in greater concentrations in salted areas as compared to shiny/darkened 
areas of the scribe following exposure to salt spray.  Arsenazo III, when used at the right pH with 
ascorbic acid as a mask for Al3+, appears to be a viable qualitative colormetric reagent for the 
detection of Pr-species. 
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Figure 106. Control experiment of Al2O3 and Pr(OH)3 powders reacted with the Arsenazo 

III reagent.  The reagent should remain purple when Pr is not present and 
turn teal when reacted with Pr. 

 

 
Figure 107. Colormetric detection of Pr-species in the scribe of a stripped panel that was 

coated with a water-based series primer on top of a CrCC on Al 2024-T3 
following 3000 hours of salt spray exposure. 

 
Evolution of Primer Composition During Corrosion 
XRD analysis was performed to quantify the amounts of crystalline phases present in primer 
coatings as a function of time in salt spray testing.  Selected panels of both solvent-based and 
water-based series primers prepared by Deft were removed from salt spray after increments of 
500 hours up to 3000 hours to evaluate changes in the composition.  Reitveld refinement was 
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performed to quantify the amounts of the different crystalline phases (Pr(OH)3, CaSO4•2H2O, 
and TiO2) that were present at each time increment.  The amount of Pr(OH)3 and CaSO4 •2H2O 
detected in the coating was normalized against TiO2, which was assumed to be inert and not 
changing in composition during salt spray exposure. The results are summarized in Figure 108. 
 
The amount of Ca2SO4•2H2O decreased after 500 hours of salt spray exposure for both the 
solvent-based and water-based series primers.  For the water-based series, a Ca2SO4•2H2O 
diffraction peak was not detected after 3000 hours in salt spray testing, indicating that all of the 
species had been depleted. Analysis showed that the Ca2SO4•2H2O concentration also decreased 
in the solvent-based series primer, but a small diffraction peak was detected after 3000 hours, 
indicating that some of the CaSO4•2H2O was retained in the matrix.  In both the solvent-based 
and water-based series, the amount of Pr(OH)3 remained nearly constant within the primer 
matrix for the duration of the corrosion tests.  The results indicated that the Pr2O3 that was 
formulated into the primer converted to Pr(OH)3 at some point prior beginning of the analysis.  
The data also indicated that Ca2SO4•2H2O was being depleted from the primer during salt spray 
exposure. 

 
Figure 108. A quantitative summary of the amounts of Pr(OH)3 and CaSO4•H2O in both 

the water-based and solvent-based series following the specified times in salt 
spray testing.  The amounts are normalized to the TiO2 content. 
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Morphological changes (Figure 109) were also detected in the coating matrix during salt spray 
exposure.  Comparing samples in the “as-received” condition to those that had been exposed to 
salt spray revealed that the primer matrix was not homogeneous.  The as-received primer 
contained Ca, S, and Pr-rich aggregates that had areas ranging from 1 µm2 to 8 µm2 with an 
average particle area of~ 3 µm2.  Voids were present in the matrices of the solvent-based and 
water-based series primers following 500 hours salt spray (water-based), 1000 hours salt spray 
(solvent-based) and 3000 hours salt spray testing (solvent and water-based).  The voids were 
typically approximately 2 µm or more below the primer surface and ranged in surface area of 1 
µm2 to 400 µm2. The voids found in primer matrices following salt spray testing were a result of 
the depletion of the aggregates.  The evolution of voids correlated to XRD studies that showed 
the depletion of CaSO4•2H2O from both the water and solvent-based primers.  Hence, it seems 
likely that the voids in the primer matrix were formed by removal of CaSO4•2H2O. 
 

 
Figure 109. Representative FIB-milled SEM images of (a) solvent-based and (b) water-

based series primers in the as-received state and following 1000 and 3000 
hours of salt spray exposure. 

 
Corrosion of Model Primer Systems 
The crystalline phases present in primer coatings containing Pr-based inhibitors were 
characterized after various increments of salt spray testing up to 3000 hours.  Characterization 
was performed using SEM-EDS, XRD, and LA-ICP-MS analyses.  The formulations consisted 
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of the Deft solvent-based primer (084 series) formulation and TiO2, but with the standard rare-
earth inhibitor replaced with individual additions of:  1) gypsum (CaSO4•2H2O); 2) talc 
(Mg3Si4O10(OH)2); 3) Pr2O3; or 4) Pr6O11.  The 084 series primer formulation contains both 
Pr2O3 and gypsum. A separate series with the same additives were also analyzed, but with the 
addition of a commercially available fluorinated top coat was used. A series of scribed test 
panels of each formulation were placed in ASTM B117 salt spray.  Selected panels were 
removed after increments 500 hours and up to 3000 hours of salt spray exposure. 
 
X-ray diffraction analysis and SEM-EDS were used to characterize the evolution of phases and 
morphologies for as-received primers containing gypsum, Pr2O3, Pr6O11, or talc. SEM-EDS 
detected Ca, S, and O present in as-received panels formulated with gypsum and XRD confirmed 
the presence of gypsum (33-0311) in these coatings (Figure 110A). In the as-received talc 
primer, the primary components of talc (Mg, Si, and O) were detected by SEM-EDS. Analysis 
by XRD confirmed the presence of talc (01-073-0147) in these coatings (Figure 110B). Talc was 
inert and remained unchanged upon incorporation into the primer matrix. In as-received coatings 
formulated with Pr2O3, Pr6O11, and the 084 series primer Pr-species were detected in the bulk of 
the coatings by SEM-EDS analysis. Further analysis by XRD identified the species found in as-
deposited coatings formulated with Pr2O3 as Pr(OH)3 (01-083-2304) (Figure 110C). After 
incorporation of Pr6O11 into the primer matrix, XRD analysis determined that Pr(OH)3 (01-083-
2304 Pr6O11 (00-42-1121) and PrO2 (24-1006) were in as-deposited coatings (Figure 110D).   In 
as-deposited 084 primer coatings Pr(OH)3 (45-0086) and gypsum (33-0311) were present and 
identified by XRD (Figure 110E). 
 
Following 500 hours of salt spray testing, coatings formulated with either Pr2O3 or gypsum (no 
top coat) had either shiny scribes or partially shiny scribes with minimal darkening (Figure 111A 
and Figure 111C).  Coatings prepared with Pr6O11 and the standard 084 series primer (no top 
coat) had minimal salting and shiny/darkened scribes (Figure 111D and Figure 111E). Coatings 
prepared with talc (no top coat) had darkened and salted scribes, which was expected based on 
the chemical inertness of talc (Figure 111B). 
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Figure 110. XRD patterns collected from the field region of primer coatings formulated 

with (A) gypsum, (B) talc, (C) Pr2O3, (D) Pr6O11, and (E) 084 series primer in 
the as-deposited condition and following 500 hours of salt spray exposure. 
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Figure 111. Representative primers formulated with (A) gypsum, (B) talc, (C) Pr2O3, (D) 

Pr6O11 f, and (E) 084 series primers solvent-based on Al 2024-T3 with CrCC 
after 500 and 3000 hours of salt spray evaluation and top coated panels with 
the same formulations after 500 hours of salt spray evaluation. 

 
Pr-rich precipitates were observed in the scribes of panels coated with primers formulated with 
Pr2O3 and Pr6O11 as well as the 084 series primer whereas no Pr-rich precipitates had been 
observed in the scribes prior to salt spray testing. The crystals formed dense layers or localized 
patterns (Figure 112). 
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Figure 112. SEM image of a scribed area from a primer formulated with Pr2O3 following 

500 hours of salt spray exposure. Pr-rich precipitates appeared as white, 
acicular deposits that were distributed around scribed areas with an example 
circled. 

 
Although neither the crystal structure nor the exact stoichiometry has not been determined, EDS 
identified the major elements present as O, Al, and Pr.  Because Pr was present only in the 
primer matrix and not the substrate prior to salt spray testing, this analysis provided evidence that 
Pr species dissolved from the matrix, transported out of the primer, and re-precipitated in scribes 
in response to the corrosive environment. Only corrosion products consisting of Al and O were 
detected in the scribes of panels coated with the primer formulated with gypsum or talc.  Based 
on this analysis, PrOx species appear to afford corrosion protection when incorporated into the 
primer matrix by transporting from the coating and re-precipitating in areas where the underlying 
metallic substrate is exposed. The addition of PrOx species to the epoxy-polyamide primer matrix 
provided corrosion protection, while the talc-containing control primer did not. Based on salt 
spray performance, Pr2O3 provided better corrosion protection than Pr6O11 at short (i.e., up to 
500 hours of salt spray exposure) testing times. SEM-EDS characterization confirmed that Pr-
rich species formed were present in the scribes for both Pr2O3 and Pr6O11 containing coatings 
after salt spray testing. 
 
Quantitative analysis of Ca, S, and Pr in the corrosion product found in the scribe of 084 series 
primers following 500 hours of salt spray exposure was done by usingLaser Ablation-Inductively 
Coupled Plasma-Mass Spectrometry (LA-ICP-MS) to further understand which species in the 
primer matrix transport and migrate during attack. A micrograph of the specific area sampled can 
be seen in Figure 113. 
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Figure 113. Micrograph of 084 primer series scribe following 500 hours of salt spray 

exposure where the laser ablated a 150 µm diameter spot size along a linear 
path for a 90 s span in order to analyze the corrosion material present. 

 
For comparison an 084 primer as received scribe, 084 primer darkened scribe, and 084 salted 
scribe were analyzed. No significant difference was detected between the concentration of Ca or 
S in scribes of as-deposited panels as compared to scribes in panels that had undergone 500 
hours of salt spray exposure. However, higher concentrations of Pr were present following salt 
spray exposure (Table 21). Although the absolute value varied considerably,, the values were 
consistent on a relative level.  Multiple mechanisms were responsible for the variation in 
concentration of Ca, S, and Pr: (1) Lack of appropriate standards for LA-ICP-MS – the coupling 
between the laser and glass standard and the laser to aluminum samples is not ideal for 
comparing the standards to these samples; and (2) The samples are not of uniform thickness.  It 
is possible that the laser went through the corrosion product layers in some places. This data 
suggests that Pr-species are the only primer components that dissolve from the coating, transport 
to the scribe, and re-precipitate in scribed areas of panels. 
 
Table 21. Elemental analysis data of corrosion product in an 084 primer series scribe 

following 500 hours of salt spray exposure as detected by mass spectrometry. 

 
 
The field areas of scribed panels were also examined by SEM-EDS and XRD as a function of 
exposure time in ASTM B117 salt spray testing.  Analysis was focused on the identifying species 
that had leached out of the primers during corrosion testing of 500 hours (Figure 114). 
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Figure 114. SEM images of the surfaces of as-deposited primers and primers following 500 

hours of salt spray exposure formulated with (A) gypsum, (B) talc, (C) Pr2O3, 
(D) Pr6O11, and (E) 084 series primers on Al 2024-T3. 

 
Following salt spray exposure, primers formulated with gypsum or talc formulated primers did 
not undergo a phase or morphological change (Figure 110A, Figure 114A, Figure 110B, and 
Figure 114B).  Following salt spray exposure of the primer containing Pr2O3, Pr6O11, and the 084 
series primer Pr-rich species were found to have precipitated on the surface of the coatings 
(Figure 114C, Figure 114D, and Figure 114E).  In the primer formulated with Pr2O3,Pr-rich 
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species re-precipitate in dense patterns (Figure 114C). XRD identified the re-precipitated species 
formed during salt spray testing as a mixed Pr-hydroxyide/hydroxycarbonate composed of 
Pr(OH)3(01-083-2304) and Pr(CO3)OH(00-026-1349) crystalline phase (Figure 110C). For 
primers formulated with Pr6O11, salt spray testing resulted in the precipitation of Pr-rich species 
in localized clusters in areas areas  of the scribe (Figure 114D).   A single Pr-hydroxycarbonate 
phase, Pr(CO3)(OH)1.68 (00-045-0217) along with Pr(OH)3 and PrO2 were detected after salt 
spray exposure of these coatings (Figure 110D).  This compound had a different stoichiometry 
than the mixed Pr-hydroxycarbonate phase identified in the primer containing Pr2O3 and did not 
form as dense of a layer. Pr-rich precipitates also formed on the surface of the 084 series primer, 
which is formulated with Pr2O3 and gypsum inhibitors. Similar to the Pr2O3 formulated primer 
XRD identified a mixed Pr-hydroxyide/hydroxycarbonate composed of Pr(OH)3(01-083-2304) 
and PrOHCO3(00-027-1376) as being present in the coating following salt spray exposure 
(Figure 110E). Pr-rich species species partially re-precipitated from the 084 primer series 
coatings differing in morphology from coatings containing Pr2O3 only (Figure 114E). 
Comparison of SEM images showed that Pr-hydroxide/hydroxycarbonate species were more 
concentrated on the surfaces of primers containing Pr2O3 coatings as compared to primers 
containing Pr6O11. This observation is consistent with previous research that concluded that 
Pr6O11 did not hydrate as readily as Pr2O3 and was more thermodynamically stable [10,15,32].  
Once incorporated into the primer matrix, Pr2O3 appears to be more soluble, which allows it to 
dissolve, transport, and re-precipitate more rapidly than Pr6O11. Also, the presence of gypsum in 
the 084 primer series seems to suppress the rapid re-precipitation of Pr 3+ species. During 
exposure to a salt spray environment, Pr3+ actively transported within the coating, reacted with 
atmospheric H2O and CO2, and re-precipitated in form of a mixed Pr-
hydroxide/hydroxycarbonate on the surface of the coating. 
 
During short exposure times the Pr2O3 and gypsum only formulation coatings provided the best 
corrosion protection but, after 3000 hours of salt spray exposure, the primers formulated with 
individual inhibitors of Pr2O3, Pr6O11, gypsum, or talc all experienced pitting, salting, and tailing 
within the scribed area (Figure 111A, Figure 111C, and Figure 111D).  Following 3000 hours of 
salt spray exposure the 084 series primer maintained better overall performance while salting and 
darkening of the scribe still occurred (Figure 111E). Data indicates Pr2O3 is the more favorable 
starting Pr-phase for enhanced corrosion protection and gypsum by itself can also provide 
corrosion protection for moderate testing times (i.e. up to 1500 hours).  The talc primer provided 
no corrosion protection due to the fact no active inhibitors were present in the primer matrix 
(Figure 111B). Primers containing either gypsum or Pr2O3 showed significant corrosion 
protection on their own.  When both Pr2O3 and gypsum were present a more robust coating 
system provided protection for longer exposure times when compared to the coatings with each 
individual component alone or the talc, which contained no corrosion inhibitor. 
 
After 3000 hours of salt spray exposure the composition and crystal structure of components of 
interest in primer-coated panels following salt spray exposure were compared to the as-sprayed 
condition and quantified using Reitveld XRD refinement (Figure 115). 
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Figure 115. The composition and crystal structure of components of interest following salt 

spray exposure in (A) gypsum, (B) talc, and (C) 084 series primer coated 
panels and top coated panels compared to the as-received condition as 
quantified by Reitveld XRD refinement. 

 
The primer formulated with only gypsum exhibited a ~4x decrease in gypsum content (Figure 
115A) during 3000 hours of salt spray exposure.  For comparison, the primer formulated with 
talc experienced a loss of about half of the talc (Figure 115B).  Quantitative analysis could not be 
performed on primers formulated with Pr2O3 or Pr6O11 due to peak overlap. However, analysis 
by XRD identified the species present following salt spray exposure as discussed above (Figure 
115C). It is likely that Pr(OH)3 was both being transformed within Pr-containing coatings as well 
as being depleted from the coating. The standard 084 series primer exhibited a ~10x decrease in 
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gypsum content after 3000 hours salt spray exposure. In the 084 series primer, of Pr(OH)3 did 
not change during exposure (Figure 115C). 
 
When a top coat was added to each primer formulation 1) gypsum (CaSO4•2H2O); 2) talc 
(Mg3Si4O10(OH)2); 3) Pr2O3; or 4) Pr6O11 and standard 084 series primer corrosion protection of 
each primer was degraded.   After 500 hours of salt spray exposure heavy salting and darkening 
occurred in the scribes of panels of each formulation. The Pr2O3 only primer formulation was the 
only primer series tested that maintained shiny scribes after 150 hours of exposure and had the 
least amount of salting and tailing after 500 hours of salt spray exposure. 
 
When as-received top coated panels were compared to top coated primers following 500 hours of 
salt spray exposure, only small changes were observed in the concentrations of the inhibitor 
species (Figure 115).  Based on qualitative comparisons, the relative amounts of Pr2O3 or Pr6O11 
did not change in those formulations.   It appears the addition of top coat affects the “release” 
capability of gypsum, which, in turn, affects the salt spray corrosion performance of top coated 
specimens. Top coated panels formulated with Pr2O3 yielded the best corrosion protection 
compared to all other formulations and standard 084 series.  When exposed to salt spray, the 
scribes of all other top coated specimens began to salt/darken within 150 hours, except for the 
one that had the primer formulated with only Pr2O3.  The transformation of Pr2O3 into either 
Pr(OH)3 or a Pr-hydroxycarbonate affected the ability of the coating to provide protection.  
From these studies it was evident that the mobility of gypsum or other extenders in the primer 
matrix during salt spray exposure played a role in the corrosion protection capability of the 
primer. In addition, Pr2O3 was the preferred starting Pr-phase for the best corrosion protection. 
 
Electrochemical Characterization 
 
Corrosion Response of Primer After Salt Spray Testing 
Electrochemical tests were performed on Al 2024-T3 with CrCCs and primers formulated with 
1) gypsum (CaSO4•2H2O); 2) talc (Mg3Si4O10(OH)2); 3) Pr2O3; or 4) Pr6O11 and standard 084 
series primer solvent-based Pr-primer at various electrolyte pHs ranging from 5 to 8.  For each 
test panel, the exposed substrate encompasses an area of ~2.0 mm2 (Figure 116). 
 

