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Figure 35. Optical microscopy of AA2024-T351 after exposure to 0.05 M sodium chloride
solution. (a) Exposure to 0.05 M NaCl with 0.1 M MnQOy in solution. (b) Exposure to 0.05
M NaCl with 0.05 M MnOy in solution. (c) Exposure to 0.05 M NaCl with 0.005 M MnO,
in solution. (d) Exposure to 0.05 M NaCl after pretreatment in 0.1 M MnQOy’ in solution for
24 hours. (e) Exposure to 0.05 M NaCl after pretreatment in 0.05 M MnQ,’ in solution for
24 hours. (f) Exposure to 0.05 M NaCl after pretreatment in 0.005 M MnO; in solution for
24 NOUTS. ..ottt b bbbt E bR R e R e b b e bR R R Rt et b e b bbb e ne e 58

Figure 36. The anodic polarization behavior for AA2024-T351 after pretreatment in
KMnQ, for 24H. Scan run in 0.05 M sodium chloride solution. (a) Pretreatment in 0.1 M
KMnQy, (b) Pretreatment in 0.05 M KMnOQy, (c) Pretreatment in 0.005 M KMnOs,..........ccoc....... 59

Figure 37. The anodic polarization behavior for AA2024-T351 after 24 hours of exposure
to 50 mM sodium chloride solution with the inhibitor in-situ. Scans conducted in 50 mM
sodium chloride solution with varied inhibitor concentrations. (a) 100 mM KMnQ,, (b) 50
MM KMNOy4, (€) 5 MM KIMNO 4. w.eiiiieiiii ittt st a e naeeannas 59

Figure 38. S-phase ingot with large lighter regions corresponding to higher copper content
and higher Z. (a) Sample as polished. (b) Sample held potentiostatically in 200 mM MnO4
and 50 mM CI" solution for 200 seconds. Note the growth of a protective manganese oxide
over the S-phase particles. (c) Sample held potentiostatically in 50 mM CI" solution for 200
seconds. Insert of EDS line scan shows the enrichment of copper in proximity of visible S-
PNASE QAIMAGE. ...ttt b et ae e b e et e s b e e s bt e b e e bt e st e e st e e beesbeeneeabeenbeenee e 60

Figure 39. AA2024 exposed to 0.005 M KMnQO, + 0.05 M NaCl for 24 hours and then
anodically polarized to potentials above Epi; (+0.3 V vs. SCE) in fresh 0.005 M KMnO, +
0.05 M NaCl solution. (a) Sample as removed from anodic polarization solution. (b)
sample after removal of manganese oxide caps over intermetallic particles............cccccoevvevvrnenee. 60

Figure 40. Representative anodic polarization behavior for AA2024-T351 in 25 mM MnCl,
solution (—) compared t0 50 MM NaCI (m87). oo 61

Xi



Figure 41. Cumulative probability of pitting as a function of potential for both (a)
pretreatment and (b) in-situ solution phase permanganate inhibitor concentration.

Probability of pitting in 0.05 M NACH. ..o s

Figure 42. The average difference between pitting and open circuit potentials for Mn
pretreatment (a) and in-situ solution phase additions (b), as a function of inhibitor

concentration. The error bars indicate one standard deviation. ...

Figure 43. Cathodic E vs. log(i) data for AA2024-T4 (a) and high-purity copper (b)
samples run at various rotation rates from 100 rpm to 2500 in pH 8.4 borate buffer.

Solutions were aerated NATUTAITY. ..........c.ooieiiee e

Figure 44. Cathodic E vs. log(i) data for AA2024-T4 (a) and high-purity copper (b)
samples run at various rotation rates from 100 rpm to 2500 in 0.05 M NaCl. Solutions were

Aerated NALUTAIIY. ........ovree e

Figure 45. Cathodic polarization behavior of AA2024-T4 and pure copper samples ground
to 1200 grit, tested at 1000 rpm in pH 8.4 borate buffer solution after 100 H pretreatment
(@) and run at 1500 rpm in 0.05 M NaCl solution with in-situ inhibitor additions (b)
Rotation rate has been kept constant and inhibitor concentration is tested at different

levels. All data collected under NAtUral ABFALION. .........vveeeeeee e eeee e

Figure 46 (a) Total current at -1 V vs. SCE for AA2024-T4 and pure copper compared with
the Levich prediction (ig) in pH 8.4 borate buffer solution. (b) Diffusion limited current
extracted from iy at -1V vs. SCE for AA2024-T4 and pure copper compared with the

Levich prediction in pH 8.4 borate buffer. Data extracted from Figure 44. ............cccceovevvivennns

Figure 47. Total current at -1V vs. SCE for AA2024-T4 for the inhibitor pretreatment tests
in inhibitor free environment (a) and with the inhibitor present in-situ (b). (a) and (b) have
an order of magnitude difference in the ordinate. Total current densities for pure copper,
bare AA2024-T4 and the Levich prediction iy values are included for comparison. Data

eXLracted frOM FIQUIE 45, ... ..ottt e e e be e e nneenreenee e

Figure 48. Diffusion limited current extracted from i at -1V vs. SCE for AA2024-T4
after pretreatment at various inhibitor concentration compared with pure copper, bare
AA2024-T4, and the Levich prediction. Tests were conducted in borate buffer solution at

pH = 8.4. Data extracted from FIQUIE 47. .......cooieieeecese e

Figure 49: Potentiodynamic scan of high-purity copper with Mn-oxide grown at a potential

OF “0.5 V VS, SCE . i

Figure 50. (a) Extracted activation controlled current density over a range of potentials for
high-purity Cu , AA2024-T351, and AA2024-T351 pretreated in 0.05 M MnO, and 0.1 M
MnOy. (b) Calculated copper coverage, ®©c,<**™ | at -0.6 V using Equation 17. Cu (1),

AA2024-T351(2), and AA2024-T351 pretreated in 0.05 M MnO, (3) and 0.1 M MnQy (4)....