 
Figure 116. Representative artificial defect (~1.6 mm i.d.) machined into field areas of 

panels to provide a controlled test area. 

 
The passivation range was calculated from the potential values in the region between Epit and E0 
on the anodic sweep and calculated corrosion current (icorr)/corrosion potential (E0) values were 
obtained by a Tafel fit. The electrochemical response of an artificial defect mechanically induced 
in primers formulated with different additives was studied at various electrolyte pHs to 
determine the effect of Pr-phase on the corrosion protection. Representative potentiodynamic 
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plots can be seen in Figure 117 and cumulative results are summarized in Figure 118. No 
increase in the passivation range for bare Al 2024-T3 or Al 2024-T3 with CrCCs with a change 
in electrolyte pH was observed in previous studies, indicating the passivation observed in the 
solvent-based Pr-primers was not due to self-passivation of the substrates or CrCCs alone, but 
rather inhibition by Pr-species from the primer. 
 

 
Figure 117. Representative potentiodynamic curves for Al 2024-T3 panels coated with 

CrCCs and primers formulated with (A) gypsum, (B) talc, (C) Pr2O3, (D) 
Pr6O11, and (E) 084 series.  Primer coatings all had machined artificial defects 
(~1.6 mm i.d.) and were exposed to electrolytes with (A) pH=5, (B) pH=6,(C) 
pH=7, or (D) pH=8. 

 
At a pH of 5 (Figure 117A) a passive region extending ~39 mV was observed on the anodic 
sweep for the primer formulated with Pr2O3.  In contrast the primer formulated with Pr6O11 had a 
passivation range only of ~5 mV, the gypsum primer had a passive region of ~10mV, and the 
084 series primer ~10 mV. The primer formulated with talc exhibited little or no passivation. 
The Ecorr values shifted towards more negative potentials at pH of 5 when either Pr2O3, Pr6O11 or 
gypsum was used independently to formulate the primers, indicating corrosion reactions were 
suppressed in the presence of inhibitor species at this pH. The gypsum primer showed icorr values 
on the order of 10-10 A/cm2 and the 084 series primer had values on the order of 10-7 A/cm2 at pH 
of 5. The icorr values were on the order of 10-9 A/cm2 for the Pr2O3, Pr6O11, and talc formulation 
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at pH of 5; however, icorr values for the Pr2O3 primer (1.31 x 10-9 A/cm2 ) were slightly lower 
than values obtained for the talc primer (3.55 x 10-9 A/cm2 ). 
 
At a pH of 6, no passive region was detected in the anodic sweep for any of the primers tested 
(Figure 117B). The Ecorr value for the primers formulated with inhibitor present exhibited only a 
slight shift at this pH. The icorr values obtained for the primers formulated with Pr2O3, gypsum, or 
Pr6O11 (~10-8 to ~10-9 A/cm2) were all at least an order of magnitude lower than values measured 
for the talc or 084 series primer (10-7 A/cm2). It is not known why no passive region was 
measured. 
 

 
Figure 118. A summary of (A) passivation range results and (B) corrosion current values 

(icorr) for each primer formulation at each electrolyte pH that was studied. 

 
At a pH of 7, the primers formulated with Pr2O3, Pr6O11, and gypsum exhibited passive regions 
of ~40 mV or larger.  In contrast, the 084 series primer showed a passive region extending ~5 
mV. For comparison, the primer formulated with talc primer did not exhibit a passive response at 
this pH (Figure 117C). The Ecorr values of the Pr2O3, Pr6O11, and gypsum primer both shift by 
~50 mV compared to Ecorr values of the talc or 084 series primer. The icorr values obtained at pH 
of 7 for the primers formulated with Pr2O3, Pr6O11, and gypsum were on the order of 10-9 A/cm2 
which is two orders smaller than icorr values determined for the primer formulated with talc or the 
084 series primer. 
 
The primer formulated with Pr2O3 exhibited the largest passivation range at a pH of 8 extending 
over ~65 mV, which was larger than any primer examined at any pH (Figure 117D). The primer 
formulated with Pr6O11 also exhibited passive behavior at pH of 8, with a passive region 
extending ~30 mV as well as the gypsum primer which had a passive region extending ~40 mV. 
At pH of 8 the 084 series primer showed a passivation region extending ~20 mV, larger than at 
any other pH examined.  In contrast, the primer formulated with talc did not exhibit a passive 
response. The Ecorr values for the primers formulated with Pr2O3, Pr6O11, and gypsum shifted to 
more negative potentials by ~50 mV when compared to the primer formulated with talc or the 
084 series primer at pH of 8. The calculated icorr values for the primers formulated with Pr2O3, 
Pr6O11, gypsum, and the 084 series were an order of magnitude smaller (10-8 A/cm2) compared to 
icorr values obtained for the primer formulated with talc. Based on the electrochemical 
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measurements, the addition of PrOx species and gypsum to the primer matrix inhibited the 
corrosion of Al 2024-T3 by increasing the passivation range, shifting Ecorr values towards more 
negative potentials, and decreasing icorr values.  The magnitudes of the shifts depended on both 
the Pr phase present and the pH of the electrolyte. In contrast to the primers formulated with Pr-
species or gypsum, the primer formulated with talc afforded no corrosion protection to exposed 
areas of Al 2024-T3 and this behavior was independent of the electrolyte pH. Electrochemical 
data indicates Pr2O3 and gypsum alone may provide a “rapid” response to defect exposed to a 
corrosive environment but together provide a “controlled” response. This synergetic process is 
supported by salt spray exposure results for the 084 primer series, which show that the 084 series 
is a more robust primer that provides superior corrosion protection for 3000 or more hours. 
 
To further understand the role of gypsum as an inhibitor, cathodic sweeps (-0.42 V to 0.10 V) 
were performed on Pr2O3 and gypsum only primers in natural pH electrolyte (~pH 5-6) to 
determine the cathodic response of each.  The cathodic slopes differed for the gypsum 
formulation compared to the Pr2O3 primer (Figure 119). 
 

 
Figure 119. Representative cathodic sweeps for Al 2024-T3 panels coated with CrCCs and 

primers formulated with gypsum or Pr2O3 with machined artificial defects 
(~1.6 mm i.d.) exposed to electrolytes with natural pH. 

 
The gypsum primer exhibited a passive region on the cathodic sweep whereas the Pr2O3 primer 
did not. It could be inferred that gypsum offered cathodic protection capabilities whereas Pr2O3 
provided anodic protection. 
 
Visible corrosion was minimized for exposed areas of the substrate by coatings that exhibited a 
larger passivation range in electrochemical measurements. The least amount of corrosion was 
observed after testing at pH of 5 for the primer formulated with Pr2O3, which also had a large 
passivation range of ~40 mV (Figure 120). 
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Figure 120. Micrographs of the exposed areas of substrates that were coated with primers 

formulated with gypsum following electrochemical testing in an electrolyte pH 
of 8, talc following electrochemical testing at pH of 5,  Pr2O3 following 
electrochemical testing in an electrolyte pH of 5, Pr6O11 following 
electrochemical testing in an electrolyte pH of 7, and (C) 084 series primer 
following electrochemical testing in an electrolyte pH of 8. 

 
The least corrosion was observed after testing at pH of 7 where one of the larger passivation 
ranges (~50 mV) was measured for primers formulated with Pr6O11 (Figure 120). Exposed areas 
of the gypsum and 084 series primer both showed less visible corrosion product at pH of 8 than 
the other primers, which also corresponded with their large passivation ranges (~40 mV for 
gypsum and ~20 mV for the 084 series primer) shown in Figure 120. For the primer formulated 
with talc, significant corrosion was observed in exposed areas of Al 2024-T3 at all electrolyte pH 
values (Figure 120). The electrochemical results and corroded specimens that were observed for 
the primers formulated with Pr2O3, Pr6O11, gypsum, and talc indicated that Pr2O3 alone provided 
the best corrosion protection. Results also indicated that gypsum can act as a corrosion inhibitor 
when introduced into the primer matrix. XRD and SEM-EDS characterization showed that Pr2O3 
was more soluble than Pr6O11, which led to enhanced corrosion protection when Pr2O3 was 
incorporated into the primer matrix. In addition, the “rapid” corrosion response of Pr2O3 species 
in the 084 series primer is inhibited by the addition of gypsum. The nature of the relationship 
between pH and passivation is still unclear but the evidence presented indicated that primers 
formulated with PrOx species protected exposed areas of aluminum alloy substrates from 
corrosion environments by means of dissolution and re-precipitation and that pH affects the 
corrosion response. Species solubility within the primer matrix is the primary factor in the ability 
of inhibitors to transport and react effectively. 
 
Microelectrochemical Test Development 
Preliminary potentiodynamic and impedance tests were performed using a micro-scale 
electrochemical test cell that is under development.  Studies were conducted on polished Al 
7075-T6 panels using capillaries with diameters of less than 100µm.  The electrolyte used was 
water containing 0.35 wt% NaCl and 0.70 wt% (NH4)2SO4. The electrode apparatus and the 
capillary are shown in Figure 121.  A polarization curve produced with the new cell is compared 
to one collected using a conventional test cell in Figure 122. 
 
When fully developed, the microelectrochemical test tool will allow the team to extract 
electrochemical information from specific areas of substrates and coated test panels.  
Optimization of the test cell is still in progress, including design of the test cell to offset the 
surface tension of the capillary to assure the area affected by the test cell is not compromised by 
electrolyte leaking from the electrode. 
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Figure 121. Capillary tube and pressure controlling cell that were constructed to conduct 

microelectrochemical testing.  The outside diameter of the capillary tube is 
approximately 100 µm. 

 

 
Figure 122. Comparison of polarization tests conducted using a standard commercial test 

cell (labeled “Flat cell”) compared to the micro-electrochemical cell.  The 
electrolyte was water containing 0.35 wt% NaCl and 0.7 wt% (NH4)2SO4.  An 
Ag/AgCl reference electrode was employed for all tests. 
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In addition to the development of a new electrochemical tool, electrochemical testing was 
conducted using precisely machined circular holes, which are referred to as “drilled pits.”  These 
surfaces provided a more controlled environment for characterization than typical machine 
scribes.  Electrochemical test were performed on water-based primers with artificial pits, at 
various electrolyte pHs ranging from 5 to 8.  Representative data can be seen in Figure 123. The 
polarization curves indicate that the passivation region increased with increasing pH, up to a pH 
of at least 8.  At an electrolyte pH of 8, the passivation region extended for over 0.5 volts.  
Electrochemical tests were performed on acid etched, bare Al 2024-T3 panels, with artificial pits 
as a control experimental to determine if the increased passivation with increasing electrolyte pH 
was due to self-passivation of the bare aluminum alloy surface (Figure 123).  The polarization 
curves for the control specimen (i.e., bare Al 2024-T3) showed very little passivation and no 
significant changes with pH, indicating the passivation observed in the primers is not due to self-
passivation of the substrates, but activity from the primer.  Results will be further analyzed to 
identify mechanisms responsible for corrosion protection of primer-coated substrates as well as 
inherent electrochemical properties of the initial coatings.   
 

 
 (A) (B) 
Figure 123. Polarization curves for water based Pr primer with artificial pits conducted at 

various electrolyte pH values ranging from 5 to 8 (A).  Polarization curves of 
acid etched, bare Al 2024 with drill pits at various electrolyte pH (B). 

 
Microelectrochemical Testing 
The corrosion resistance of cerium-based conversion coatings was evaluated using a ~50 µm 
diameter capillary probe. Different areas of coatings were probed to understand the effect of 
surface morphology on localized corrosion behavior. Three distinct regions of the coatings, 
active, passive, and intermediate, were detected using microelectrochemical testing on CeCCs on 
7075-T6 (Figure 124).  Active regions had an icorr that was greater than 1×10-4 Amps/cm2 and a 
total impedance of less than 200 Ω•cm2. Passive regions had an icorr that was less than 1×10-5 

Amps/cm2 and total impedance that was greater than 10 KΩ•cm2. Finally, intermediate regions 
had icorr and total impedance values that were between those of the active and passive regions. 
Twelve tests were conducted and all results fell within these ranges. 
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Figure 124. Microelectrochemical (a) Potentiodynamic scan and (b) EIS curves showing 

that CeCCs on 7075-T6 had distinct active, intermediate, and passive regions. 

 
Figure 125 is a compilation of potentiodynamic scans and EIS data from active regions of a 
CeCCs on 7075-T6. The figure demonstrates active regions had a mixed potential ranging 
from -0.63 V to -0.78 V vs. SCE. Most had a low anodic pitting potential (< -0.40 V vs. SCE). In 
some cases, such as the one shown by the curve labeled 2 in Figure 125, extensive corrosion 
caused the sample to passivate at ~ -0.15 V vs. SCE, which, in turn, caused the current density to 
decrease during testing. The total impedance for active regions of CeCCs on 7075-T6 (Figure 
125b) was lower than 200 Ω•cm2 and as low as 20 Ω•cm2. The tests indicated that active regions 
provide very little corrosion resistance and can easily form pits. Optical micrographs of active 
region of CeCCs before and after testing are shown in Figure 126. 
 

 
Figure 125. (a) Potentiodynamic scans and (b) EIS curves from an active area of a CeCC 

on Al 7075-T6 showing the variation in behavior among various regions. 
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Figure 126. Optical micrographs of test areas on CeCCs on 7075-T6: (a) before testing, (b) 

immediately after testing, and c) after rinsing tested area with DI water. 

 
The electrochemical data for the specific area shown in Figure 126a are labeled 1 in Figure 125.  
The test area included a small crater-like surface feature and irregular surfaces with dark lines 
running across it as seen by optical microscopy (Figure 126a). What appears to be a nodule is 
visible on the upper right of the crater. Electrochemical testing was also performed on similar 
looking nodules, which demonstrated passive behavior as will be discussed below.  Figure 126b 
shows that only the region inside the capillary was affected while the surrounding coating was 
not altered by testing. Testing showed that coatings with irregular surfaces and craters provided 
little corrosion resistance. Post-test micrographs showed that crater-like objects remained 
relatively intact; however, irregular surfaces were damaged and removed. This suggests that pre-
existing defects in coatings such as irregular surfaces and craters can be electrochemically active 
and, therefore, susceptible to corrosion. Images of another active region on a CeCC on 7075-T6 
are shown in Figure 127. The electrochemical data for this test are shown by the curves labeled 3 
in Figure 125. The measured OCP was low (-0.77 V vs. SCE) indicating this site was very 
active. Point EDS elemental analyses on the dark (corroded) spot shown by the cross in Figure 
127c are listed in Table 22.  EDS showed an elevated copper content (6.6 wt%) compared to 
other areas that did not corrode, which had copper contents of less than 0.5 wt%. The SEM/EDS 
analysis suggested that a copper based IMC may have been present beneath the coating at the 
spot that corroded, which led to the high icorr and low total impedance in this area.  After testing, 
the full extent of damage was seen in Figure 127b and Figure 127c. The high copper content 
found by EDS shown in Table 22 suggests that these types of sites may be the primary location 
for galvanic corrosion, which is consistent with the formation of microgalvanic corrosion 
couples. 
 
Table 22. Chemical composition of corroded area obtained by EDS 

 
Element O Al Zn Mg Cu Ce 
Weight % 42.5 43.6 2.5 1.9 6.6 2.9 
Atomic % 59.0 35.9 0.9 1.3 2.3 0.7 
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Figure 127. Images of test area of CeCCs on Al 7075-T6: (a) before testing, (b) after 

testing, and (c) a SEM image of affected area. 

 
Optical micrographs of areas that exhibited passive behavior during microeletrochemical testing 
are shown in Figure 128. The first test (Figure 128a and b) was performed on what appeared to 
be nodules in the coatings. Similar nodules were also observed near an active spot (Figure 123). 
The nodule was near a possible active region because bubbles were observed about 75 µm above 
the tested area shown in Figure 128a. The second test (Figure 128c and d) was performed near a 
dark spot on a coating in an area that did not have any cracks, craters, or other obvious damage. 
Because the area was found to be electrochemically passive, little, if any, corrosion damage was 
visible making it difficult to find the affected area after the experiment. After the test, few, if any 
bubbles were observed to evolve from passive test regions. For passive regions, both 
potentiodynamic scans and EIS had results that were consistent from run to run (Figure 129). 
One of the curves did not display a clearly defined anodic pitting potential, while the other 
displayed a defined pitting potential at two places followed by repassivation. Both of the passive 
regions that were studied had OCP values of around -0.60 V vs. SCE. The EIS data in Figure 129 
showed that both also had total impedance values that were greater than 10 KΩ•cm2. Based on 
these studies, passive regions provide very good corrosion resistance and were not likely to 
corrode during electrochemical testing. 
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Figure 128. Optical micrographs of two passive regions on CeCCs on 7075-T6: (a) Exp 1 

before testing, (b) Exp1 after testing, (c) Exp 2 before testing, and (d) Exp 2 
after testing. 

 

 
Figure 129. (a) Potentiodynamic scans and (b) EIS curves from a passive area of a CeCC 

on Al 7075-T6 showing similar behavior between two different regions. 

 
Representative electrochemical test results for the intermediate regions on CeCCs on Al 7075-T6 
are shown in Figure 130. Total impedance values ranged from 1 KΩ•cm2 to 3 KΩ•cm2 with OCP 
values between -0.50 V to -0.77 V vs. SCE (Figure 130). Post test analysis showed the physical 
structure of the tested regions had not changed noticeably, including the region with the lowest 
OCP (-0.77 V vs. SCE) and lowest impedance (~1 KΩ•cm2) and the effects of the 
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microelectrochemical testing were similar to that of the passive region test shown in Figure 128c 
and d.  Figure 131 shows optical micrographs before and after microelectrochemical testing of a 
thinly coated area, as evidenced by the bare aluminum alloy that was visible. The 
electrochemical data for this region are shown by the curves labeled 1 in Figure 130. The total 
impedance was ~2.7 KΩ•cm2 and the potentiodynamic curve showed that the anodic pitting 
potential was high (0.90 V vs. SCE). The electrochemical test results indicated that thinly coated 
sites may not necessarily become active during corrosion. The total impedance of intermediate 
regions was lower than passive regions, but the corrosion resistance was sufficient to prevent 
observable differences in the morphology of the test area during analysis. In addition, the areas 
had high anodic pitting potentials (0.90 V vs. SCE). Based on the results, sites with the lowest 
OCP (-0.77 V vs. SCE) and lowest total impedance (1.2 KΩ•cm2) have the potential to become 
active during corrosion testing.  
 

 
Figure 130. (a) Potentiodynamic scans and (b) EIS curves from intermediate areas of a 

CeCC on Al 7075-T6 showing a range of OCP and total impedance values. 

 

 
Figure 131. Optical micrographs of an intermediate region on a CeCC on 7075-T6: (a) 

before testing and (b) after testing. 
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Performance Evaluation 
 
Initial Non-Chromate Primer Evaluation 
Traditional ASTM B117 salt spray evaluation (2 weeks for conversion coatings, 3000 hours for 
primers) was employed.  A series of non-chromate specimens were deposited on CrCCs by Deft 
for characterization.  Multiple duplicate specimens were prepared so that specimens for 
characterization could be removed from salt spray at regular intervals to evaluate incremental 
changes.  At this point, panels have been evaluated before salt spray and after 500, 1000, and 
1500 hours of salt spray testing.  The scribes in the water-based primers on Al 2024-T3 remained 
partially shiny with some darkened areas through 1000 hours of salt spray testing.  At longer 
times, some limited salting was observed in the scribes.  The scribes on the solvent-based 
samples began to turn dark and started to salt after 500 hour in salt spray testing.  Figure 132 
shows the panels of each type of primer after each time increment and Figure 133 are 
representative magnified images of selected shiny and darkened/salted scribe areas.  By the end 
of 3000 hours the scribes of both coatings had darkened areas, salted areas, and pits and tailing 
around the scribe as shown in Figure 134. 
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Figure 132. Water-based and solvent-based primers on CrCCs on Al 2024-T3 panels after 

various intervals of salt spray evaluation. 
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Figure 133. Magnified images of selected scribes on primer coated Al 2024-T3 test panels 

following salt spray testing. 

 

 
 (a) (b) 
Figure 134. Representative (a) solvent-based and (b) water-based primers on Al 2024-T3 

after 3000 hours of salt spray evaluation. 

 
Evaluations of Pr-Based Inhibitors on Other Pretreatments 
Aluminum alloy Al 2024-T3 panels with one of four conversion coatings were coated with Deft 
series 084 primer, which incorporates a praseodymium-based inhibitor package and has been 
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qualified for military use per MIL-PRF-23377J, Type I, Class N. The conversion coatings were: 
1) conventional chromate based conversion coatings (CrCC); 2) trivalent chromium passivation 
(TCP) coatings; 3) electrolytically deposited cerium based coatings (EDCeCC); and 4) spray 
deposited cerium based coatings (SPCeCC).  After application of the primer, the panels were 
then scribed to produce two scribe lines ~0.4mm wide, crossing in the center of the panels.  
Next, the back (non-painted) sides of the panels, the edges, and ~5mm of the front were covered 
with non-conducting tape to limit salt spray exposure to only the coated area.  The prepared 
panels were labeled and exposed to salt spray for the times summarized in Table 23.  After the 
specified salt spray exposure panels were rinsed with deionized water to remove salt and dried 
using compressed nitrogen.  The panels were then scanned to provide a permanent image of the 
panel prior to subsequent testing. 
 
Table 23. Panel labeling designations and salt spray exposure times for alternate 

pretreatment study 

Panel Label Salt Spray Exposure Time (hrs) 

CrCC-084-0, TCP-084-0, EDCeCC-084-0, SPCeCC-084-0 0 (No exposure) 

CrCC-084-1, TCP-084-1, EDCeCC-084-1, SPCeCC-084-1 150 

CrCC-084-2, TCP-084-2, EDCeCC-084-2, SPCeCC-084-2 300 

CrCC-084-3, TCP-084-3, EDCeCC-084-3, SPCeCC-084-3 500 

CrCC-084-4, TCP-084-4, EDCeCC-084-4, SPCeCC-084-4 1000 

CrCC-084-5, TCP-084-5, EDCeCC-084-5, SPCeCC-084-5 1500 

CrCC-084-6, TCP-084-6, EDCeCC-084-6, SPCeCC-084-6 2000 

CrCC-084-7, TCP-084-7, EDCeCC-084-7, SPCeCC-084-7 2500 

CrCC-084-8, TCP-084-8, EDCeCC-084-8, SPCeCC-084-8 3000 

 

Electrochemical testing was performed on all of the panels listed in Table 23 after introducing an 
artificial defect through the coatings down to bare metal.   A schematic of the setup is shown in 
Figure 135.  A Sherline Model 5400 CNC was used to drill holes ~1.6mm diameter and 50 µm 
(2 mil) into the panels to simulate a pitting type defect.  Each drilled pit was exposed in a 1-cm2 
area flat cell for electrochemical testing. Test sequencing was controlled by CorrWare software 
in three stages: 1) 1000sec open circuit potential (OCP) stabilization; 2) Electrochemical 
impedance spectroscopy (EIS) from 0.01-100,000Hz with an AC amplitude of 10 mV; and 3) 
Cyclic potentiodynamic spectroscopy (CPDS) in the range of -0.3V to +0.8V and reversing to -
0.35V, with  respect to OCP. The reference electrode in each case was a saturated calomel 
electrode (SCE). The equipment used was a Princeton Applied Research 273A 
Potentiostat/Galvanostat coupled with a Solartron SI1255 HF Frequency Response Analyzer.  
The electrolyte typically used was comprised of 0.35 wt% NaCl and 0.7 wt% (NH4)2SO4 in 18 
MΩ deionized water.   
 
Panels were tested at the natural pH of the electrolyte, which was ~5.6.  The pH of the electrolyte 
was also varied by adding either sulfuric acid or sodium hydroxide to produce solutions with pH 
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values of 4, 5, 6, 8, or 10.  Panels were also tested at these pH values to compare the 
performance. 
In the final set of experiments OCP & EIS were performed without drilled pits on both 0hr 
panels and those that had been exposed to salt spray for 3000 hrs.  Cyclic potentiodynamic 
measurements were also performed on the 3000hr panels to investigate electrochemical response 
of the films after salt spray exposure. 
 

 
 
Figure 135. Electrochemical measurement setup for testing with drilled pits. 

 
Panels were cut to produce test specimens that were ~1 cm2 in area with no scribe lines or other 
visible film defects. XRD patterns were obtained using a PANalytical X’Pert Multipurpose 
Diffractometer utilizing Cu K-α radiation (λ = 0.15418 nm) and a PIXcel detector.  Phases were 
identified and quantified utilizing PANalytical X’Pert High Score software (version 2.2e).  
Panels were cut to produce test specimens that were ~1 cm2 in area with a scribe line present.   
Images and EDS were obtained using a Hitachi S570 LaB6 SEM and analyzed using Revolution 
software.  Panels that had been exposed to salt spray for 0 hr or 3000 hr panels were cut to ~1 
cm2 in area with a scribe line present.  Areas were selectively milled away using a Helios 
Nanolab 600 Focused ion beam (FIB) system to expose cross-sections of the paint coatings to 
determine the change in porosity of the coating after exposure to salt spray. 
 
Images of the panels after salt spray testing are shown in Figure 136-Figure 143 and are 
summarized in Table 24.  Examination of the panels showed that the only conversion coating-
primer combination that was able to provide long term corrosion protection during salt spray 
testing was the GN084 primer deposited on panels with CrCCs.  Both electrodeposited and spray 
CeCCs showed significant salting in the scribe at 150 hrs.  The salting appeared to increase with 
time, and with blistering of the paint film on the panels apparent after 150 hours for the primer 
on the EDCeCC and 500 hours for the primer on the SPCeCC.  The primers deposited on TCP 
showed considerably less corrosion protection than primers on CrCCs, but more than primers on 
either type of CeCC. 
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Figure 136. Primer coated panels after 150 hrs of salt spray exposure. 

 

    
Figure 137. Primer coated panels after 300 hrs of salt spray exposure. 
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Figure 138.  Primer coated panels after 500 hrs of salt spray exposure. 

 

    
Figure 139. Primer coated panels after 1000 hrs of salt spray exposure. 
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Figure 140. Primer coated panels after 1500 hrs of salt spray exposure. 

 

    
Figure 141. Primer coated panels after 2000 hrs of salt spray exposure. 
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Figure 142. Primer coated panels after 2500 hrs of salt spray exposure. 

 

    
Figure 143. Primer coated panels after 3000 hrs of salt spray exposure. 

 
Table 24. Summary of Salt Spray Results for Primers on Non-Chromate Conversion 

Coatings. 

Conversion 
Coating 

Salting Begins Salting 
Increasing? 

Runoff? Blistering? 

CrCC 2500 hrs No 2500 hrs No 

EDCeCC 150 hrs Yes—severe by 
1000 hrs 

150 hrs 150-3000 hrs 

SPCeCC 150 hrs Yes—severe by 
1000 hrs 

150 hrs 500-3000 hrs 

TCP 300 hrs Yes—severe by 
3000 hrs 

500 hrs 2500-3000 hrs 
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Electrochemical Analysis with Drilled Pits 
The type of conversion coating affected the measured impedance of drilled pits on primer coated 
panels prior to salt spray testing.  As shown in Figure 144, the highest impedance was measured 
for the combination of primer and the EDCeCC, which was just over 500 MΩ•cm2.  The 
impedance of the primer on either SPCeCC or TCP was ~350 MΩ•cm2, while the primer on the 
CrCC had the lowest impedance at about 200 MΩ•cm2. Based only on the initial impedance, any 
of the other the combinations should have had higher resistance to corrosion than the chromate 
based coatings. 
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Figure 144. Impedance spectra for primers on panels with different pretreatments after 0 

hrs in salt spray testing. 

 
The data summarized in Table 25 reveal that the impedance of primer-coated panels decreases 
rapidly with exposure to salt spray. All panels show an initial drop of 50-95% in impedance after 
150hrs salt spray exposure.  This is followed by a period of relative stability through 2000 hrs of 
exposure.  At 2500 hrs all the samples drop in impedance by more than 95%, relative to the 
values at 2000 hrs.  Additionally, the complexity of the double layer increases with time:  before 
salt spray exposure the EIS spectra can be fit to a model with a single RC time constant; after 
2000 hours of exposure, the equivalent circuit has ~3 RC time constants; and at 2500 hours, the 
behavior can be described using 2 RC time constants.  Table 25 and Table 26 summarize these 
changes in impedance and double layer complexity.  This increase in complexity is likely due to 
an increase in porosity of the paint after exposure to salt spray and the accompanying permeation 
of the electrolyte into the paint. 
 



 159 

Table 25. Impedance changes as a function of time in salt spray for primers on panels 
with different pretreatments 

 Impedance (MΩ•cm2) 

Time in salt spray (hrs) CrCC EDCeCC SPCeCC TCP 

0 200 500 340 350 
150 100 60 20 75 
300 80 30 23 50 
500 75 30 25 50 
1000 80 25 10 50 
1500 50 13 12 50 
2000 50 15 13 45 
2500 0.75 0.75 0.5 0.5 
3000 1.5 0.17 0.3 0.8 

 

 
Table 26. Double layer complexity vs. time in salt spray for primers on panels with 

different pretreatments 

 Avg. # of RC time constants 

Time in salt spray (hrs) CrCC EDCeCC SPCeCC TCP 

0 1 1 1 1.3 
150 2 1.3 1.3 2 
300 2 1.3 1 2 
500 1.7 1.7 2.3 2 
1000 2.3 2.7 2.3 2 
1500 2.7 1.7 2.3 2.7 
2000 2.7 2.7 3 3.3 
2500 2 3 3 2 
3000 2.5 2 2 2 

 

The type of conversion coating also affected the potentiodynamic response of the primer coated 
panels.  Figure 145 shows representative cyclic potentiodynamic spectroscopy results for panels 
prior to salt spray exposure.  These results are summarized in Table 27. Based on passivation 
range, the CrCC panels should provide the best corrosion resistance, followed by TCP, then 
SPCeCC, and finally EDCeCC.  Additionally, only the combination of the primer and the CrCC 
showed self-healing properties, which is shown by a re-passivation voltage that is more cathodic 
than the initial corrosion voltage.  Combining these results with those from salt spray testing 
reveals that the relative performance of the coatings in salt spray testing can be predicted from 
passivation ranges and repassivation potentials measured prior to salt spray exposure using the 
drilled pit method. 
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Table 27. Summary of potentiodynamic data for primers on panels with drilled pits. 

Conversion Coating Ecorr (VSCE) Icorr (Amps/cm2) Epit (VSCE) Passivation Range 
(V) 

Erp-Ecorr (V) 

CrCC -1.00 9.39 x 10-9 -0.44 0.56 +0.15 

TCP -0.76 1.82 x 10-9 -0.53 0.23 -0.06 

SPCeCC -0.61 3.64 x 10-9 -0.40 0.21 -0.20 

EDCeCC -0.42 1.68 x 10-9 -0.32 0.10 -0.30 
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Figure 145. CPDS spectra for primers on panels with different pretreatments after 0 hrs 

in salt spray 

 
Figure 146 summarizes the mean values for passivation range and re-passivation voltage relative 
to OCP for each of the coating combinations as a function of exposure time in salt spray.  The 
panel with the CrCC conversion coating beneath the primer stands out as the only one exhibiting 
a good passivation range (generally >200mV) and self-healing through 500 hrs. 
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Figure 146. Mean passivation and re-passivation voltages for primers on panels with 

different pretreatments as a function of time in salt spray testing 

 
The mean corrosion voltage (Figure 147) as judged by the OCP for three of the coating 
combinations tended toward -0.6VSCE, which is the open circuit potential of aluminum.  This 
may indicate there was no electrochemical protection during salt spray testing for all of the 
samples except for the panel with the CrCC.  In general corrosion currents are low, less than 100 
nAmp·cm-2 for all the materials throughout the duration of salt spray testing.  This indicates that 
corrosion rates should be below 1.25MPY.  The CrCC coated panels show a slight downward 
trend in corrosion current as opposed to the general upward trends of the other materials. 
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Figure 147. Mean corrosion voltages and currents for primers on panels with different 

pretreatments as a function of time in salt spray testing 

 
Pitting potentials all trended to the same value regardless of which conversion coating was used 
with the primer.  Pitting corrosion rate is often used to compare aluminum alloys and can be 
calculated using Equation VI. 
 MPYpit ≈ kIpitΛ

ε
ρ

 (VI) 
Where k is a proportionality constant based on material and conditions, Ipit is the current at which 
the re-passivation voltage (Erp) crosses the forward CPDS scan, 

€ 

Λ is 1.29x105 
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(equivalents·sec·mils)/(Coulombs·cm·years), ε is the metal equivalent weight, and ρ is the metal 
density.  Figure 148 shows three thresholds for k where pitting corrosion is less than 1.25MPY.  
For the most conservative value of k=100 none of the materials would pass with a pitting 
corrosion rate of <1.25MPY.  It is likely that k falls in a range of 20-40 which indicates that the 
chromate materials would effectively mitigate pitting corrosion, but none of the other coating 
combinations would.   
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Figure 148. Mean pitting potentials and currents for primers on panels with different 

pretreatments as a function of time in salt spray testing 

 
Figure 149 shows that primers deposited over CrCCs provided good passivation (>200mV) over 
a wide range of electrolyte pH values.  In addition, examination of the re-passivation 
characteristics showed that primers deposited on CrCCs generally exhibited self-healing over the 
same pH range.   Interestingly, primers deposited on cerium based conversion coatings also 
provided good passivation when the electrolyte pH was 8 or higher, which was well above the 
natural electrolyte pH of ~5.6.  However, primers on cerium-based conversion coatings only 
exhibited self-healing at a pH of 10.  Primers deposited on TCP coated panels were the worst 
performers by these measures, with lower passivation ranges and no re-passivation, indicating 
that TCP coatings are predominantly barriers with minimal electrochemical activity. 
 