Figure 51. Constant current discharge curves of electrodeposited manganese oxide coated
copper (-4-) and uncoated copper (=M=). High-purity Copper with Mn oxide deposited at
-0.5 V SHE from 0.1 m KMnO4 with a pH of 6. Galvanostatic reduction performed at 20
mA in pH 8.4 borate buffer. The red dotted line (. .) indicates the reversible potential of
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MnO4 +4H"+3e «>MnO,+2H,0 at 0.54 V vs. SCE. The blue dashed (- =) line indicates
the reversible potential for MnO,+H,0+e’->MnOOH+OH" at 0.187 V vs. SCE. The green
dash-dotted line (=:=) indicates the reversible potential for MnOOH+H,O+e

SMn(OH)z+OH At <0.385 V VS, SCE.....urrvvveeereeeeseeeesesssesssessesssssssesssesssssssessesssesssesssesssessseeee

Figure 52. Raman spectra for AA2024-T351, AA2024-T351 pretreated in 0.005 M
KMnQ,, copper pretreated in 0.1 M KMnO, at -0.5 V vs. SCE, manganese metal held

potentiostatically at 0.35 V vs. SCE, and MO, POWET. .........ccoverueiiierierieiieseesie e e nee e

Figure 53. Graph of vanadate speciation with time at room temperature. No great change in

species present occurred over 28 days for 5 mM NaVOs; plus 50 mM NacCl in D,0O solvent. ....

Figure 54. SEM micrographs of AA2024-T3 on the transverse-lateral surface after 24 hours
of exposure in open to the air 50 mM NaCl solutions with 0, 5, 10, 50, and 150 mM NaVO3;
at room temperature. Decreasing pit density and depth is observed with increasing NaVO3;
concentration. No visible pits on the 150 mM NaVO3; plus 50 mM NaCl exposed specimen
were seen with optical methods, but parts of the copper intermetallic particles have change

COlOT FrOM COPPET 10 DIUB. ... et

Figure 55. Secondary electron image obtained at 15 kVV of AA2024-T3 specimen exposed
to 50 mM NaCl solution for 24 hours. The yellow arrow indicates location and direction of
EDS. (a) represents the unattacked matrix composition way from a pitting site. (b) shows a

pitting site above an Al-Cu—Fe—Mn intermetallic particle...........ccocvveniiiiiiiieie

Figure 56. Higher magnification secondary electron image taken at 15 kV of AA2024-T3
specimen exposed to 5 mM NaVO; plus 50 mM NacCl for 24 hours. The yellow arrow
indicates location and direction of EDS scan. Precipitated products are shown to be
vanadium rich. There appears to be a dual phase intermetallic particle at the EDS line scan

in the right hand image. Both Al-Cu-Mg and Al-Cu—Fe—Mn compositions exist. ...................

Figure 57. Backscattered electron image, in the compositional mode, taken at 15 kV with
184 second collection time of AA2024-T3 specimen exposed to 5 mM NaVOs; plus 50
mM NaCl for 24 hours. Yellow arrow indicates location and direction of EDS scan. The
vanadium concentration of an intermetallic particle away from the pitting site is

approximately the same as that of the matrix near the pitting site (Figure 56). .........cccccceveennene

Figure 58. Typical anodic E-log(i) polarization behavior for Al (99.9%) specimens in open
to the air 50 mM NacCl solution containing 0, 5, and 150 mM NaVOs [(a) after 1 hour open

circuit; and (b) after 24 hour OPEN CIFCUIL]. .....covviieiieecie e

Figure 59. Cumulative probability plot of E;: for Al 99.99% in open to the air 50 mM NaCl
solutions plus various concentrations of NaVOs;. Data points indicate cumulative
probability of pitting before potential reversal at 0 or 0.2 Vsce. Arrows indicate specimens

that did not pit at the potential INAICALEd. ..........oovuiiiiiiii e

Figure 60. Cumulative probability plot of Epi for Al 99.99% after 24 hours of exposure in
open to the air 50 mM NaCl solutions plus various concentrations of NaVOs;. Data points
indicate cumulative probability of pitting before potential reversal at 0 Vsce. Arrows

indicate specimens that did not pit at the potential indicated. ............cccocvevviieiiiiie i
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Figure 61. Typical anodic E-log(i) polarization behavior for AA2024-T3 specimens in
open to the air 50 mM NacCl solution containing 0, 5, and 150 mM NaVO3 [(a) after 1 hour
open circuit exposure; (b) after 24 hour open Circuit eXPOSUIE].......cocuveiieiiieeriieiiie e 80

Figure 62. Cumulative probability plot for AA2024-T3 after 1 hour in open to the air 50
mM NaCl solution plus various concentrations of NaVO3. Data points indicate cumulative
probability of pitting before potential reversal at 0 or 0.2 Vsce. Arrows indicate specimens
that did not pit at the potential INdICALEd...........c.coveieeieiiee s 81

Figure 63. Cumulative Probability plot for AA2024—T3 after 24 hours in open to the air 50
mM NaCl solution plus various concentrations of NaVOs. A single test was conducted with
1 mM NaVOs;. Data points indicate cumulative probability of pitting before potential
reversal at 0 Vsce. Arrows indicate specimens that did not pit at the potential indicated. ............ 81