  
Figure 149. Mean passivation and re-passivation for primers on panels with different 

pretreatments as a function of electrolyte pH 

Good  
passivation 
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The corrosion voltages (Ecorr) and corrosion currents (Icorr) were similar for primers on all of the 
conversion coatings.  As shown in Figure 150, the corrosion voltages were all about -0.8 V at a 
pH of 4 and remained in the range of about -0.6 to -1.0 for pH values up to 8.  At a pH value of 
10 the corrosion voltages converged to a value of -1.2 V, which indicates that highly alkaline 
electrolytes produce general corrosion leaving a relatively uniform underlying substrate.  
Likewise, corrosion currents were similar across the pH range.  For the electrolyte pH range of 4 
to 8, primers on all of the different types of conversion coatings had corrosion currents of about 
10-8 A/cm2.  The corrosion current results indicate that unless the electrolyte is highly alkaline 
the corrosion rate should be less than 1.25MPY. 
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Figure 150. Mean corrosion voltages and currents for primers on panels with different 

pretreatments as a function of electrolyte pH 

 
The pitting potentials (Epit) and pitting currents (Ipit) revealed good performance of primers on all 
four types of conversion coatings under acidic conditions.  Figure 151 showed that pitting 
potential was about -0.55 V for primers on all of the different conversion coatings at pH 4.  
Interestingly, the pitting potential was relatively constant with increasing electrolyte pH for 
primers on TCP panels while it increased to about 0 V for primers with the three other 
pretreatments, another indication the TCP coatings are not electrochemically active.  Likewise, 
pitting currents equated to corrosion rates of less than 1.25 MPY at electrolyte pH values of less 
than 8, but increased for higher electrolyte pH values for all types of pretreatments.  The results 
show that pitting corrosion should only be a concern if the electrolyte becomes highly alkaline. 
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Figure 151. Mean pitting potential and current for primers on panels with different 

pretreatments as a function of electrolyte pH 

 
The re-passivation voltage was very uniform (particularly across a pH of 4-8, see Figure 152) 
regardless of conversion coating.  However, the surfaces became significantly more active at a 
pH of 10—again indicating general corrosion with highly alkaline electrolytes. These results are 
consistent with statements by the Army Corp of Engineers: “Aluminum has excellent corrosion 
resistance in a wide range of water and soil conditions because of the tough oxide film that 
forms its surface… the oxide film is generally stable in the pH range of 4.5 to 8.5, but the nature 
of the dissolved compounds causing the pH reading is crucial.”[121] 
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Figure 152. Mean re-passivation voltages and currents for primers on panels with 

different pretreatments as a function of electrolyte pH 

 
Electrochemical Analysis of Primers without Drilled Pits 
Figure 153 and Figure 154 shows the results of electrochemical testing of primers deposited on 
CrCCs with and without artificial defects (i.e., drilled pits).  Impedance was ~25 times higher 
prior to salt spray exposure when tested without a drilled pit, although the spectra had significant 
noise when the frequency was <1Hz, which was especially obvious in specimen CrCC-084-0 
EIS-1.  After 3000 hours in salt spray testing, panels had nearly identical impedance values with 
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and without drilled pits, which indicates that most of the conduction was through the paint rather 
than through the drilled pit (see Table 28). 
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Figure 153. EIS Results for CrCC-084 after 0 hrs and 3000 hrs of salt spray testing 

without drilled pits 
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Figure 154. EIS Results for CrCC-084 after 0 hrs and 3000 hrs of salt spray testing with 

drilled pits 

 
Table 28. Comparison of EIS results with and without drilled pit 

 With Drilled Pit Without Drilled Pit 

 Zre-0hr (MΩ•cm2) Zre-3000hr (MΩ•cm2) Zre-0hr (MΩ•cm2) Zre-3000hr (MΩ•cm2) 

CrCC 200 1.5 5000 2 

EDCeCC 500 0.17 7500 0.8 

SPCeCC 340 0.3 5000 0.4 

TCP 350 0.8 5000 1 
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CPDS results for primers deposited on panels with CrCCs after 3000 hr of salt spray testing 
showed similar behavior with and without drilled pits (Figure 155).  Corrosion voltage was about 
-0.75 V for panels with drilled pits and between -0.7 V and -0.6 V for panels without drilled pits.  
In addition, panels without drilled pits appeared to show some self-healing.  The pitting potential 
was about -0.4VSCE for panels with drilled pits test. 
 

10-11 10-10 10-9 10-8 10-7 10-6 10-5 10-4 10-3 10-2
-1.2

-1.0

-0.8

-0.6

-0.4

-0.2

0.0

0.2

0.4

 CPDS-1
 CPDS-2

E
 (V

sc
e)

I (Amps⋅cm-2)

CPDS Results for CrCC-084-8:  3000 hrs in salt spray

 

10-11 10-10 10-9 10-8 10-7 10-6 10-5 10-4 10-3 10-2
-1.2

-1.0

-0.8

-0.6

-0.4

-0.2

0.0

0.2

0.4

E
 (V

sc
e)

I (Amps⋅cm-2)

 CPDS-4
 CPDS-5
 CPDS-6

No Drill Pit CPDS Results for CrCC-084-8:
3000 hrs in salt spray

 
Figure 155. CPDS Results for CrCC-084 after 3000 hrs of salt spray testing with and 

without drilled pits 

 
Results for primers deposited on panels treated with the TCP material (Figure 156 and Figure 
157) again show an increase in impedance of ~15 times when tested without drilled pits 
compared to panels with drilled pits prior to salt spray testing.  After 3000 hr in salt spray, the 
primers on panels without drilled pits had the same impedance as panels with drilled pits.   
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Figure 156. EIS results for primers on panels with TCP after 0 hrs and 3000 hrs of salt 

spray testing without drilled pits 

 



 167 

0 1x108 2x108 3x108 4x108

0

-1x108

-2x108

-3x108

-4x108

Z im
 (Ω

⋅c
m

2 )

Zre (Ω⋅cm2)

 EIS-1
 EIS-2
 EIS-3

EIS Results for TCP-084-0:
0hrs in salt fog

 

0.00 2.50x105 5.00x105 7.50x105 1.00x106

0.00

-2.50x105

-5.00x105

-7.50x105

-1.00x106

Z im
 (Ω

⋅c
m

2 )

Zre (Ω⋅cm2)

 EIS-1
 EIS-2
 EIS-3

EIS Results for TCP-084-8:
3000hrs in salt fog

 
Figure 157. EIS results for primers on panels with TCP after 0 hrs and 3000 hrs of salt 

spray testing with drilled pits 

 
CPDS results at 3000 hrs are similar for non-drilled pit and drilled pit specimens, but no pitting 
potential was observed in the non-drilled pit panels (Figure 158). The primers deposited on 
panels treated with TCP showed no self-healing properties as the re-passivation potentials were 
below the pitting potentials.  As shown in Table 28 above, TCP coated panels have higher 
impedance than CrCCs before salt spray exposure with drilled pits and the same impedance as 
CrCCs before salt spray exposure without drilled pits.  After 3000 hrs of salt spray, primers on 
panels pretreated with TCP had an impedance value that was about half that of primers deposited 
on panels with CrCCs. 
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Figure 158. CPDS results for primers on panels with TCP after 0 hrs and 3000 hrs of salt 

spray testing with and without drilled pits 

 
Primers deposited on panels with electrolytically deposited CeCCs (Figure 159 and Figure 160) 
had impedances that were higher by a factor of ~15 before salt spray testing when tested without 
a drilled pit as compared to panels with a drilled pit.  After 3000 hr of salt spray testing, the 
impedance was ~5 times higher for panels without a drill pit. Compared to primers deposited on 
panels with CrCCs, primers deposited on panels with EDCeCCs show considerably higher 
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impedance before salt spray exposure with or without a drilled pit.  After salt spray exposure the 
impedance of primers on panels with EDCeCCs drops to 0.1-0.5x relative to primers on panels 
with CrCCs (Table 28).   
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Figure 159. EIS results for primers deposited on panels with EDCeCC after 0 hrs and 

3000 hrs of salt spray testing without drilled pits 
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Figure 160. EIS results for primers deposited on panels with EDCeCC after 0 hrs and 

3000 hrs of salt spray testing with drilled pits 

 
Pitting potentials were similar for primers on all of the different pretreatments at about -0.4 VSCE 
for panels with and without drilled pits after 3000 hr in salt spray testing (Figure 161).  However, 
corrosion currents and re-passivation currents were ~10 and ~100 times lower, respectively, for 
the non-drilled pit panels.  The non-drilled pit panels also showed the potential for self-healing 
based on the re-passivation voltage averaging ~0.1V higher than the corrosion voltage.   
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Figure 161. CPDS results for primers deposited on panels with EDCeCC after 0 hrs and 

3000 hrs of salt spray testing with and without drilled pits 

 
Primers on spray deposited CeCCs (Figure 162 and Figure 163) had about 15 times higher 
impedance before salt spray testing without drilled pits compared to primers with drilled pits.  
After 3000 hrs in salt spray testing, the impedance was roughly equal to panels without drilled 
pits (Table 28).  Impedance of primers on SPCeCC coated panels with drilled pits was about 
double that of primers on CrCC coated panels before exposure to salt spray.  Impedance of 
primers on panels with CeCCs without drilled pits was the same as primers on CrCC coated 
panels.  After 3000 hrs of exposure to salt spray, the impedance of primers on SPCeCC coated 
panels was about 50% less than primers on CrCC coated panels.   
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Figure 162. EIS results for primers deposited on panels with SPCeCCs after 0 hrs and 

3000 hrs in salt spray testing without drilled pits 
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Figure 163. EIS results primers deposited on panels with SPCeCCs after 0 hrs in salt 

spray testing with drilled pits 

 
Pitting potential (Figure 164) was slightly lower for primers on panels without drilled pits 
compared to those with drilled pits after 3000 hr in salt spray.  However, corrosion current and 
re-passivation currents were about 20 times lower for primers on panels without drilled pits.  
Primers on panels without drilled pits also showed self-healing properties with a re-passivation 
voltage that averaged ~50mV higher than the corrosion voltage. 
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Figure 164. CPDS results for primers on panels with SPCeCCs after 3000 hrs in salt spray 

testing with and without drilled pits 

 
The average results for OCP for primers without drilled pits on each pretreatment are shown in 
Figure 165 after 0 hr and 3000 hr in salt spray testing.  Results showed a high OCP (about -0.2 
VSCE) for all of the primers before salt spray testing.  The primer on the CrCC stabilized to this 
value the fastest.  The highest OCP values were for primers on CrCCs and EDCeCCs at 
~-0.1VSCE.  After 3000 hr in salt spray testing, all of the OCP values were closer to that of 
aluminum—again indicating that the electrolyte had permeated the primer and reached the 
substrate.  In this test, the primer deposited on the panel pretreated with TCP material was 
anomalous: this combination showed a continual rise in the OCP value throughout the entire 
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stabilization time of 1000 s.  This possibly indicates the formation of a passivation layer, such as 
an oxide, on the aluminum surface beneath the primer. 
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Figure 165. Mean OCP values for primers on different pretreatments after 0 hrs and 3000 

hrs in salt spray testing without drilled pits 

 
Characterization as a Function of Salt Spray Exposure Time 
X-ray diffraction analysis was used to determine the relative amounts of crystalline phases in the 
primers as a function of exposure time in salt spray testing.  The amounts of gypsum and 
Pr(OH)3 were normalized to the amount of TiO2, which was presumably inert and not removed 
from the primer during salt spray testing.  Results indicated that gypsum depleted over time from 
the paint during salt spray exposure (Figure 166).  About 50 wt% of the gypsum was lost in the 
first 300 hrs of salt spray exposure.  The depletion continued until ~60 wt% of the gypsum was 
depleted after 3000 hr of salt spray testing.  The relative amount of praseodymium (present as 
Pr(OH)3) was roughly constant over the same time in salt spray testing (Figure 166). No 
significant variations in the relative amounts of gypsum or praseodymium were observed for the 
different types of conversion coatings in these ratios.   
 
Particles that were rich in praseodymium were observed in the scribed areas for primers 
deposited on panels with CrCC starting at 500 hrs of salt spray exposure (Figure 167 and Figure 
168) and for other conversion coatings starting at around 1500-2000hrs (Figure 169, Figure 170, 
and Figure 171).  These particles were on the order of 5µm-10µm long for scribes on panels with 
primers deposited on CrCCs.  Smaller particles (~100nm long) were observed in the scribes of 
panels with the primers that were deposited on the other pretreatments.  In addition, Pr-rich 
particles were observed on the surface of panels that had not been exposed to salt spray after ~16 
weeks in the ambient laboratory environment (Figure 172).  Taken together, the results indicate 
that praseodymium was being transported from the primer matrix to the scribed areas of panels 
during salt spray exposure.  Primers on CrCCs that exhibited the best corrosion resistance also 
had the largest particles that formed after the shortest amount of salt spray exposure, indicating 
that the relative amount of protection may be related to the size of the particles that form during 
exposure or the time required for the particles to form during exposure.  In addition, Pr-rich 
crystals were observed on panels that were aged in the ambient laboratory environment, 
indicating that Pr species were mobile under a variety of conditions. 
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Figure 166. XRD peak area ratios as a function of salt spray exposure time 
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Figure 167. SEM images of Pr-rich particles as a function of salt spray exposure time for 

primers deposited on CrCCs 

 

  
Figure 168. EDS mapping of Pr for a primer deposited on a CrCC after 500 hrs in salt 

spray showing Pr rich particles. 

 
Pr-rich particles were first observed after 2000 hrs of salt spray exposure for primers deposited 
on panels with TCP (Figure 169).  The appearance of large crystals coincided with the length of 
salt spray exposure at which salting was no longer increased as salt spray exposure time 
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increased.  This observation supports the assertion that the formation of large (5-10 µm long) 
crystals is indicative of ability of the primer to inhibit corrosion. 
 

 

 

 
Figure 169. SEM images of Pr-rich particles as a function of salt spray exposure time for 

primers deposited on TCP. 

 
Similar to primers deposited on panels pretreated with TCP, large (5-10 µm long) Pr-rich 
particles were observed on primers deposited on panels with EDCeCCs after ~1000 hrs of salt 
spray exposure (Figure 170).  This again corresponds the approximate salt spray exposure time 
after which salting no longer increased with increased salt spray exposure time.  The reason for 
the longer salt spray exposure time required for the large Pr-rich particles to form is not known, 
but may be influenced by the higher impedance or lower repassivation capabilities of the primers 
deposited on panels with TCP, EDCeCCs, or SPCeCCs. 
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Figure 170. SEM images of Pr-rich particles as a function of salt spray exposure time for 

primers deposited on EDCeCCs. 

 
Pr-rich particles 5-10µm long were observed as well on primers deposited on panels with 
SPCeCCs after ~1500 hrs of salt spray exposure (Figure 171).  This again corresponds the 
approximate salt spray exposure time after which salting no longer increases with increased salt 
spray exposure time. 
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Figure 171. SEM images of Pr-rich particles as a function of salt spray exposure time for 

primers deposited on SPCeCCs 

Figure 172 shows a typical SEM image of small (~100nm) praseodymium-rich particles in the 
scribed area of a primer deposited on a panel coated with a CrCC.  This image was taken prior to 
salt spray exposure.   Some of the crystals are highlighted for EDS in the areas labeled Spectra 1, 
2, and 3.  Additional crystals can be seen in the lower left corner of the image.  Similar crystals 
can be seen in panels coated with either type of CeCC and TCP.  Analysis by EDS indicates that 
praseodymium is present in these crystals although signal strength at the detector was low.  The 
high chromium content in the EDS results is probably the result of the interaction volume of the 
beam, which is likely more than 1 µm into the underlying substrate.  Nonetheless, this result 
shows that Pr-containing crystals are present on all the panels, regardless of conversion coating.  
It is the early growth (i.e., for salt spray exposure times of 500 hours or less) of these crystals 
that must be promoted for effective mitigation of corrosion. 
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Point In 

stats. 
C O Al S Ca Ti Cr Pr Total 

Spectrum 1 Yes 31.53 15 8.65 5.61 6.53 7.19 20.39 5.09 100.00 

Spectrum 2 Yes 30.05 21.42 7.76 6.01 7.72 5.33 19.03 2.68 100.00 

Spectrum 3 Yes 30.46 14.93 8.85 3.97 5.50 6.34 24.77 5.17 100.00 

Best 
Estimate 

 30.7±0.7 17±4 8.4±0.5 5±1 7±1 6.3±0.9 21±3 4±1  

 
Figure 172. SEM and EDS analysis of Pr-rich particles on a primer deposited on a CrCC 

after 0 hrs in salt spray 

 
Figure 173 and Figure 174 compares FIB cross-sections and subsequent EDS for primers 
deposited on panels with CrCCs before salt spray testing and after 3000 hr in salt spray testing.  
The depletion of calcium in the top half of the cross-section after 3000 hr of salt spray testing 
was apparent.  This indicates the dissolution of the calcium sulfate out of the top surface of the 
primer, which supports the XRD analysis. 
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Figure 173. FIB cross section and EDS of primers deposited on CrCC before salt spray (0 

hrs) 

 

  

  
Figure 174. FIB cross section and EDS of primers deposited on CrCCs after 3000 hours in 

salt spray. 

 
Figure 175 and Figure 176 show FIB cross-sections and subsequent EDS for primers on TCP 
before salt spray testing and after 3000 hr in salt spray testing.  Calcium is again depleted in the 
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top portion of the primer after 3000 hrs in salt spray, as seen in the highlighted area.  The 
depletion region appears to be thinner for primers deposited on TCP compared to primers on 
CrCCs or EDCeCCs. 
 

  

  
Figure 175. FIB Cross-Section and EDS on TCP-084-0 (0 hrs) 

 

  

  

Figure 176 FIB Cross-Section and EDS on TCP-084-8 (3000 hrs) 
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Figure 177 and Figure 178 show FIB cross-sections and subsequent EDS for primers on 
EDCeCCs before salt spray testing and after 3000 hr in salt spray testing.  The EDS results for 
the panel exposed to 3000 hrs of salt spray again show depletion of calcium in the top portion of 
the primer, as shown in the highlighted area. 
 

  

  
Figure 177. FIB Cross-Section and EDS on EDCeCC-084-0 (0 hrs) 

 

  

  
Figure 178. FIB Cross-Section and EDS on EDCeCC-084-8 (3000 hrs) 
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Task 5:  Protection Mechanism Analysis 
A combination of a knowledge of phase stability in rare-earth systems and results from the 
characterization of coatings after various stages of exposure to salt spray testing was used to 
devise protection mechanisms for both CeCCs and Pr-primer. Knowledge of phase stability in Ce 
and Pr systems were combined with information from solubility studies and observations from 
analytical and electrochemical characterization to propose models that define the initial phases 
present in the coatings, the conditions required for dissolution or activation of the inhibitors, the 
species that are transported, and the reactions that lead to passivation. 
 
Corrosion Protection of Cerium-Based Conversion Coatings 
Electrodeposited CeCCs do no contain sub-surface crevices as deposited because of the negative 
electrode potential and lack of chloride ions in the deposition solution (cerium nitrate is used). 
However, subsurface crevices can be introduced after deposition by exposing the 
electrodeposited coatings to a spray solution containing NaCl-H2O2-gelatin. Visually, exposure 
to the NaCl-H2O2-gelatin solution did not appear to alter the morphology or thickness of the 
coatings. However, to confirm that exposure to this solution resulted in the formation of 
subsurface crevices, FIB/SEM analysis was employed. 
 