Figure 64. Anodic E-log(i) polarization behavior for AA2024-T3 specimens: (a) 24 hours,
5 mM NaVOs; inhibitor pretreated and exposed in inhibitor free 50 mM NacCl; (b) exposed
in 50 mM NaCl plus 5 mM NaVOgs. 1 hour open circuit exposure in the test solution
occurred prior to polarization scans. Arrows indicate the direction of polarization...................... 82

Figure 65. Epix cumulative probability plot for AA2024-T3 pretreated for 24 hours in
various concentrations of NaVVO3 open to the air solutions then tested in open to the air 50
mM NacCl solutions. An 1 hour open circuit in test solution occurred prior to anodic E-log
(1) POIAIIZALION SCAN.......ecuiiitieiieiie ettt sttt st e bt r e bt et e s bt e be et e e neesbeeneenreenbeanee e 83

Figure 66. Cathodic E-Log(i) polarization behavior for high-purity Al, AA2024-T4,and
high-purity Cu in open to the air 50 mM NaCl solution with an electrode rotation speed of
0 rpm. A 1 hour open circuit with specimen in the test solution occurred prior to cathodic
polarization. Data not corrected for ONMIC reSIStANCE. ........ccvevverieiiieiiere e 84

Figure 67. Koutecky—Levich plot for Cu in open to the air 50 mM NaCl at three different
potentials of -0.8 Vsce and -1 Vsce. Data was not corrected for onmic resistance. .............c........ 85

Figure 68. Levich plot of i jn extracted from ite On Cu and AA2024 in 50 mM NaCl
showing comparison of experimental results to theoretical mass transport limited ORR
51T TSP TRPPRP 85

Figure 69. Effect of rotation rate for open to the air 0 (left column) and 150 (right column)
mM NaVO; plus 50 mM NaCl solutions on the cathodic polarization behavior of high-
purity Al, AA2024-T4, and high-purity Cu. The data were corrected for ohmic resistance.
(@) Al'in 50 mM NacCl, (b) Al in 150 mM NaVOs; plus 50 mM NacCl, (c) AA2024-T4 in 50
mM NacCl, (d) AA2024-T4 in 150 mM NaVOj3; plus 50 mM NacCl, (e) Cu in 50 mM NaCl,
and (f) Cu in 150 mM NaVOs3 plus 50 MM NaACIH.........cccoiiiiiiiiii e 87

Figure 70. Effect of various NaVVO3; concentrations in open to the air 50 mM NaCl solution
on the cathodic polarization behavior of high-purity Al, AA2024-T4, and Cu at 0 (left) and
2500 (right) RPM. Data is not corrected for ohmic resistance. (a) Al at 0 rpm, (b) Al at
2500 rpm, (c) AA2024-T4 at O rpm, (d) AA2024-T4 at 2500 rpm, (e) Cu at O rpm, and (f)
LTI | 24100 o] 4 TS T U PO U PP PROPRTPPOPR 88
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Figure 71. Koutecky-Levich plot for Cu in open to the air 50 mM NaCl plus various
concentrations of NaVOs; at a potential of -0.8 Vsce. Data was not corrected for Ohmic

L= ] 2= o USRS 89
Figure 72. The Koutecky—Levich plot for AA2024—T4 in open to the air 50 mM NaCl plus
various concentrations of NaVOs at a potential of -0.8 Vsce. cvvvvvveiiiii i 90

Figure 73. Levich plot (i im extracted from iro) Of Cu using data from the ORR region
only (potential of -0.8 Vsce) shows a loss of ideal mass transport controlled behavior.
Tests performed open to the air 50 mM NaCl plus NaVO3 SOIULIONS. ........cccoevieeiviiiiiciiciiecin, 91

Figure 74. Levich plot (i im extracted from itot) for AA2024-T4 using data taken in the
ORR region. All analyzed data was taken at -0.8 Vsce. Tests performed at ambient
temperature in open to the air solutions of 50 mM NaCl plus various NaVOs3;
concentrations. (b) emphasizes the effect of NaVO3 on current density. ........c.ccceevvveveiieinennnns 91

Figure 75. Cathodic polarization of (a) AA2024-T3 or (b) Cu in open to the air 50 mM
NaCl solution with 0, 5, or 150 mM NaVOs;. The black line representing no addition
inhibitor is the only the current associated with charge transfer Kinetics. ..........cccceevevvviveieennnnn 92

Figure 76. (a) The E-pH behavior of 0.05 M Ce3+ in aqueous solution. (b) The
concentrations of cerium species in the cerium-H,O system at -0.5 V vs. SCE, near OCP of

Figure 77. (a) The E-pH behavior of 0.05 M MnO, in aqueous solution. (b) The
concentrations of manganese species in the manganese-H,O system at -0.5 V vs. SCE, near
OCP OF AAZ024........ccoeeeeeeeee ettt r s et et et e et e s be e b e e b e e st e st e et e nbeebeabeaneaneens 93

Figure 78. Concentrations of species in the cerium-chloride-H,O system at 0.78 V vs. SCE,
the E, of Equation 19. The cerium oxide species (CeQO,) is stable above pH 3.3 at this
[010] £=] 01 - 1 SRR 94

Figure 79. (a) The as-polished (1200 grit) AA2024-T351 and the subsequent surface
damage caused by 24 hour exposure to 0.05 M NaCl solution in a naturally aerated state at
room temperature. (b) The damaged specimen image is compressed horizontally to include
a secondary electron and backscattered electron image. ..........ccooveeiienienie i 95