Coatings, whether they were exposed to the NaCl-H2O2-gelatin solution or not, had surfaces 
which were dominated by a nodular morphology. About 95% of the area of the coating surfaces 
had small cracks that did not exceed ~0.5 µm in width. FIB cross sections of areas of coatings 
that had small cracks (Figure 179) showed similar thicknesses (400-500 nm) regardless of 
whether they were treated with the NaCl-H2O2-gelatin solution or not. The small cracks extended 
through the coatings to the substrate, but did not appear to alter the underlying alloy at the small 
cracks. Some “curtaining” of the substrate was observed, but this was an artifact of the FIB 
milling. Complementary EDS analysis revealed no significant differences in the compositions of 
the coatings or substrate with and without treatment in the NaCl-H2O2-gelatin solution. No 
residual chloride or increased oxygen content was detected in the coating exposed to the NaCl-
H2O2-gelatin solutions. 
 

 
Figure 179. FIB cross section of areas with small cracks in CeCCs that were a) 

electrodeposited and b) electrodeposited then sprayed with a NaCl-H2O2-
gelatin solution. 
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In addition to areas that had small cracks in the coating, about ~5% of the surface on the CeCCs 
that had been sprayed with the NaCl-H2O2-gelatin solution exhibited large cracks that were more 
than 1 µm in width (Figure 180). These areas had a similar appearance to the areas with large 
cracks that were reported for the spray deposited coatings in previous studies [53,77,102] which 
were found to be associated with the presence of subsurface crevices. FIB milling revealed that 
subsurface crevices were also present underneath coated areas of the electrodeposited coatings 
that exhibited large cracks after exposure to the NaCl-H2O2-gelatin solution. The crevices 
extended ~10 µm into the substrate (Figure 181). Many of the features observed previously in the 
crevices of spray deposited CeCCs were also noted in the crevices produced by the NaCl-H2O2-
gelatin solution in this study. One consistently observed feature was a dark, oxygen-rich phase 
surrounding a large portion of the crevice. In addition, the crevices were connected to the surface 
of the coating through the large cracks in the CeCCs. Thus, this analysis showed that spraying 
the surface of electrodeposited coatings with a NaCl-H2O2-gelatin solution resulted in the 
formation of subsurface crevices.  Further, these crevices were similar in size, morphology, and 
penetration depth to crevices that formed during spray deposition. Finally, formation of the 
crevices in the electrodeposited coatings appeared to have minimal impact on thickness, 
morphology, or composition of the coatings in areas away from the large cracks. 
 

 
Figure 180. An area of an electrodeposited CeCC with large cracks after exposure to the 

NaCl-H2O2-gelatin solution. 

 

 
Figure 181. FIB cross section of an area with large cracks in an electrodeposited coating 

showing that exposure to the NaCl-H2O2-gelatin solution produced subsurface 
crevices. 
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Corrosion testing was performed on electrodeposited coatings with and without exposure to the 
NaCl-H2O2-gelatin solution to study the effects of the presence of subsurface crevices on the 
corrosion protection of otherwise identical coatings. Salt spray results showed the corrosion 
resistance was comparable for coatings with and without crevices, as long as a second post-
treatment was employed after exposure to the NaCl-H2O2-gelatin solution. After 14 days salt 
spray testing, both the crevice-free and crevice-containing coatings exhibited no visible pitting or 
salt tailing on the surface. In contrast, crevice-containing coatings that were not post-treated a 
second time exhibited significant salt tailing after salt spray exposure. EIS testing of the three 
different types of coatings (Figure 182) mirrored the salt spray testing results. Crevice-free 
coatings and crevice-containing coatings that underwent a second post-treatment both had 
impedances of ~55 kΩ-cm2 before salt spray exposure. Without the second post-treatment, the 
crevice-containing coatings had impedance values that were significantly lower, about 30 kΩ-
cm2. It can be concluded from the corrosion testing data that the presence of subsurface crevices 
had no significant effect on the corrosion protection of CeCCs when the coatings were post-
treated after crevice formation. 
 

 
Figure 182. Nyquist plots of electrodeposited CeCCs with and without subsurface crevices. 

 
The comparable corrosion testing results for electrodeposited coatings with or without crevices 
(assuming a post-treatment was employed after crevice formation) indicated that subsurface 
crevices were not required for CeCCs to exhibit significant corrosion protection. Conversely, the 
presence of crevices did not inhibit the ability of electrodeposited CeCCs to provide corrosion 
protection. Additionally, the poor corrosion protection of crevice-containing coatings that had 
not undergone a second post-treatment showed that the CeCCs alone were not fully responsible 
for the corrosion protection of panels that contained crevices. Although the second post-
treatment did not alter the morphology, thickness, or composition of the CeCCs, the improved 
corrosion protection observed after the second post-treatment was likely associated with changes 
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to the composition or structure of features in the crevices, such as oxides or hydroxides. Thus the 
corrosion of subsurface crevices is associated with the formation of protective oxides / 
hydroxides. However, partial protection of the crevices by the coating through electrochemical 
means is also a possibility. 
 
Corrosion testing showed that electrodeposited coatings with and without crevices had similar 
impedances (~55 kΩ-cm2), which indicated similar abilities to provide corrosion protection. 
However, it is not clear if the presence of subsurface crevices altered the mechanism by which 
the CeCCs provided corrosion protection. To investigate this, EIS testing was performed on 
coatings with and without crevices after various salt spray exposure times. It should be noted 
here that due to the poor corrosion protection of CeCCs with crevices that were not post-treated a 
second time, all subsequent analysis of electrodeposited coatings with crevices is focused on 
coatings that were post-treated after exposure to the NaCl-H2O2-gelatin solution. 
 
A Nyquist plot of the EIS data for crevice-free electrodeposited coatings as a function of salt 
spray exposure (Figure 183) showed the impedance of coatings without crevices varied during 
corrosion testing. During the first 24 hours of exposure, the impedance dropped to ~40 kΩ-cm2 
from an initial value of ~55 kΩ-cm2 prior to salt spray exposure. After 96 hours and through 168 
hours of exposure, the impedance increased to ~60 kΩ-cm2, slightly higher than the initial 
coating. 
 

 
Figure 183. Nyquist plot of crevice-free electrodeposited CeCCs after various salt spray 

exposure times. 

 
The initial decrease in impedance upon exposure to salt spray indicated a decrease in corrosion 
protection. It is likely that during the first few hours of salt spray exposure that protective 
features of the coating were broken down. For example, aluminum oxide exposed to salt spray 
would be expected to dissolve, which could decrease the impedance. Interestingly, after 24 hours 
of salt spray exposure, the impedance increased to ~60 kΩ-cm2, which was greater than the pre-
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salt spray values. This indicated healing of the protection that had been broken down during the 
initial phase of testing and/or formation of additional protective features during corrosion testing. 
As these processes occurred, no corrosion products were observed on the outer surfaces of the 
coatings. 
 
Crevice-containing CeCCs exhibited significantly larger changes in impedance during corrosion 
testing, as shown in the Nyquist plot of the EIS data (Figure 184). During the first 96 hours of 
salt spray exposure, the impedance nearly doubled from an initial value of ~55 kΩ-cm2 to ~100 
kΩ-cm2. After this initial increase, the impedance remained constant up to 168 hours for crevice-
containing coatings. This same trend was observed in previous studies for post-treated, spray 
deposited CeCCs on substrates with crevices in which the impedance doubled after 24 hours of 
exposure [110]. Because higher impedance is associated with increased corrosion protection, it is 
evident that during corrosion testing the corrosion resistance of electrodeposited coatings with 
crevices increased. The EIS data does not, however, provide insight into whether the increased 
impedance was due to alteration of the coating, the crevices, or a combination of the two. It is 
clear though, from the electrochemical data, that CeCCs are not solely inert barriers to corrosion 
but rather exhibit some degree of active protection during corrosion testing, regardless of the 
presence of crevices based on the changes in impedance. 
 

 
Figure 184. Nyquist plots of crevice-containing electrodeposited CeCCs after various salt 

spray exposure times. 

 
To identify changes in the coatings or crevices that were impacting corrosion resistance, 
SEM/EDS analysis was performed after various salt-spray exposure times. After seven days of 
salt spray exposure, the surface of crevice-free coatings (Figure 185a), exhibited a nodular 
morphology with small cracks that were less than 0.5 µm wide.  This appearance was very 
similar to the appearance prior to salt spray testing. Additionally, EDS data showed the 
composition of the surface was similar to concentrations detected prior to corrosion testing. In 
contrast, coatings with crevices exhibited significant changes in surface morphologies and 
compositions during salt spray exposure. After 7 days of salt spray testing, (Figure 185b) a 
fibrous morphology was observed and EDS analysis showed higher concentrations of aluminum 
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and oxygen, indicating a layer rich in Al and O had formed on the surface. The formation of a 
surface layer of Al-O on electrodeposited CeCCs with crevices is similar to previous 
observations of the formation of layers rich in Al and O on the surfaces of spray deposited 
CeCCs during salt spray testing [110]. The formation of the surface layer was associated with an 
increase in impedance. Since the layer rich in Al and O only formed on coatings with crevices, it 
is evident that the source of Al is the crevices in the subsurface. 
 

 
Figure 185. Surface morphologies after 7 days salt spray testing of electrodeposited CeCCs 

a) without and b) with subsurface crevices. 

 
FIB cross sections of areas of electrodeposited CeCCs with small cracks showed the cross 
sectional structure of coatings with and without crevices were similar after 7 days salt spray 
testing (Figure 186). Coating thicknesses were the same as before salt spray testing (400-500 
nm). No visible corrosion of the substrate was observed, including in areas where the small 
cracks extended to the substrate. Some of the small cracks in the electrodeposited CeCCs were 
observed to extend down to large intermetallic particles in the substrate (Figure 186a), yet the 
substrate did not visually appear to be corroded. Additionally, an interfacial layer ~10 nm thick 
was observed between the CeCC and substrate after salt spray exposure. The growth of an 
interfacial layer may be responsible for some of the increase in impedance noted after salt spray 
exposure. 
 

 
Figure 186. FIB cross sections of areas of electrodeposited CeCCs with small cracks a) 

with and b) without subsurface crevices after 7 days of salt spray exposure. 
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No significant differences were observed in the structure or composition of electrodeposited 
CeCCs with or without crevices after corrosion testing. Thus, the large difference in the change 
in impedance was likely due to changes in subsurface crevices during salt spray exposure. FIB 
cross sections of subsurface crevices after 7 days of salt spray testing (Figure 187) revealed that 
much of the volume that had been open prior to salt spray testing had been filled by a dark, 
oxygen-rich phase. As a result of the dark oxide formation, only a minimal fraction of the area of 
the alloy around the crevice was exposed as the dark oxide appeared to cover most of the inner 
surface of the crevice. 
 

 
Figure 187. FIB cross section of a subsurface crevice after 7 days salt spray testing. 

 
Cross Sectional Analysis of CeCCs 
As-deposited CeCCs were comprised of cerium hydroxide and peroxide species that transformed 
into Ce(OH)4 and CeO2·2H2O as the coating aged.  These coatings exhibited regions of large 
cracks (>1 µm wide) on approximately 50 % of the substrate and showed visible corrosion pits 
and tails after one day of ASTM B117 salt spray exposure.  A cross sectional TEM micrograph 
of the interface between an as-deposited CeCC and the alloy substrate before salt spray exposure 
is shown in Figure 188a.  The average thickness of the interface was measured to be 10 – 20 nm.  
Chemical analysis performed by energy dispersive spectroscopy (EDS) revealed that the 
interface consisted predominately of Al and O both before and after salt spray exposure, 
consistent with the expected presence of native oxide/hydroxide layer on the metal surface.  In 
each case, electron diffraction patterns collected from the interfacial region confirmed its 
crystallinity, but the patterns could not be indexed to a specific phase. 
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Figure 188. TEM micrographs of the interface between the as-deposited CeCC and Al 

2024-T3 substrate, (a) before salt spray exposure (montage), (b) after 6 days 
salt spray exposure. 

 
Prior to salt spray exposure, the lower half of the as-deposited CeCC (points 3 and 4 in Figure 
189) contained Al concentrations in the range of 5 – 6 at. %, which was roughly double the 
concentrations of 2 – 3 at. % that were measured in the top half of the coating (points 1 and 2 in 
Figure 189).  The increase in aluminum concentration near the coating/substrate interface is 
believed to be a result of the deposition process in which the combination of dissolved chloride 
ions and hydrogen peroxide etch the alloy substrate during coating deposition, resulting in the 
incorporation of aluminum into the CeCC near the substrate.  Due to dissolution of aluminum 
from the substrate, the formation of crevices that can extend up to 10 µm into the alloy has been 
observed on approximately 10 % of the substrate. 
 

 
Figure 189. Cross section TEM with corresponding EDS analysis for as -deposited CeCCs 

prior to salt spray exposure (balance Cu). 

 
The composition of the interface did not change after 6 days of salt spray exposure but was less 
uniform and not as well defined.  The Al-O layer on the metal surface appeared to have been 
altered and now contained regions that were 20 – 50 nm thick and distributed unevenly across 
the interface.  Point EDS analysis revealed a higher concentration of Al throughout the entire 
thickness of the coating after salt spray exposure.  Aluminum concentrations near the top and 
bottom of the CeCC were ≈20 at. %, with concentrations near 8 at. % throughout the middle part 
of the CeCC.  These concentrations were three times higher than those measured prior to salt 
spray exposure and suggest that Al could migrate through the cerium oxide/hydroxide coating 
during corrosion testing.  Oxygen concentrations in excess of 70 at. % were measured in the bulk 
of the CeCC, approximately two times higher than values measured before salt spray exposure 
and may be partly explained by increased coating hydration and/or the formation of aluminum 
hydroxide within the CeCC.  If aluminum dissolution occurred at the interface during salt spray 
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exposure, Al3+ ions could be introduced into the CeCC (and/or be transported to the surface via 
cracks), causing increased aluminum concentrations.  The most likely way for this to occur is by 
chloride attack of aluminum oxides/hydroxides.  EDS analysis consistently confirmed the 
presence of 1 – 2 at. % chlorine at interfacial regions, but did not detect chlorine in the upper half 
of the CeCC.  These result suggest that the CeCCs were effective barriers to the penetration of 
chloride ions, but were potentially vulnerable where the substrate was exposed by defects in the 
coating (i.e., cracks and subsurface crevices). 
 
The as-deposited CeCCs accumulated corrosion product during salt spray testing on more than 
50 % of the panel surface.  As viewed in cross section by SEM, an Al-O containing corrosion 
product was seen as a fibrous layer > 1 µm thick on the CeCC surface (Figure 190).  Recent 
work previously discussed in this report has shown that an Al-O containing layer is formed on 
the surface of CeCCs only when subsurface crevices are present.  These crevices, along with the 
formation of stable pits during salt spray exposure, introduce Al ions to the coating surface 
where they react to form the Al-O containing regions.  Explanation of the migration of aluminum 
ions from the substrate into the coating is more complex.  Potential mechanisms for this to occur  
include dissolution of aluminum hydroxides by reaction with chlorides at the interface and/or 
aluminum oxidation enabled by the generation of local pH changes during corrosion.  While 
EDS point analyses shown in Figure 190 do not indicate the presence of chlorine, concentrations 
up to 2 at. % were intermittently detected along the coating/substrate interface of each specimen 
examined in this study. 
 

 
Figure 190. Cross sectional TEM with corresponding EDS analysis for as-deposited 

CeCCs after 6 days of salt spray exposure (quant. analysis in progress) 
(balance Cu). 

 
Electron diffraction was used to collect structural data from the substrate, the coating/substrate 
interface, and within the CeCC.  Diffuse ring patterns observed from the CeCC are consistent 
with crystallites less than 10 nm in size, in agreement with previous analyses of similar CeCCs 
[75]. 
 
The diffraction patterns collected from as-deposited CeCCs prior to salt spray exposure revealed 
several different structures and demonstrated heterogeneity within the as-deposited coating.  
While some of the patterns could be confidently indexed to stoichiometric cerium oxide 
(CeO2·2H2O), other patterns most closely corresponded to Ce-O compounds with stoichiometries 
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between those of Ce(III) and Ce(IV) oxides (e.g., Ce2O3 and CeO2) and could include cerium 
hydroxy and/or peroxy species for which structural reference data are unavailable, Figure 191 
and Table 29. This result is consistent with previously reported XPS analysis that indicated the 
presence of both Ce3+ and Ce4+ oxidation states in as-deposited coatings [119-120].  In addition, 
previously reported grazing incidence XRD of analogous CeCCs showed a single, broad peak 
centered near 29 degrees two theta that was attributed to nanocrystalline CeO2·2H2O or Ce(OH)4 
[53,83,119]. Heterogeneity within the CeCC could be explained by localized non-uniformity of 
the deposition process [70,102,108].  Cerium species deposited by a spontaneous process have 
been shown to first deposit at local cathodes (i.e., intermetallic compounds) on the alloy surface 
and then deposit on the remainder of the exposed substrate [61].  It is probable that local 
chemistry gradients are present during coating deposition near these sites, causing local 
fluctuations in the composition and rate of CeCC formation. 
 

 
Figure 191. Electron diffraction patterns from as-deposited CeCCs before salt spray 

exposure, (a) aluminum matrix, (b) interface, (c) bottom of CeCC, and (d) top 
of CeCC (L = 500 mm). 

 
Table 29. Measured d-spacings (Å) from electron diffraction ring patterns of as-

deposited CeCCs before and after salt spray exposure. 