Figure 80. (a) AA2024-T351 pretreated with 0.01 M Ce3+ for 100 hrs. and 0.04 M MnO4-
for 24 hrs. (secondary electron image). (b) Same pretreatment times with inhibitor
concentrations of 0.025 M Ce3+ and 0.025 MnO4-. (c) Same pretreatment times with
inhibitor concentrations of 0.04 M Ce3+ and 0.01 MnO4-. (d) Same pretreatment times
with inhibitor concentrations of 0.05 M Ce3. (e) Same pretreatment time with inhibitor
concentration OF 0.05 MO -.........ooiiiie bbb sb et e s 96

Figure 81. (a) AA2024-T351 with indication of EDS sites labeled 1-8. (b) Same sample
and area as (a) Sample has been pretreated for 24 hours in 0.1M KMnO,. Indication of
EDS SIteS 1aDBIEA 1-8. ...t 97

Figure 82. (a) Intermetallic particle 1 from Figure 81. (b). Intermetallic particle 5 from
Figure 81. The left spectrum is taken from an untreated sample, the right, a pretreated
sample. The cerium-permanganate dual inhibitor pretreatments produced a wide array of
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surface features as seen in Figure 80. In order to analyze the chemical composition of the
complex oxide structures observed, EDS line scans for oxygen, magnesium, aluminum,
chloride, manganese, iron, copper, and cerium were performed. Manganese is the only
element that is found both in the pretreatment solution, and the alloy. The alloy contains
0.6% manganese by weight as shown in Table 3. This complicates the analysis of the
manganese EDS results because the element is concentrated in certain intermetallic
compounds in the alloy. However, manganese enrichment is clearly visible in the

microscopy due to the unique oxide formations that have been observed. ...........cccccvevvvvenenne.

Figure 83. EDS at 15 kV accelerating potential of AA2024-T351 pretreated in 10 mM Ce®*
+ 40 mM MnOy (a), 25 mM Ce** + 24 mM MnOy (b), 40 mM Ce®** + 10 mM MnO,. All
cerium pretreatments lasted for 100 hours. All permanganate pretreatments lasted for 24

Figure 84. (a) AA2024-T351 pretreated with 0.01 M Ce®*" for 100 hrs. and 0.04 M MnO4
for 24 hours and exposed to 0.05 M CI" for 24 hrs. (secondary electron image). (b) Same
pretreatment with inhibitor concentrations of 0.025 M Ce** and 0.025 MnO,4 and exposed
to 0.05 M CI" for 24 hrs. (c) Same pretreatment with inhibitor concentrations of 0.04 M
Ce®* and 0.01 MnO, and exposed to 0.05 M CI” for 24 hrs. (d) Same pretreatment with
inhibitor concentrations of 0.05 M Ce** and exposed to 0.05 M CI” for 24 hrs.(e) Same
pretreatment with inhibitor concentrations of 0.05 MnO, and exposed to 0.05 M CI for 24

hrs. Samples were nNot cleaned POSt EXPOSUNE. ......cveiveeiieierieieeie st

Figure 85. EDS at 15 kV accelerating potential of AA2024-T351 exposed for 24 hours in
50 mM NaCl after pretreatment in 10 mM Ce** + 40 mM MnOy (a), 25 mM Ce** + 24 mM
MnQ, (b). All cerium pretreatments lasted for 100 hours. All permanganate pretreatments

TASTEA TOF 24 NOUTS. ...ttt e e e et e ettt e e e e e e e e e et eeeeeeeaeeereeeeenens

Figure 86. Surface damage revealed by abrasive removal of cerium oxide after pretreatment

in 0.05 M Ce®* for 100 hrs. and subsequent exposure to 0.05 M NaCl for 24 hours..................

Figure 87. Open circuit test of pretreated AA2024-T351 in 50 mM NacCl solution with
ambient aeration. Test included 100 hrs. pretreatment in Ce** followed by 24 hrs.

pretreatment in MnO, at the indicated concentrations. Pretreatments are ClI” free. .................

Figure 88. CVs of pretreated AA2024-T351 after a 24 hour exposure in 50 mM NaCl

SOIULION. ettt e ettt ettt e e e e e e e e e e e e e e e e e e e e e e e e s e e e e s e e e e e e e e e e e s e e n et e e nn e e e e nnnnnnnnnnns

Figure 89. The relative intensities of the Cu* reduction peak on the AA2024-T351 surface
pretreated in cerium for 100 hours and subsequently in permanganate for 24 hrs. followed
by exposure for 24 hrs. in 0.05 M NaCl are shown. Combined inhibitor concentrations
tested had ratios of cerium to permanganate of 0.2 and 0.8 with a total inhibitor
concentration of 0.05 M. Results are compared to permanganate pretreatments and cerium
pretreatments. A large decrease in the copper surface coverage is evident for the combined

inhibitor pretreatment over either single inhibitor pretreatment............cccooevieeieiieiv i

Figure 90. Anodic E-log(i) behavior of AA2024 with cerium-permanganate pretreatments

at stated concentrations tested in 5 mM sodium chloride. ...
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Figure 91. Cumulative probability of pitting on AA 2024-T351 as a function of potential
for both permanganate-cerium combinations and in-situ solution phase permanganate
inhibitor concentration. Combined inhibitor concentrations tested had ratios of cerium to
permanganate of 0, 0.2, 0.5, 0.8, and 1 with a total inhibitor concentration of 0.05 M.

Cumulative probability of pitting in 0.05 M NaCl SOIUtION..........cccooiiiiiiiii e,

Figure 92. Cathodic E vs. log(i) data for AA2024-T4 (a) and high purity copper (b) samples
run at various rotation rates from 100 rpm to 2500 in pH 8.4 borate buffer. Solutions were

aerated naturally and no pretreatment was performed. ..........cccocevviininiininneere e,

Figure 93. Rotating disk cathodic polarizations experiments on AA 2024-T351 at a rotation
rate of 2500 rpm in pH 8.4 borate buffer. Combined inhibitor concentrations tested had
ratios of cerium to permanganate of 0.2, 0.5, and 0.8 with a total inhibitor concentration of
0.05 M. Total current densities for bare AA2024, cerium treated, and permanganate treated

have DeEN INCIUAE FOr TETEIENCE. ..ot e e e

Figure 94. (a) RPM Ramp 500 to 2500 (increments of 500) of AA2024-T351 in pH 8.4
borate buffer after stated pretreatments When manganese deposits are present it reacts
electrochemically effecting the current density at each rotation rate. (b) RPM Ramp 500 to
2500 (increments of 500) of high purity copper in pH 8.4 borate buffer after stated

PrETIEALMEINTS. ...eieee ettt e e e e e s e e e e e e e s s s nn e r e e e e e e e s s s e nnrrr e e e e e e e e s e nrrrreeeeas

Figure 95. Diffusion limited current density on high purity copper compared to AA2024-
T351 at rotation rates from 500 to 2500 rpm in pH 8.4 borate buffer. Combined inhibitor
concentrations tested had ratios of cerium to permanganate of 4, 1, and 0.2 with a total

iNhiDItor coNCENtration OF 0.05 M. ..ot e et e e e e e e e e e eeeeaens

Figure 96. Diffusion limited current density on high purity copper at rotation rates from
500 to 2500 rpm in pH 8.4 borate buffer. Combined inhibitor concentrations tested had
ratios of cerium to permanganate of 4, 1, and 0.2 with a total inhibitor concentration of 0.05

Y TP R PP PRPTR

Figure 97. Vanadate speciation as a function of time. Insignificant changes in vanadate
species present occurred for a) 50 mM NaVOs; plus 50 mM NacCl in D,0 solvent; b) 40 mM

Na;MoO, plus 10 mM NaVOj3 plus 50 mM NaCl in DO solvent. .........ccceoveevieiie e,

Figure 98. Typical OCP behavior for AA2024-T3 specimens in naturally aerated 50 mM
NaCl solutions after a) 1% Hour and b) 23" Hour. A pretreatment in various concentrations
of Ce(C,H30,)3 followed by testing in various concentrations of NaVO3 in 50 mM NacCl

SOIULIONS. ettt e ettt ettt e ettt e e et e e e e e e e e e e e e e e e e e e e e e s e e e ee s e e e e e e e e e e s e en e e e e nnenennnnnnnnnnn e

Figure 99. Typical OCP behavior for AA2024-T3 specimens in naturally aerated 50 mM
NaCl solutions after a) 1% Hour and b) 23" Hour. The test solution contained 50 mM
NaVO; and Na;MoO, inhibitors in addition to 50 mM NaCl. The ratio of NaVO3; and

Na;MoO, varied, but total inhibitor concentration was kept constant at 50 mM. ......................

Figure 100. Optical micrographs of AA2024-T3 on the transverse-lateral surface after 24
hours of exposure in naturally aerated 50 mM NaCl solutions with different combinations
of inhibitors at room temperature. 50 mM NacCl solution containing cerium acetate was in
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contact with the surface for 2 hours prior to testing in the chloride containing test solutions

for 24 hours for the cerium acetate pretreatment specimens. The scale bars are all 50um. .......

Figure 101. Backscattered electron image, in the compositional mode, taken at 20 kV with
180 second collection time of AA2024-T3 specimen exposed to a) 50 mM Ce(C,H30,)3 or
b) 10 mM Ce(C,H30,)3 for 2 hours. The arrows indicate location and direction of EDS

scan OVer Al-CU-Fe-MnN PArTICIES. ........oouiiiiiie e

Figure 102. Backscattered electron image, in the compositional mode, taken at 20 kV with
180 second collection time of AA2024-T3 specimen exposed to a) 40 mM Ce(C,H30,),
for 2 hours or b) 40 mM Ce(C,H30,), for a 2 hour pretreatment then a 24 hour immersion

in 10 mM NaVOs3 + 50 mM NaCl. The arrows indicate location and direction of EDS scan....

Figure 103. Backscattered electron image, in the compositional mode, taken at 20 kV with
180 second collection time of AA2024-T3 specimen exposed to a) 50 mM Na,MoO, or b)
25 mM Na,MoO, + 25 mM NaVOs for a 24 hour immersion in 50 mM NaCl. The arrows

indicate location and direCtion OF EDS SCANS. ....cooieeeeeeeee e ee et e e e e v e e eeeeeeas

Figure 104. Backscattered electron image, in the compositional mode, taken at 20 kV with
180 second collection time of AA2024-T3 specimen exposed to a) 50 mM Na,MoO, or b)
10 mM Na;MoQO, + 40 mM NaVOs; for a 24 hour immersion in 50 mM NaCl. The arrows

indicate location and direCtion OF EDS SCANS. .....uuuueuee e e

Figure 105. Typical anodic E-log(i) polarization behavior for Al (99.99%) specimens in
aerated 50 mM NacCl solutions after an 1 hour open circuit. A pretreatment in various
concentrations of Ce(C,H30,); followed by testing in various concentrations of NaVOs in
the 50 mM NacCl solution lead to each surface having been exposed to a constant total of 50