Ce2O3 
PDF 78-0484 

CeO2 
PDF 81-0792 

As-dep. 
Before 

As-dep. 
After 

3.37 3.12 3.21 3.15 
3.03 2.70 2.30 2.71 
2.25 1.91 1.99 1.92 
1.95 1.63 1.67 1.63 
1.68 1.56 1.41  

 1.35   
 
After 6 days of salt spray exposure, electron diffraction of the as-deposited CeCC indicated the 
coating had structurally changed.  One of the d-spacings measured from as-deposited CeCCs, 
near 2.7 Å, corresponds to the (200) of CeO2 and was only observed in coatings that were 
exposed to the salt spray environment.  A summary of the measured interplanar spacings for as-
deposited CeCCs before and after salt spray exposure is shown in Table 29. After salt spray, the 
coatings had become structurally more uniform and CeO2·2H2O was identified throughout the 
coating thickness.  The more uniform CeCC structure may be a response to the aqueous 
environment and elevated temperatures encountered during salt spray testing, promoting the 
transition of cerium hydroxy and peroxy species to the more stable CeO2·2H2O.  Grazing 
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incidence XRD did not provide conclusive evidence of structural changes because peak 
broadening caused by the coating’s nanocrystalline structure obscured subtle changes in Figure 
192diffraction angle.  Data from EDS analyses showed increased concentrations of aluminum 
and oxygen within the conversion coating after salt spray testing.  The incorporation of 
aluminum atoms in the cerium oxide structure during deposition (or during salt spray exposure) 
should affect the crystalline structure and the resulting diffraction patterns.  If this process had 
occurred, the resulting d-spacings should be shifted uniformly, corresponding to the decreased 
interplanar spacing caused by substitution of smaller aluminum atoms in place of larger cerium 
atoms.  Such evidence could not be confirmed, nor could patterns collected from the CeCC be 
indexed to known cerium aluminate or aluminum hydroxide species. 
 

 
Figure 192. Electron diffraction patterns from as-deposited CeCCs after 6 days salt spray 

exposure, (a) aluminum matrix, (b) coating/substrate interface, (c) bottom of 
CeCC, and (d) top of CeCC. 

 
Post-treated CeCCs provide significantly improved corrosion protection compared to as-
deposited CeCCs and consistently withstood at least 7 days of salt spray exposure without 
exhibiting corrosion pits or salt tails.  The improved corrosion resistance has previously been 
attributed to the improved barrier properties brought about by minimizing cracking in the coating 
as well as the formation of hydrated CePO4 [102]. 
 
Analysis of the interface between the post-treated CeCCs and the underlying aluminum alloy 
substrate before salt spray exposure revealed no differences compared to the as-deposited 
coatings; the interfacial layer measured 10 – 20 nm in thickness and was predominately 
comprised of Al, Ce, and O (Figure 193).  As shown in Figure 194, EDS analyses across the 
thickness of the post-treated CeCC revealed a phosphorus concentration gradient through the 
coating thickness, ranging from 22 at. % at the CeCC surface to 12 at. % at the coating-substrate 
interface.  Consistent with analysis of as-deposited CeCCs, the aluminum concentration in the 
post-treated specimen was found to increase to ≈6 at. % near the interface whereas the Al value 
in the center of the coating measured  ≈3 at. %. 
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 (a) (b) 
Figure 193. TEM micrographs of the interface between post-treated CeCCs and Al 2024-

T3 substrate, (a) before salt spray exposure (montage), (b) after 7 days salt 
spray exposure. 

 

 
Figure 194. Cross section TEM with corresponding EDS analysis for post-treated CeCCs 

prior to salt spray exposure (balance Cu). 

 
Post-treated specimens that did not have visible corrosion pits and tails after 7 days of neutral 
salt spray exposure responded to the corrosive environment.  An interfacial reaction layer 
measuring 60 – 100 nm thick and comprised of Al, Ce, and O was located between the post-
treated CeCC and alloy substrate as seen in Figure 193b and Figure 195.  No phosphorous was 
detected in the interfacial layer, indicating that it was not a phosphate phase.  Electron diffraction 
patterns confirmed the crystallinity of the layer, but the patterns could not be indexed to CeAlO3, 
or any other Ce-Al containing phases.  The layer could also be multiphase, potentially containing 
a mixture of cerium and aluminum oxides and/or hydroxides.  The measured Al concentration in 
the top and bottom 50 – 100 nm of the post-treated coating was ≈6 at. %, which was about one 
fourth of the ≈25 at. % that was measured in the as-deposited CeCC after 6 days salt spray 
exposure.  Oxygen concentration within post-treated CeCCs was determined to be independent 
of salt spray exposure, with concentrations ranging from 42 – 47 at. % in each case.  These 
results suggest that the post-treated CePO4·H2O coating is either a more effective barrier to the 
movement of Al3+ ions through the coating during corrosion or acts in such a way as to limit 
aluminum dissolution. 
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Figure 195. Cross section TEM with corresponding EDS analysis for post-treated CeCCs 

after 7 days salt spray exposure (balance Cu). 

 
The d-spacings calculated from diffraction patterns of the post-treated CeCCs before salt spray 
exposure did not correspond to the rhabdophane phase (CePO4·H2O).  Similar to as-deposited 
CeCCs, post-treated coatings were not structurally uniform.  Prior to salt spray, some ring 
patterns had d-spacings comparable to those collected from as-deposited CeCCs not exposed to 
salt spray, providing evidence that some of the species present in as-deposited coatings may have 
been unaffected by the post-treatment process (Table 29 and Table 30).  In other instances, the d-
spacings from post-treated CeCCs were similar to a combination of species such as hydrated 
cerium hydrogen phosphates or phosphites (i.e., Ce2(PO4)2HPO4H2O, CeH(HPO3)2(H2O)2) 
(Figure 196).  Patterns were collected throughout the thickness of the CeCC and coating 
structure did not appear to vary predictably with depth. 
 
Table 30. Measured d-spacings (Å) from electron diffraction ring patterns of post-

treated CeCCs before and after salt spray exposure. 

CePO4·H2O 
PDF 35-0614 

Post-treated 
Before 

Post-treated 
After 

3.01 3.24 3.05 
2.82 2.32 2.80 
2.19 2.00 2.22 
1.85 1.42 1.82 
1.36 1.20 1.36 

1.16  1.16 
 

 



 194 

 
Figure 196. Electron diffraction patterns from post-treated CeCCs before salt spray 

exposure, (a) aluminum matrix, (b) coating/substrate interface, (c) CeCC (L = 
360 mm). 

 
Similar to as-deposited coatings, post-treated CeCCs changed structurally during salt spray 
exposure.  The ring patterns produced by electron diffraction in the coatings were indexed to 
CePO4·H2O, indicating that less stable phosphate species had transitioned to the favored 
rhabdophane phase during salt spray exposure (Figure 197 and Table 30). In particular, the ring 
patterns from post-treated CeCCs exposed to salt spray included d-spacings that were not 
observed for other conditions, most notably those near 2.8 Å and 2.2 Å and are in agreement 
with standard diffraction files for hydrated CePO4 (Table 30). 
 

 
Figure 197. Electron diffraction patterns from post-treated CeCCs after 7 days exposure 

to neutral salt spray, (a) aluminum matrix, (b) coating/substrate interface, (c) 
bottom of CeCC, and (d) top of CeCC (L = 500mm). 

 
Solubility of Cerium Species 
Solubility studies were conducted to determine if dissolution of cerium species from conversion 
coatings could play a part in the corrosion protection provided by CeCCs.  Standard UV-vis 
spectra for 1 mM CeCl3 and 1 mM Ce(ClO4)4 in 0.1 M NaCl are shown in Figure 198.  
Characteristic peaks were observed for Ce(III) at wavelengths of 252 nm, 240 nm, and 220 nm.  
Because the highest peak was obtained at 252 nm, all spectra were analyzed at that wavelength 
for Ce(III) content.  Although the UV-vis scan was performed from 3000 to 175 nm, no distinct 
characteristic peaks were detected above 275 nm.  In addition, peaks below a wavelength of 200 
nm could not be analyzed due to noise.  UV-vis scans were also performed for standard solutions 
of 1mM AlCl3, 1 mM CuSO4, and 1mM NaH2PO4 to identify peaks that could possibly interfere 
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with analysis of the Ce peaks.  No peaks were observed for these solutions in the 240-260 nm 
wavelength range. 
 

 
Figure 198. Standard UV-vis spectra obtained for 1 mM CeCl3•7H2O and 1mM Ce(ClO4)4 

in 0.1 M NaCl solutions. 

 
The UV-vis spectra of the 0.1 M NaCl solution in which as-deposited and sealed CeCCs were 
immersed at various pH values for 7 hours showed cerium peaks at 252 nm wavelength only 
when the solution pH was 2.0 (Figure 199).  When the solution pH was 3.0, only a small cerium 
absorbance peak of 0.01 was detected and at pH ≥ 4, no cerium absorbance peaks were detected.  
Immersion for 250 hours produced peaks at 252 nm wavelength only when the solution pH was 
2.0 (Figure 200).  Some higher pH solutions showed background absorption; however, no cerium 
characteristic peaks were observed at 252 nm suggesting that the absorbance was not due to 
cerium.  The absorbance at 252 nm for CeCCs placed in the solution with a pH of 2.0 solution 
increased from 0.21 after 7 hours to 0.33 after 250 hours for as-deposited panels and from 0.25 
after 7 hours to 0.37 after 250 hours for sealed panels.  This increase in absorbance over time 
indicated that either cerium was released during that period or the background absorbance level 
increased, similar to that observed for CeCCs immersed in higher pH solutions.  Therefore, the 
results indicated cerium was only released from the coatings in NaCl solutions at a pH of 2.0. 
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Figure 199. UV-vis spectra of 0.1 M NaCl solutions after immersion of CeCCs for 7 hours. 

Note: solid lines represent sealed panels and dashed lines represent as-
deposited panels. 

 

 
Figure 200. UV-vis spectra of 0.1 M NaCl solution after immersion of CeCCs for 250 

hours.  Note: solid lines represents sealed panels and dashed lines represent as-
deposited panels. 

 
The concentration of cerium released into the solution from the coating was calculated using 
Beer’s law A = εBC, where A is the absorbance, ε is molar absorbtivity with units of 
L mol-1 cm-1, B is length of the cuvette in which the sample is contained, and C is concentration 
of the elements in the solution, expressed in mol L-1.  Comparing the absorbance of a set of 
known Ce(III) concentrations to the absorbance of the unknown test sample, an unknown 
concentration of the test sample can be calculated. 
 
The time study of cerium species released from the coatings into the 0.1 M NaCl solution at pH 
2.0 for 250 hours immersion is shown in Figure 201.  The S/V ratio was 0.4.  The absorbance 
values were converted to concentration using Beer’s law.  The time study showed most of the 
cerium was released during the initial 24 hours of immersion. Another set of experiments with 
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S/V = 0.25 for pH 2.0 solution was also performed for 500 hours and showed a similar release 
curve.  The sealed panels for the S/V = 0.25 experiment released ~0.40 mM and as-deposited 
panels released ~0.27 mM at 500 hours.  Higher pH solutions did not show characteristic cerium 
peaks for 500 hours of exposure, even at larger S/V ratio of 1.3.  Thus, the time study at pH 2 
showed cerium is released mainly during the initial 24 hours. 
 

 
Figure 201. Concentration of cerium species released from CeCCs into 0.1 M NaCl 

solutions at a pH of 2.0 with a surface to volume ratio of 0.25/cm as a function 
of immersion time. 

 
The pH of the test solution was measured after 500 hours immersion and showed an increase in 
pH of ~3 pH units (Table 31).  The increase in pH was slightly higher by about ~0.5 pH units for 
the solutions in which sealed panels were immersed than as-deposited panels.  The increase in 
pH indicates that during immersion the reactions that occurred produced basic species such as 
hydroxide ions or consumed protons.  Release of cerium was only detected at low pH value of 
2.0 and the increase in pH after prolonged immersion indicated the release of cerium will stop or 
decrease to an undetectable value by UV-vis spectroscopy. 
 
Table 31. pH change of 0.1 M NaCl solution before and after immersion of CeCCs in 0.1 

M NaCl solution with a surface to volume ratio of 0.25/cm. (Note: 1 indicates 
an adjusted NaCl solution pH to 2.0 and 2 indicates the natural pH of NaCl) 

 Sealed1 As-dep1 Sealed 2 As-dep 2 

Initial pH 2 2 ~5.7 ~5.7 

Final pH 5.4 4.6 8.1 7.8 

 
The increase in pH and no detection of cerium at pH ≥ 3 after immersion of the panels in 0.1 M 
NaCl solution suggests the overall reactions that occur during corrosion generate basic species.  
After the experiment, dark spots (not shown here) were visible on the coated panels suggesting 
pitting corrosion had occurred during immersion.  One possible reaction that may occur at an 
anodic site is given in Equation VII: 
 
   

€ 

2Al + 6H2O→ 2Al3+ + 6OH− + 3H2  (g )  (VII) 
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Another reaction that may occur during corrosion that again increases the pH is oxygen reduction 
at cathodic sites, which is given by Equation (VIII): 
 
   

€ 

O2  (g ) + 2H2O + 4e− → 4OH−  (VIII) 
 
Combined, these two reactions would increase the pH, which would impede dissolution of 
cerium. 
 
Solubility diagrams were constructed for Ce(OH)3, Ce(OH)4, and CeO2 and showed that 
Ce(OH)3 is the most soluble while CeO2 is the least soluble (Figure 202).  The solubility 
diagrams were constructed using total cerium species in Equations IX and X obtained from the 
standard formation constants tabulated in Table 32 [122-124]. Equation X is used for 
determining the total cerium species obtained from both the dissociation of Ce(OH)4(s) and 
CeO2(s). 
 

  

€ 

Ce(III)[ ]T
→ Ce3+[ ] + Ce(OH)2+[ ] + Ce(OH)2

+[ ] (IX) 
 
 

  

€ 

Ce(IV)[ ]T
→ Ce4+[ ] + Ce(OH)3+[ ] + Ce(OH)2

2+[ ] + Ce(OH)3
+[ ]  (X) 

 
Table 32. The water ionization constant and formation constants of cerium (III) and 

cerium (IV) complexes with hydroxide at 25 °C [68,123-125]. 
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Figure 202. Solubility as a function of pH for Ce(OH)3, Ce(OH)4, and CeO2. 

 
The solubility diagram showed that Ce(OH)3 exhibited a solubility of 1M at ~pH 5 (Figure 202).  
The UV-vis experiments did not detect release of cerium at pH ≥ 3 suggesting the coatings do 
not have significant amount of Ce(OH)3.  The solubility diagram in Figure 202 shows the 
solubility of Ce(OH) 4 is significantly lower than Ce(OH)3. At ~pH 4, the amount of total cerium 
that dissociated was ~0.05M.  Part of the coatings may be composed of Ce(OH)4; however, the 
UV-vis results of 0.4 mM in Figure 201 suggest Ce(OH) 4  to be a minimal component of the 
coating.  Based on the detected cerium from the UV-vis results, the majority of the coatings in 
the as-deposited condition are most probably CeO2, which is consistent with previous results 
[120,122].  The limited cerium concentration indicates that the as-deposited coatings are not 
likely to be able to dissolve and migrate in a manner similar to CrCCs. 
 
The solubility diagram shows that CePO4 has higher solubility than CeO2 (Figure 202).  The 
solubility diagram was constructed using total cerium species in Equation XI and total phosphate 
species in Equation XII obtained from the standard dissociation and formation constants 
tabulated in Table 33.[12,13,16] 
 
 

  

€ 

Ce(III)[ ]T
→ Ce3+[ ] + CeH2(PO4 )2+[ ] + Ce(PO4 )[ ] (XI) 

 
 

  

€ 

PO4
3−[ ]→ PO4

3−[ ] + HPO4
3+[ ] + H2PO4

3−[ ] + H3PO4[ ] (XII) 
 
Where the phosophate ions are given by Equations XIII-XVI. 
 

   

€ 

PO4
3− → 1+ K1[H

+]+ K1K2[H
+]2 + K1K2K3[H

+]3( )
−1

 (XIII) 
 

 
  

€ 

HPO4
2− →

PO4
3−[ ] H+[ ]
K3

 (XIV) 
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€ 

H2PO4
2− →

HPO4
2−[ ] H+[ ]

K2

 (XV) 

 

 
  

€ 

H3PO4 →
H2PO4

−[ ] H+[ ]
K1

 (XVI) 

 
Table 33. Dissociation constants for phosphate species and formation constant of cerium 

(III) complexes with phosphate at 25 °C [68,126-128]. 

 
 
During immersion in 0.1 M NaCl solution, the only source of phosphate was from the coatings.  
CePO4 dissociates into Ce3+ and PO4

3-.  In order to construct the solubility diagram as a function 
of pH, a fixed concentration of 10-13 M total phosphate was used.  If a higher concentration of 
total phosphate such as 10-3 M had been used, the solubility of cerium species would have driven 
to a lower values (Figure 203).  The solubility diagram shows even though the solubility product 
of CePO4 (pKsp = -26) was very similar to that of Ce(OH)3 (pKsp = -26.15), CePO4 was less 
soluble as the solubility lines were below that of Ce(OH)4.  This limited solubility suggests that 
the release of cerium from sealed coatings is not likely to occur at the pH values typically 
encounter by high strength aluminum alloys.  Therefore, the ability of phosphate sealed CeCCs 
to protect aluminum alloys against corrosion in NaCl solutions must rely on some mechanism 
other than dissolution and migration of cerium species.  Based on previous analysis, the 
corrosion protection exhibited by CeCCs may be due to the formation of a Ce-Al-O interfacial 
layer between the CeCC and the aluminum alloy substrate [75]. 
 



 201 

 
Figure 203. Solubility of CePO4 as a function of pH at two different PO4

3- concentrations.  
The solubility curve of Ce(OH)4 from Figure 202 was also inserted for 
comparison. 