MM of inhibitor between the tWO SOIULIONS. ........oeeeei e

Figure 106. Typical anodic E-log(i) polarization behavior for Al (99.99%) specimens in
aerated 50 mM NaCl solutions after a 24 hour open circuit. A pretreatment in various
concentrations of Ce(C,H30,); followed by testing in various concentrations of NaVOs in
the 50 mM NacCl solution lead to each surface having been exposed to a constant total of 50

MM of inhibitor between the tWO SOIULIONS. .......ooee oo

Figure 107. Typical anodic E-log(i) polarization behavior for Al (99.99%) specimens in
aerated 50 mM NaCl solutions after an 1 hour open circuit. The test solution contained 50
mM of NaVO3; and Na;MoOy, inhibitors in addition to 50 mM NaCl. The ratio of NaVOs;

and Na,MoO, varied, but the total inhibitor concentration was kept constant at 50 mM. .........

Figure 108. Typical anodic E-log(i) polarization behavior for Al (99.99%) specimens in
aerated 50 mM NacCl solutions after a 24 hour open circuit. The test solution contained 50
mM of NaVO3; and Na;MoOy, inhibitors in addition to 50 mM NaCl. The ratio of NaVOs

and Na,MoO, varied, but the total inhibitor concentration was kept constant at 50 mM. .........

Figure 109. Typical anodic E-log(i) polarization behavior for AA2024-T3 specimens in
naturally aerated 50 mM NaCl solutions after an 1 hour open circuit. A pretreatment in
various concentrations of Ce(C,H30,); followed by testing in various concentrations of
NaVOs; in the 50 mM NaCl solution lead to each surface having been exposed to a total of
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Figure 110. Typical anodic E-log(i) polarization behavior for AA2024-T3 specimens in
naturally aerated 50 mM NaCl solutions after a 24 hour open circuit period. A
pretreatment in various concentrations of Ce(C,H30;); was followed by testing in various
concentrations of NaVOj3 in the 50 mM NaCl solution lead to each surface having been

exposed to a total of 50 mM of inhibitor between the two solutions............ccccccevieiie e,

Figure 111. Typical anodic E-log(i) polarization behavior for AA2024-T3 specimens in
naturally aerated 50 mM NaCl solutions after a 24 hour open circuit period. A
pretreatment of 10 mM Ce(C,H30,)3 was followed by testing in various concentrations of
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naturally aerated 50 mM NaCl solutions after a 1 hour open circuit. The test solution
contained a combined concentration of 50 mM of NaVOs; and Na;MoOQO, inhibitors in

addition to 50 mM NacCl. The ratio of NaVO3; and NayMoO4 Varied. ..........coooveeevevoeeeeeeieeeann.

Figure 114. Typical anodic E-log(i) polarization behavior for AA2024-T3 specimens in
naturally aerated 50 mM NaCl solutions after a 24 hour open circuit. The test solution
contained a combined concentration of 50 mM of NaVO; and Na;MoOQO, inhibitors in

addition to 50 mM NacCl. The ratio of NaVO3; and NayMoO4 Varied. ..........coovveeeoevooeeeeeieeeann.

Figure 115. Cumulative probability plot for Al (99.99%) after 1 hour in aerated 50 mM
NaCl solution plus various 50 mM inhibitor mixtures; a) a Ce(C,H3O2); 2 hour
pretreatment then tested with the remainder of the inhibitor concentration as NaVOs;
dissolved in the test solution; b) NaVO3; and Na,MoO, mixtures dissolved into the test

solution. Data points indicate cumulative probability of pitting before potential reversal.........

Figure 116. Cumulative probability plot for Al (99.99%) after 24 hours in aerated 50 mM
NaCl solution plus various 50 mM inhibitor mixtures; a) a Ce(C,H3O2); 2 hour
pretreatment then tested with the remainder of the inhibitor concentration as NaVOs;
dissolved in the test solution; b) NaVO3; and Na,MoO, mixtures dissolved into the test

solution. Data points indicate cumulative probability of pitting before potential reversal.........

Figure 117. Cumulative probability plot for AA2024-T3 after 1 hour in aerated 50 mM
NaCl solution plus various concentrations of NaVOs. Average E,i; values of AA2024-T3
after 1 hour in aerated 50 mM NaCl solution plus various 50 mM inhibitor mixtures; a) a
Ce(CyH302)3 2 hour pretreatment then tested with the remainder of the inhibitor
concentration as NaVOj3 dissolved in the test solution; b) NaVO3; and Na,MoO, mixtures
dissolved into the test solution. Data points indicate cumulative probability of pitting before

potential reversal. Arrows indicate specimens that did not pit at the potential indicated...........

Figure 118. Cumulative probability plot for AA2024-T3 after 24 hours in aerated 50 mM
NaCl solution plus various concentrations of NaVOs. Average E,i; values of AA2024-T3
after 1 hour in aerated 50 mM NaCl solution plus various 50 mM inhibitor mixtures; a) a
Ce(CyH302)3 2 hour pretreatment then tested with the remainder of the inhibitor
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concentration as NaVOj3 dissolved in the test solution; b) NaVO3; and Na,MoO, mixtures
dissolved into the test solution. Data points indicate cumulative probability of pitting before

potential reversal. Arrows indicate specimens that did not pit at the potential indicated...........