 
Solubility of Praseodymium Species 
 
Colormetric UV-VIS assays were performed to study the role of pH and phases present on Pr3+ 
solubility within the primer matrix, which has been determined to be a key factor in corrosion 
protection.  Test panels were prepared using Al 2024-T3 panels with CrCCs and primers 
formulated with 1) Pr2O3 or 2) Pr6O11 as well as the control primer, which was the standard Deft 
084 series primer. Small samples (~1 cm2) were cut from larger test panels and soaked for 2 
weeks in ~10 mL of electrolyte with the pH values ranging from 5 to 8. The absorbance of each 
sample solution was recorded at 650 nm using a colormetric reagent and the concentration of 
Pr3+ leached from the panels was calculated from a calibration curve (Table 34). 
 
Table 34. The concentration of Pr3+ leached from (A) Pr2O3 primers, (B) Pr6O11 primers, 

and (C) 084 series primers as detected by UV-VIS spectroscopy and calculated 
from a calibration curve. 

 
 
At a pH of 5, the concentration of Pr3+ was ~1 mM from Pr6O11 primer and control specimen 
(084 primer) while no Pr3+ was detected at pH 6, 7, or 8 from these samples (Table 34B and 
Table 34C).  In contrast, for the Pr2O3 primer, the Pr3+ concentrations range from ~4 mM for the 
panel soaked at pH of 5 to ~1 mM for the primer soaked at a pH of 7, with no Pr3+ detected for 
the primer soaked at pH of 8 (Table 34A).   The results indicate that Pr2O3 is more soluble over a 
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wider range of pH values compared to Pr6O11. In addition, the presence of gypsum in the 084 
primer decreases the solubility of Pr3+ at all pH values. This data supports both salt spray 
exposure results and electrochemical results which showed the primer formulated with Pr2O3 to 
be the most “rapidly” reacting in providing corrosion protection. 
 
A collaborative effort between Ohio State University and the coatings group at Missouri S&T 
examined the speciation of Pr in various environments. Speciation studies were conducted using 
a computational approach (OLI Software) for Pr(OH)3 in water at pH=0 to 12 with atmospheric 
CO2  present (Figure 204). Multiple Pr hydroxide ions were computed, but at virtually 0 mol 
concentrations across all pH regimes. At ambient concentrations, CO2, the predominant Pr 
species in water is the Pr3+ ion in the acid neutral range and Pr(OH)3 precipitates out in the 
neutral-alkaline regime. Predictions for the precipitation of Pr(OH)3 correlate well with 
experimental precipitation results showing Pr3+ is solubilized at low pHs and precipitation occurs 
at ~pH=7. 
 

 
Figure 204. Speciation diagrams as a function of pH generated by OLI software 

compliments of OmarLopez-Garrity/Rudy Buchheit Fontana Corrosion 
Center Department of Materials Science and EngineeringThe Ohio State 
University. 

 
Corrosion Protection of Primers on Non-Chromate Conversion Coatings 
Salt spray testing has traditionally been used to evaluate the ability of coatings to provide 
corrosion protection.  As summarized in Table 24, primers deposited on chromate based 
conversion coatings provided excellent protection through 3000 hrs of salt spray testing.  SEM-
EDS results (Figure 167 through Figure 171) showed that elongated particles containing 
praseodymium were prevalent in the scribed areas of primers after salt spray testing.  The 
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elongated particles were typically on the order of 100 nm long.  However, only the primers 
deposited on CrCCs had crystals form during the first 500 hrs of salt spray exposure.  The 
primers provided significant corrosion protection during this time and throughout the entire 3000 
hrs of salt spray testing.  In contrast, primers deposited on panels pretreated with TCP or cerium 
based conversion coatings showed significant corrosion during the first 150 hrs of exposure and 
no Pr-rich particles were detected by SEM-EDS in the scribed areas.  For these panels, the 
degree of salting appeared to increase through ~1500-2000 hrs of exposure. After 1500-2000 hrs 
of salt spray exposure, praseodymium-rich particles were seen in the scribed areas of primers 
deposited on panels pretreated with TCP or cerium-based conversion coatings.   At the same 
time, the extent of salting seemed to stabilize for these samples.  Coupled with results from other 
studies, the results of this study suggest that pretreatments affect the transport and formation of 
praseodymium-rich particles.  In addition, the appearance of the praseodymium-rich particles 
coincides with a decrease or cessation of corrosive activity in scribed areas of test panels.  For 
primers on CrCCs, the Pr-rich particles form during the initial stages of salt spray and the 
primers provide significant corrosion protection throughout the duration of testing.  For panels 
on other pretreatments, Pr-rich particles do not form until after 1500 to 2000 hrs of testing.  Prior 
to particle formation, the scribes continue to salt, which is evidence of corrosive activity.  After 
the Pr-rich particles appear, corrosive activity decreases. 
 
An aspect of the present study has been correlating the salt spray results to electrochemical 
testing.  Figure 135 shows the electrochemical measurement setup when the drilled pit method is 
used.  The direct electrical connection is assumed to be electrode-electrolyte-aluminum-electrode 
with no permeation of the electrolyte into either the paint or the conversion coating.  It is also 
assumed that transport of inhibitors may occur from the paint to the site of corrosion in the 
drilled pit.  This model could also allow for transport of inhibitors from the pretreatments to the 
site of corrosion.   
 
Figure 205 shows the experimental setup employed when no drilled pits were used.  This set up 
was used for testing before salt spray exposure. If the electrolyte has little or no permeation into 
the paint, then the electrical double layer will be located at the electrolyte-paint interface.  The 
three electrical interfaces of interest in this analysis are: electrolyte-EDL-paint; paint-conversion 
coating; and conversion coating-aluminum.  The presence of these interfaces affects the phase 
angle for panels analyzed before salt spray testing as shown in the example below (Figure 206). 
 

 
Figure 205. Electrochemical measurement setup without drilled pits used at testing before salt 

spray exposure. 
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Figure 206. Example phase angle diagram showing high frequency features due to interfaces in 

the coating system. 

 
When a sample has been in salt spray for 3000 hrs, about 60 wt% of the calcium sulfate is lost 
from the paint film by dissolution, which leaves a porous structure.  The conversion coating 
material may also be lost.   At this point, the electrolyte can permeate the paint and possibly the 
conversion coating, thereby making direct contact with the substrate and allowing ionic species 
to contact the substrate.  In tests done without drilled pits (Figure 207), no phase angle drop is 
expected, although one is possible due to the conversion coating-aluminum interface.  Because 
of the increased porosity of the paint after salt spray testing, which allows permeation of the 
electrolyte into the paint, a reduction in impedance is expected as well as an increase in 
capacitance.  Also expected is an increase in the number of time constants since electrical double 
layers can form at the surface of the paint, the paint-conversion coating interface, and possibly 
the conversion coating-aluminum interface.   
 

 
Figure 207. Electrochemical measurement setup used for primers without drilled pits for panels 

examined after 3000hrs of salt spray testing 

 
Figure 208 shows the case of a drilled pit being used on a panel with permeable films.  Ionic 
conduction takes place directly in the pit from electrolyte to the substrate.  In parallel, ionic 
conduction through the paint is also possible.  The two different conduction paths are likely 
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responsible for the very complex behavior seen for panels after exposure to salt spray where 2-4 
time constants were seen.  These time constants would correlate to the following interfaces 
(double layers): electrolyte-paint; paint-conversion coating; conversion coating-aluminum; and 
electrolyte-aluminum.  While the electrolyte-aluminum conduit presumably has the lowest 
resistivity it also has a surface area that is a factor of about 50 smaller than the paint conduit 
based on the relative sizes of the drilled pits and the cell used for electrochemical testing.  
 

 
Figure 208. Electrochemical measurement setup for testing with drilled pits after 3000hrs of 

salt spray testing 

 

Task 6:  Final Model Development and Application 
The overall goal of this project was to determine the mechanisms by which rare-earth based 
compounds provide corrosion protection to high strength aluminum alloys.  The research focused 
on two specific coating systems, cerium-based conversion coatings and an epoxy-polyamide 
primer containing a praseodymium-based inhibitor package.  These coatings were selected based 
on demonstrated corrosion protection.  The approach taken in the research was to characterize 
the phases present before and after corrosion and changes in electrochemical response during 
corrosion to elucidate, which, if any, species that dissolved from the coating during corrosive 
attack, were transported from the coating to the site of damage/attack, and then reacted to 
passivate corrosion.  As described below, significant progress was made toward understanding 
the critical steps in the corrosion protection mechanisms of both types of coatings. 
 
Cerium-Based Conversion Coatings 
Based on the results for Task 5 described above, it is proposed that the growth of the dark oxide / 
hydroxide in crevices during corrosion testing was responsible for at least part of the impedance 
increase that was observed in crevice-containing coatings during salt spray exposure. The 
proposed mechanism by which crevices were passivated by oxide / hydroxide formation is 
illustrated in Figure 209. Prior to salt spray exposure, the subsurface crevices are connected to 
the external environment through the large cracks observed in the coating (Figure 209a). A 
relatively thick (~1 µm) oxide / hydroxide that was present after crevice formation surrounds 
most of the inner surface of crevices, although some areas of the substrate are exposed. 
Processing after crevice formation, particularly post-treatment, altered the structure and 
composition of the oxide / hydroxide such that it became more resistant to corrosion, preventing 
these areas from corroding during the initial stages of salt spray exposure. 
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Figure 209. Proposed mechanism of the passivation of subsurface crevices. 

 
Some corrosion occurred in the crevices during salt spray exposure as was evident by the layer 
rich in Al and O that was observed on the surface of the CeCCs after salt spray testing. During 
early stages of salt spray exposure (Figure 209b), it is likely that electrolyte solution penetrated 
into the crevices, causing limited corrosion in areas where the crevices were not protected by a 
thick oxide layer. Exposure to salt spray testing appears to lead to aluminum dissolution from 
exposed areas and the aluminum could then be transported out of the crevice to the surface where 
it forms the surface layer that has been observed. Although limited dissolution continues inside 
the crevices, it does not result in the formation of salt tails on the surface of the coating. 
 
In addition to the aluminum that is presumably produced by substrate dissolution and transported 
out of the crevices, some of the aluminum appears to deposit on the inner surface of the crevices, 
effectively restricting transport of electrolyte into or aluminum out of the crevices (Figure 209c). 
Dissolution of aluminum will increase the size of the crevices. However, due to the volume 
increase associated with conversion of aluminum metal to aluminum hydroxide (200 - 320% 
increase in volume depending on whether boehmite or gibbsite is formed), limited aluminum 
dissolution could result in formation of both a layer rich in Al and O on the CeCC surface and 
additional aluminum oxide / hydroxide in the crevices. The increase in impedance would not 
require the entire network of crevices to be filled, but could be limited to the most active areas. 
Once hydroxide fills the crevice to the extent that the electrolyte is prevented from reaching the 
substrate, corrosion would be inhibited. The passivation of crevices by hydroxide growth appears 
to be consistent with both the increase in impedance and the enhanced corrosion protection of 
coatings with crevices. 
 
Although coatings with subsurface crevices offer significant corrosion protection, subsurface 
crevices are not necessary for CeCCs to exhibit corrosion inhibition. Crevice-free coatings, 
which had cracks that extended through the CeCCs to the Al alloy substrates, did not exhibit 
growth of a layer rich in Al and O on the surface nor did they have subsurface crevices that 
would allow for controlled corrosion in select areas. Yet, crevice-free coatings still exhibited 
significant protection, as indicated by the increase in the impedance of the coating after 24 hours 
of salt spray exposure and the suppression of pitting/tailing for up to 336 hours of salt spray 
testing. Hence, development of the interfacial layer between the coating and substrate appears to 
play a critical role in corrosion protection. Further, the formation of an interfacial layer coupled 
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with the build up of protective oxides / hydroxides on CeCC surfaces and/or in subsurface 
crevices indicate that CeCCs are not simply barriers that prevent contact of corrosive species 
with the Al alloy substrate, but provide active corrosion protection. 
 
The structure of as-deposited and post-treated CeCCs changed during salt spray exposure, with 
each coating becoming structurally more uniform.  These changes may be caused by the 
transition of species present after coating deposition (i.e., cerium hydroxy/peroxy compounds for 
as-deposited coatings, cerium hydrogen phosphate compounds and/or unreacted hydroxy/peroxy 
species for post-treated coatings) to favored CeO2·2H2O or CePO4·H2O phases respectively.  The 
change in coating structure and formation of an interfacial reaction layer during salt spray 
exposure suggests that the protection mechanism of CeCCs extends beyond that of a static 
barrier coating and demonstrates that CeCCs can exhibit an active response to the salt spray 
environment. 
 
The growth of an interfacial reaction layer in post-treated specimens (Figure 193), and its 
corresponding absence in as-deposited specimens, has important implications for the processes 
that may be responsible for the improved corrosion performance observed from post-treated 
CeCCs and may help explain their improved electrochemical properties (i.e., more anodic pitting 
potentials and larger charge transfer resistances).  Pinc et al. used electrochemical impedance 
spectroscopy to evaluate the electrochemical response of CeCCs as a function of salt spray 
exposure time and reported an increase in charge transfer resistance with salt spray exposure 
time up to 336 hours of exposure for post-treated specimens [118].  Upon reaching 336 hours, 
the charge transfer resistance of post-treated CeCCs was found to decrease, corresponding to the 
observed formation of corrosion pits.  The increased resistance before 336 hours was attributed 
to the development of a surface layer on top of the CeCC that was rich in aluminum and oxygen.  
The surface layer was detected by Auger electron spectroscopy (AES) depth profiles.  As-
deposited specimens were also found to exhibit an increased aluminum concentration near the 
surface during salt spray testing, but did not exhibit an impedance increase.  As a result, it was 
hypothesized that the CePO4·H2O phase facilitated the formation of a protective alumina layer on 
the outer surface of the CeCC.  The present study confirmed the higher aluminum concentrations 
near the surface of as-deposited and post-treated CeCCs after salt spray exposure, but, in 
contrast, proposes the increased impedance is a result of the interfacial reaction layer that forms 
between the CeCC and the aluminum alloy substrate. 
 
Analysis after salt spray provided no evidence that chloride ions had migrated through either as-
deposited or post-treated CeCCs.  The EDS analyses performed on as-deposited or post-treated 
CeCCs did not reveal the presence of chlorine in the top half of the CeCC after one week of salt 
spray exposure and indicated that the coating was an effective barrier to chloride ions.  Chlorine 
was only detected in the corrosion product on the surface of as-deposited CeCCs and 
intermittently detected at the coating/substrate interface in both as-deposited and post-treated 
CeCCs.  This analysis also supports the hypothesis that pitting corrosion initiates from sites that 
are presumably more electrochemically active (i.e., regions containing subsurface crevices) and 
not by attack/penetration of the CeCC by chloride ions.  Prior to salt spray exposure, the 
presence of chlorine at the interface is believed to be a result of the deposition process in which 
chloride ions were trapped at or near the interface during the initial rapid formation of the 
coating.  However, additional chloride ions may be introduced to the interface during salt spray 
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exposure (where cracks in the CeCC extend to the substrate).  An altered region consisting of 
aluminum, oxygen, and ≈1 at. % chlorine was detected just above the alloy substrate in as-
deposited and post-treated specimens after salt spray exposure (labeled in Figure 188 and Figure 
193).  This layer is believed to be a form of aluminum hydroxide, which may not be stable in the 
presence of chloride ions.  The presence of cracks and other defects enable chloride ions to react 
with the aluminum hydroxide or hydrated oxides at the coating/substrate interface and take up 
positions on oxygen vacancy sites and/or lead to formation of soluble aluminum chloride species  
[113].  Such a reaction could produce additional oxygen vacancies at the interface, potentially 
allowing for the migration of chloride ions along the interface, leading to the formation of the 
altered layer, shown schematically in Figure 210a.  Attack of the aluminum hydroxide could 
facilitate a reaction with neighboring Ce species, potentially forming a non-stoichiometric 
cerium aluminate at the interface.  A change in pH near the interface may also influence the 
stability of cerium or aluminum species, potentially facilitating species migration and the 
formation of a more stable phase(s) (Figure 210b).  Continued introduction of chloride ions 
would increase aluminum dissolution, providing a mechanism by which aluminum ions are 
continually generated and either incorporated into the interfacial reaction layer (for post-treated 
CeCCs), transported into the CeCC, or released to the surface via cracks.  The formation of 
corrosion pits was not observed at crack/substrate interfaces, nor was the interfacial layer 
determined to bridge this gap, indicating that post-treated CeCCs provided limited 
electrochemical protection of the alloy substrate exposed by coating defects. 
 

 
Figure 210. Potential mechanism of interfacial reaction layer formation for post-treated 

CeCCs during (a) initial formation of altered layer by chloride ion attack and 
migration at the interface, and (b) after continued chloride exposure, chloride 
facilitates aluminum dissolution from the altered layer, releasing it towards 
the CeCC where it reacts with metastable cerium compounds to form the 
interfacial phase(s). 

 
Praseodymium-Based Inhibitor in Epoxy-Polyamide Primer 
With knowledge gained from salt spray exposure, XRD, SEM-EDS, phase stability, and LA ICP-
MS, a schematic outlining a proposed corrosion protection mechanism of Pr-primers on CrCC 
was developed (Figure 211). Gypsum is an acidic extender, which controls the pH in the primer 
matrix.  The presence of gypsum apparently stabilizes the matrix pH between 2 and 7, since that 
is the range in which Pr3+ is soluble. Once outside the primer matrix, the dissolved Pr3+ ions 
precipitate out of solution, presumably at around pH of 7 as Pr(OH)3, which then reacts with CO2 
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in the air to form the hydroxycarbonate species that are detected after exposure to a corrosive 
environment.  Post-mortem analysis of corroded specimens has identified Pr-rich clusters in 
areas of the scribe prone to salting.  Further analysis by SEM-EDS revealed that the substrate 
beneath the precipitates was rich in Cu and Fe compared to the alloy matrix.  Hence, the activity 
of the exposed metal may influence the response of the primer, most likely due to variations in 
local pH during salt spray exposure.  In addition to the local pH, the presence of CrCCs must 
influence re-precipitation of Pr-species, since panels with other pre-treatments do not perform as 
well in salt spray testing. 
 