Figure 119. Cathodic E-log(i) polarization behavior for high purity Cu in aerated 50 mM
NaCl solution with various concentrations of vanadate after a 2 hour cerium acetate
pretreatment. An electrode rotation speed of 2500 rpm was used. A 1 hour open circuit in
the test solution occurred prior to cathodic polarization. Data was not corrected for ohmic
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Figure 120. Cathodic E-log(i) polarization behavior for high purity Cu in aerated 50 mM
NaCl solution with various concentrations of vanadate and molybdate. An electrode
rotation speed of 2500 rpm was used. A 1 hour open circuit in the test solution occurred

prior to cathodic polarization. Data was not corrected for ohmic resistance. ............ccccceevenenne.

Figure 121. Cathodic E-log(i) polarization behavior for AA2024-T4 in aerated 50 mM
NaCl solution with various concentrations of vanadate and a 2 hour cerium acetate
pretreatment. An electrode rotation speed of 2500 rpm was used. A 1 hour open circuit in
the test solution occurred prior to cathodic polarization. Data was not corrected for ohmic
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Figure 122. Cathodic E-log(i) polarization behavior for AA2024-T4 in aerated 50 mM
NaCl solution with various concentrations of vanadate and a 2 hour cerium acetate
pretreatment. An electrode rotation speed of 2500 rpm was used. A 1 hour open circuit in
the test solution occurred prior to cathodic polarization. Data was not corrected for ohmic
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Figure 123. Koutecky-Levich plot for Cu in aerated 50 mM NaCl plus various 50 mM
inhibitor combinations at a potential of -0.8 Vsce after a 1 hour open circuit. @) Cu specimens
were pretreated for 2 hours in various Ce(C,03H,)s followed by testing in various NaVOs plus
50 mM NaCl solutions. b) Cu specimens were tested in various 50 mM combinations of

Na;MoO4/ NaVOj3; plus 50 mM NaCl. Data was not corrected for Ohmic resistance. ....................

Figure 124. Koutecky-Levich plot for AA2024-T4 in aerated 50 mM NaCl plus various 50 mM
inhibitor combinations at a potential of -0.8 Vsce after a 1 hour open circuit. a) AA2024-T4
specimens were pretreated for 2 hours in various Cerium followed by testing in various NaVO;
plus 50 mM NaCl solutions. b) AA2024-T4 specimens were tested in various 50 mM

combinations of Na,MoO,/ NaVOj3 plus 50 mM NaCl. Data was not corrected for Ohmic resistance. ...

Figure 125. Levich plot (i im extracted from i) Of Cu using data from the ORR region
only (potential of -0.8 Vscg) shows a loss of ideal mass transport controlled behavior. A 1
hour open circuit was used. Test preformed in aerated 50 mM NaCl plus NaVOs; binary
inhibitor combinations. a) Cu specimens were pretreated for 2 hours in various
Ce(C,H30,);3 followed by testing in various NaVOs; plus 50 mM NaCl solutions. b) Cu
specimens were tested in various 50 mM combinations of Na,MoO4/ NaVOj3; plus 50 mM

NaCl. Data was not corrected fOr ONMIC rESISTANCE. .......eeee e

Figure 126. Levich plot (i im extracted from ito) of AA2024-T4 using data from the ORR
region only (potential of -0.8 Vscg) shows a loss of ideal mass transport controlled
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behavior. A 1 hour open circuit was used. Test preformed in aerated 50 mM NaCl plus
NaVOs; binary inhibitor combinations. a) AA2024-T4 specimens were pretreated for 2
hours in various Ce(C,H30,); followed by testing in various NaVO3; plus 50 mM NaCl
solutions. b) AA2024-T4 specimens were tested in various 50 mM combinations of
Na;MoO./ NaVOs3 plus 50 mM NaCl. Data was not corrected for Ohmic resistance. ................ 148
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Abstract

Objectives: Hexavalent chromium [Cr(VI)] has been extensively used in conversion coatings and
paints to protect against corrosion of aluminum and iron-based alloys in Department of Defense (DoD)
systems. However, chromate-based inhibitor systems are being eliminated as Cr(VI) is toxic and
carcinogenic leading to the development of non-chromate alternatives. Most of those are individually
not as effective as chromate, however, a combination of them may be found to be a suitable
replacement. The objective of this program was to gain understanding of the mechanism of selected
alternative inhibitors under realistic metallurgical and environmental conditions in order to facilitate the
development of non-chromate inhibitor systems that possess effectiveness comparable to that of
chromates. With the fundamental understanding of individual compounds, inhibitor systems with
combinations of inhibitors whose individual properties are synergistically enhanced were studied.

Technical Approach: The program addressed this objective by (1) assessing the anodic and cathodic
inhibition functions of non-chromate inhibitors (using standard and multielectrode electrochemical
techniques and scratching electrode techniques), (2) determining the adsorption characteristics and
concentration of adsorbed species on the alloy surfaces, (3) investigating the interactions between the
inhibitors and heterogeneities in the microstrucures (using multielectrode and microelectrochemical
techniques), and (4) analyzing the effect of alternating wet and dry conditions and the drying process on
inhibition mechanisms.

Results: The inhibition of corrosion on AA2024-T351 in NaCl solutions, mitigated by either in-situ
permanganate ions (MnO,’) or MnO;, pretreatment, was examined. The anodic and cathodic inhibition
effects were studied as a function of inhibitor concentration. Inhibition of open circuit corrosion under
conditions where anodic and cathodic reactions are coupled was also examined. The oxygen reduction
reaction (ORR) was modeled using the Gueshi and Membrane models after the Koutecky-Levich
correction was applied to experimental cathodic data. The oxidation states of the inhibiting manganese
oxides were determined using potentiometric electrochemical reduction and in-situ Raman
Spectroscopy. The thermodynamics of the Mn-water system was also considered over a range of
concentrations. Permanganate was shown to be both an anodic and cathodic inhibitor, and an inhibitor
of copper replating at open circuit potential (OCP).