 
Figure 211. Schematic outlining a proposed corrosion protection mechanism of Pr-primers 

with CrCC on Al 2024-T3. 

 
Figure 211 shows the mechanistic model developed previously4 for Pr-containing primers 
deposited on aluminum alloy substrates with Cr conversion coatings.  Pr-species dissolve in the 
relatively low pH environment of the primer, which is buffered by the use of an acid extender in 
the primer matrix.  The dissolved Pr-species then transport out of the primer.  Some of the Pr-
species precipitate at electrochemically active sites on the alloy surface due to the higher pH 
environment.  The Pr-rich precipitates then inhibit further corrosion of the alloy surface.  This 
model explains the efficacy of the Pr-primer system when used with Cr conversion coatings.  
However, the model does not explain the difference observed when the same primer is deposited 
on non-Cr surface pretreatments such as TCP or cerium-based conversion coatings.   
 
Several possible explanations exist to explain the differences in protection between substrates 
with CrCCs and those with other pretreatments.  The differences could occur due to changes in 
any of the main steps involved in the corrosion protection mechanism (dissolution of Pr-species 
from the primer, transport, precipitation at electrochemically active sites), but changes to the 
precipitation process were deemed more likely than the other two due to the differences in the 
timing of the appearance of large Pr-rich precipitates during corrosion testing of the primers on 
the different types of pretreatments.  Some of the possible changes that could affect the 
precipitation of Pr-rich particles include:  1) the pH at the electrochemically active sites is too 
low for precipitation to occur for other pretreatments; 2) precipitation occurs, but the crystals do 
not bond to the site and are washed off in the salt spray; 3) migration of Cr6+ species may 
facilitate transport of Pr species to the scribe whereas Ce only migrates at high pH and TCP not 
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at all, so Cr6+ transport may significantly influence Pr transport; and 4) other (heretofore 
unidentified) electrochemical processes may interfere with precipitation.  The first possibility 
seems unlikely since electrochemical testing conducted as part of other research has revealed that 
CeCCs perform well when the pH of the test electrolyte is ~4 and greater than or equal to 8.  
Further, other research has shown that CeCCs exhibit no migration of species in corrosive 
environments.  So, in the case of CeCCs, it seems unlikely that their use under Pr-containing 
primers would interfere with precipitation in scribed areas where the primer and pretreatment 
have been removed.  The second possibility also seems unlikely since Ce species are unlikely to 
transport to the scribed areas.  For the final suggestion, it may be possible that the pretreatment 
impacts electrochemical processes that are occurring in the scribed areas and/or at the primer-
pretreatment or pretreatment-substrate interfaces that impact the protection mechanism.  Further 
research is needed to identify possible processes and to determine which ones interfere with 
precipitation of Pr-rich particles during corrosion. 
 

Summary of Technical Accomplishments 
 
A number of technical accomplishments were achieved during the course of this project.  The 
philosophy that guided the project throughout its course was that rare earth compounds were not 
inherently protective, but protection required that the appropriate rare-earth compound was 
present in an appropriate phase in the right type of coating.  The results throughout the project 
reinforced this initial hypothesis and helped elucidate corrosion protection mechanisms.  The 
significant progress made in each year of the projects is summarized. 
 
Year 1 
The phase stability of Pr-O species (Task 2) was investigated.  Initially, the phase changes that 
occur spontaneously under atmospheric conditions leading to the hydration and/or carbonation of 
Pr2O3 ,Pr6O11, Pr(OH)3 , and Pr2(CO3)3•8H2O were studied.  Later, precipitation studies were used 
to study the effects of varying conditions on the solubility of precipitation products generated. 
Progress was also made toward the goals of the other tasks.  Both CeCCs and primer coatings 
were deposited using standard procedures.  Preliminary characterization of test panels identified 
species present in the field as Ca2SO4•2H2O, Pr(OH)3, and TiO2 along with Ca and Pr species 
formed in the scribe in response to corrosion.  Using FIB machining, the presence of sub-surface 
damage was identified for CeCC-coated Al 2024-T3 and Al 7075-T6.  Based on this discovery, 
the project team proposed to change the scope of the studies to focus additional effort on 
understanding the role of the sub-surface damage during corrosion.  New electrochemical 
techniques were developed to add the capability of site-specific analysis of specific areas of test 
panels (e.g., inside scribes, near corrosion pits, etc.).  The physical characterization, 
electrochemical characterization, and performance evaluation of test panels continued 
throughout.  The results from Year 1 provided information about the phase stability of rare-earth 
systems that was necessary to understand and interpret characterization and electrochemical test 
results.  
 
Year 2 
An on-going review of the technical literature was used to gather information related to phase 
stability of rare-earth species, the deposition of CeCCs, and microelectrochemical testing.  The 
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phase stability of Pr compounds was explored, with emphasis on species relevant to the 
corrosion inhibitor used in the Deft primer.  Two deposition methods were investigated to 
produce CeCCs without developing sub-surface voids.  In the first, immersion deposition was 
used to deposit coatings without sub-surface voids using a deposition solution in which some of 
the oxidizer (H2O2) was replaced by an alternate compound.  The second approach replaced 
some or all of the chloride ions with nitrates.  Although coatings could be deposited using each 
approach, none of these coatings provided significant corrosion protection.  The evolution of 
composition and structure were characterized for CeCCs and primers as they were exposed to 
corrosive environments.  Analytical methods and electrochemical tests provided complementary 
information about changes in coatings during corrosive attack.  Overall, the results provide the 
necessary background to begin formulating and testing hypotheses related to the corrosion 
protection mechanisms of coatings based on rare-earth compounds. 
 
Year 3 
During Year 3, models for corrosion protection mechanisms were established for CeCCs and 
experiments designed to evaluate the role of each component of an epoxy-polyamide primer 
were designed and conducted.  The toxicity of rare-earth elements was investigated in the 
technical literature.  Phase stability studies were finalized.  Research continued on deposition of 
CeCCs without developing sub-surface crevices, which provided valuable insight into the 
corrosion protection mechanisms of these coatings. Results showed that using less aggressive 
activation solutions (Na2CO3) for the surface pre-treatment of Al7075-T6 not only led to 
deposition of uniform coatings with fewer cracks and craters, but also produced coatings with the 
best corrosion performance with fewer subsurface crevices. Electrodeposited CeCCs without 
subsurface crevices had similar thicknesses, compositions, morphologies, and corrosion response 
compared to spray deposited CeCCs with subsurface crevices.  The evolution of composition and 
structure were examined for CeCCs and primers with Pr-based corrosion inhibitors was 
completed as a function of time in corrosive environments.  Analytical methods and 
electrochemical tests provided complementary information about changes in coatings during 
corrosive attack.  Results from these tasks were combined to develop hypotheses for the 
corrosion protection mechanisms.  Work has shown that corrosion protection afforded by CeCCs 
occurs through the generation of an interfacial layer between the surface of CeCCs and the 
substrate.  Protection was also dependent upon the growth of hydrated aluminum oxide in sub-
surface crevices that were connected to the external environment through cracks in the coatings.  
Although the protection mechanism model for the primer was not finalized, preliminary results 
indicated the corrosion response of Pr-primers was affected by pH and atmospheric conditions 
resulting in re-precipitation of Pr-rich species at sites prone to attack. 
 
Year 4 
In the final year of the project, progress was made in two main areas.  One area was in the 
deposition of CeCCs on aluminum alloys used for casting including AA 380 and AA 413.  This 
work was motivated by industrial interest in developing environmentally-friendly and energy 
conscious methods for corrosion protection.  Although the silicon content of the alloys was 
anticipated to cause problems with deposition, CeCCs that were able to provide significant 
corrosion protection were deposited on AA 380 by adding a high temperature water rinsing step 
to the standard surface preparation process.  The other area of progress was in examining the 
corrosion protection offered by an epoxy-polyamide primer containing a Pr-based corrosion 
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inhibitor package on alternative surface pretreatments.  Specifically, Deft’s GN084 primer was 
deposited on AA 2024-T3 substrates that had been treated with either a chromate conversion 
coating, an electrodeposited CeCC, a spray-deposited CeCC, or trivalent chromium passivation 
(TCP).  The primer demonstrated the ability to provide at least some corrosion protection for all 
four cases.  However, the appearance of Pr-rich crystals in scribes, which was correlated to the 
ability to provide protection, was delayed in the three alternative pretreatments compared to 
panels with chromate conversion coatings.  Whereas primers on chromate conversion coatings 
could protect scribes from corrosion for the duration of testing in salt spray for at least 2000 
hours, primers on the other pretreatments only began to inhibit corrosion after an induction 
period of somewhere between 1000 and 1500 hours. 
 
Accomplishments 
Throughout the course of the project, steady progress was made toward the overall goal of 
devising corrosion protection mechanisms for rare-earth based coatings.  The most significant 
contributions of this project were: 
 

• An increased fundamental understanding of the phase stability of praseodymium 
compounds.   At the outset of the project, technical literature was available on the phase 
stability of cerium compounds, the composition and structure of cerium-based conversion 
coatings, and the corrosion response of cerium-based conversion coatings whereas very 
limited information had been published regarding similar subjects for praseodymium.  
Information on thermal decomposition, precipitation studies, and solubility was generated 
and disseminated. 

• Discovery of sub-surface crevices along with development of methods to mitigate their 
formation during CeCC deposition.  Sub-surface crevices are caused by the combination 
of chloride ions and oxidizers such as hydrogen peroxide in the cerium coating bath.  
Although this combination of compounds promotes rapid coating deposition, it also 
attacks the substrate leading to crevice formation.  Spontaneous and current driven 
methods were developed to produce coatings without damaging the underlying substrate. 

• Modified microelectrochemical test methods to characterize cerium-based conversion 
coatings.  Microelectrochemical test methods had been used by others to study the 
behavior of intermetallic compound precipitates in aluminum alloy matrices.  In this 
project, the methods were modified and extended to study the corrosion behavior of 
cerium-based conversion coatings.  Coating surface features were examined and 
correlated to areas that provided strong protection or that were susceptible to corrosion.  
Specific surface features that could be identified from optical microscope observations 
were shown to be the likely sights of the initiation of corrosion pits. 

• Developed electrochemical methods to characterize the protective behavior of primer 
coatings.  During the course of the project, artificial defects (i.e., holes milled through the 
primer to the underlying aluminum substrate) were employed to study the corrosion 
response of the praseodymium-based inhibitor.  Primer-coated panels were examined as a 
function of exposure time in ASTM B117 salt spray and as a function of electrolyte pH to 
understand the coating response.  Using this method, coatings were found to passivate 
corrosion at elevated electrolyte pH values (e.g., pH = 8), but not at lower pH values 
(e.g., pH = 5).  These methods could be used to quickly (i.e., in a few minutes) assess the 
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ability of coatings to provide corrosion protection as compared to weeks for conventional 
methods such as salt spray testing. 

• Devised a corrosion protection mechanism for cerium-based conversion coatings.  
Initially, cerium-based conversion coatings were thought to protect the underlying high 
strength aluminum alloy substrates primarily as barrier coatings with some ability to 
protect damaged areas or other flaws in the coatings.  The discovery of sub-surface 
crevices meant that the coatings were not only protecting areas of undamaged substrate 
beneath the coatings, but also sub-surface crevices with relatively high surface areas that 
were exposed to the external environment by cracks through the coatings.  Cerium-based 
conversion coatings protect the underlying substrate by developing an altered layer at the 
coating-substrate interface and promote protection of sub-surface crevices by allowing 
for formation of a protective hydrated aluminum oxide inside the crevices.  Both 
mechanisms are needed when coating deposition leads to the formation of sub-surface 
crevices while only the former seems to be active for coatings deposited without forming 
sub-surface crevices. 

• Elucidation of the corrosion protection mechanism of praseodymium-based inhibitors in 
epoxy-polyamide primers.  Phase stability studies showed that the praseodymium species 
that was incorporated into the primer, namely Pr2O3, reacted with water and carbon 
dioxide in the ambient environment to form hydroxycarbonate species.  In addition, 
solubility and precipitation studies showed that praseodymium species were soluble 
under acidic conditions, but precipitated at higher pH values.  Studies of using model 
primers revealed that either the praseodymium species or the acid extender (gypsum) 
provided corrosion protection when incorporated into the polymer matrix alone.  In both 
cases, the individual species were quickly depleted from the coating.  However, the 
combination of the praseodymium species and the acid extender had a synergistic effect 
that provided long term (up to 3000 hours in ASTM B117 salt spray) corrosion 
protection.  The acid extender moderated the pH in the coating matrix, allowing 
praseodymium species to dissolve from the coating, transport the site of attack, and 
precipitate to passivate the substrate. 

 
 
 Technical Summary  
Corrosion protection mechanisms were studied for cerium-based conversion coatings and epoxy-
polyamide primers containing a praseodymium-based inhibitor package.  The rare-earth based 
inhibitors in these coatings are not inherently protective, but require that specific phases be 
incorporated into the appropriate type of coating.   
 
Cerium-based conversion coatings are capable of providing significant corrosion protection to 
high strength aluminum alloys (i.e., no salt tails after two weeks of ASTM B117 salt spray 
testing).  Coatings that provide protection require appropriate surface preparation, coating 
deposition solution formulation, and post-treatment.  For AA 2024-T3, surface preparation by 
acid activation has been shown to remove the Al-rich surface oxide layer, which exposes 
intermetallic particles and facilitates coating deposition.  Immersion for 5 min in a 1 wt% 
solution of sulfuric acid that has been heated to 50°C is an example of an effective activation 
process.  For 7075-T6, the Mg-rich surface oxide can be removed by alkaline activation in 
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solutions containing NaOH or Na2CO3.  Once the surface oxide is removed from the Al alloy, the 
coating deposition solution is the next critical factor that affects corrosion protection.  The most 
effective coating solutions contain a combination of chloride ions, hydrogen peroxide, and 
gelatin.  The presence of gelatin in the coating solution moderated the deposition rate and led to 
the formation of coatings that were thinner, but more resistant to crack formation during 
processing.  The combination of chloride ions and hydrogen peroxide in the coating solution led 
to the formation of sub-surface crevices during coating deposition.  Crevices were typically 
present over about 10% of the surface area of the coating, but produced large cracks (>1 µm 
wide) that were visible on the surface of CeCCs.   The crevices extended up to about 10 µm into 
the substrate and appeared to form in areas with high concentrations of intermetallic particles.  
Cerium-based conversion coatings were able to provide corrosion protection despite the presence 
of the sub-surface crevices.  The replacement of chloride ions with nitrates or decreasing the 
concentration of hydrogen peroxide decreased the deposition rate and resulted in coatings that 
did not provide significant corrosion protection.  Solubility studies revealed that cerium species 
from conversion coatings were virtually insoluble above pH values of 2.  Hence, the corrosion 
protection of cerium-based conversion coatings was not due to dissolution and transport of 
cerium ions.  However, cerium-based conversion coatings appeared to be a robust barrier to 
attack of aluminum alloys by chloride ions.  In addition, an interfacial reaction layer formed 
between cerium-based conversion coatings and the underlying substrates, which indicated that 
the coatings were more than simply an inert barrier.  Due to their active response, cerium-based 
conversion coatings were able to provide corrosion protection despite the presence of cracks, 
pinholes, and other defects. 
 
Epoxy-polyamide primers containing a praseodymium-based inhibitor package provide corrosion 
protection to high strength aluminum alloys that have been pre-treated with chromate conversion 
coatings.  Electrochemical testing of panels with artificial defects milled through primers in 
electrolytes with different pH values revealed that praseodymium species were most effective at 
pH values of 8 or higher.  Examination of scribed areas confirmed that praseodymium species 
were dissolving from the coating, transporting to the scribed areas and precipitating in the form 
of praseodymium-rich crystals.  The formation of the praseodymium-rich particles has only been 
observed in coatings that inhibit salt formation in scribed areas.  Precipitation studies and other 
analyses of the phase stability of praseodymium compounds indicated that the crystals were 
likely to be praseodymium hydroxycarbonate.  Formulation of control primers in which the 
praseodymium-based inhibitor package was replaced with only Pr2O3, gypsum, or talc showed 
that either Pr2O3 or gypsum provided some protection for a limited amount of time (500 hours or 
less) during salt spray testing, but only the combination of Pr2O3 and gypsum provided corrosion 
protection for extended (2000 hours or longer) times in salt spray testing.  During corrosion 
testing, gypsum was depleted from the coating within about 500 hours of salt spray testing, but 
praseodymium levels were relatively unchanged throughout the duration of testing.  Taken 
together, the results showed that praseodymium-based corrosion inhibitors were able to dissolve 
from an epoxy-polyamide primer when the acidity of the environment in the primer was 
moderated by the presence of gypsum.  The dissolved praseodymium species then migrated to 
damaged areas and precipitated to mitigate corrosive attack.  The primers were less effective on 
non-chromate conversion coatings such as trivalent chromium passivation or cerium-based 
conversion coatings, but still showed the ability to inhibit salt formation after initial salting 
during the first 1500 to 2000 hours of salt spray testing.  In contrast, epoxy-polyamide primers 
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on aluminum alloys with chromate conversion coatings were able to inhibit corrosion as soon as 
the panels were exposed to salt spray testing.  Hence, praseodymium species are able to dissolve 
from a primer matrix, transport to the site of corrosion, and precipitate to inhibit corrosion when 
Pr2O3 is added to the primer and gypsum is present to control the chemical environment in the 
primer matrix. 
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