Vanadate was investigated as a corrosion inhibitor for AA2024 fully immersed in NaCl solutions.
Nuclear Magnetic Resonance (NMR) was used to determine the vanadate species in solutions.
The dominant species was V401" in 50 mM NaCl + 5 to 150 mM NaVOs. Vanadate was found to
inhibit the ORR for both AA2024-T4 and high-purity copper. Vanadate anions in solution reduced both
charge transfer and mass transport current densities. Less than 1 mM NaVO; was needed for cathodic
inhibition on AA2024-T4. Higher concentrations of NaVOs were required to raise the average pitting
potential. Modeling of the cathodic inhibition mechanisms was pursued using the Gueshi analysis
representing an array of active cathodic sites, as well as Langmuir and Temkin adsorption isotherms.
The vanadate coverage on copper containing intermetallic particles was found to be dependent on the
over-potential. After 24 hour exposures at open circuit potential, anodic inhibition of pitting increased
with increasing vanadate concentration in solution for both AA2024-T3 and high-purity aluminum
suggesting that tetrahedrally coordinated vanadate species affect pure aluminum as well as
intermetallics in AA2024-T3.



Corrosion inhibitor combinations were studied on AA2024. Vanadate-molybdate combinations acted
as cathodic inhibitor, unlike cerium-vanadate. Ce precipitates blocked cathodic sites from vanadate
adsorption. This is consistent with modeling of competitive adsorption of anions on copper
intermetallic particles. Vanadate-molybdate was as effective as vanadate as anodic inhibitor, and
cerium addition to vanadate provided no benefit. Cathodic inhibition of a cerium-permanganate
combination was equivalent to that of permanganate and superior to cerium. Cerium-permanganate
also increased OCP corrosion inhibition at a level comparable to that of the single inhibitors. No anodic
inhibition was found.

Scratch repassivation of AA2024-T351, AA7075-T6, and 99.999% aluminum in molybdate and
chromate containing NaCl solutions was performed. Chromate suppressed scratched electrode current
transients at high potentials. Furthermore the rapid growth of a thick, protective oxide was measured.
Molybdate did not suppress transient current but did promote the rapid growth of a passive film.

Cerium, vanadate and molybdate acted as anodic inhibitor with AA7075, while only cerium and
vanadate behaved as cathodic inhibitors. Molybdate was found to behave as an anodic and a cathodic
inhibitor for carbon steel 1018. Synergistic behaviors were proven to be occurring partially for Ce/Mo
and Ce/V and were especially successful for carbon steel 1018. However, they were not accurately
predicted during this project.

Rotating disc arrays were used to study the impact of the density and size of copper intermetallic
particles on the cathodic effectiveness of the inhibitor. This was consistent with the comparison
between AA2024 and AAT7075, based upon the potentiodynamic analysis and scanning electron
microscope (SEM) studies. Aluminum/copper multi-electrode array (MEA) was used to simulate
copper-rich intermetallic particles in an aluminum-rich matrix. Composition, concentration and
pretreatment were found to have an impact on the effectiveness of the inhibitor. VVanadate was the sole
successful inhibitor when testing in NaCl solutions. All inhibitors were successful when pretreated, but
better results were obtained at lower concentration, consistent with the Levich analysis performed on
AA2024, which concluded that the critical inhibitor concentration needed to suppress ORR is below
0.005 mol/L sodium vanadate. Energy dispersive X-ray spectroscopy (EDS) and Auger electron
spectrometry showed that cerium, molybdate and vanadate are all present on the surface of AA7075.
However, only cerium was found to be dependent on the quantity of the inhibitor. Based upon the
surface EDS, it appears that the role of concentration observed for the Al/Cu MEA is not due to the
amount of inhibitor on the surface but may be due to the species of inhibitors. This would be due to the
fact that the pH of the solution is dependent on the concentration of the inhibitor and the inhibitor
speciation is directly related to the pH.

Atmospheric tests using the Al/Cu MEA were performed to assess the performance of various
inhibitors at various relative humidity. Vanadate and cerium performed successfully only at lower
relative humidity (60 and 70%). At higher relative humidity, vanadate and cerium concentration may
be too low to perform as cathodic inhibitors.

Benefits: The results of this program can be applicable to a variety of weapons systems and ground
support equipment. Cerium, vanadate and molybdate, which had been successfully applied to AA2024,
were shown to be partially transferable to AA7075 and carbon steel 1018. Inhibitor behavior was also
found to depend on the type of treatment, e.g. in solution vs. pretreatment. Furthermore, inhibitor
combinations have been shown to be beneficial under certain circumstances (e.g. cerium and vanadate
efficiently inhibit corrosion under atmospheric corrosion at lower relative humidity).
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Objective

Hexavalent chromium has been a widely used corrosion inhibitor for both ferrous (e.g., mild
steel, stainless steel) and nonferrous (e.g., aluminum, zinc, cadmium) alloys for over 50 years.!
It is commonly used in chromate conversion coatings (CCCs) in, for example, the aerospace and
automobile industries. Hexavalent chrome and CCCs have been found to be excellent corrosion
inhibitors of both the anodic and cathodic corrosion processes.>* In addition, CCCs provide
active corrosion inhibition via the release of hexavalent chromium ions upon the increase of pH
of the environment.* However, hexavalent chromium is a known human carcinogen that is
associated with lung cancer.’> Due to its carcinogenicity, Occupational Safety and Health
Administration (OSHA) recently lowered the permissible exposure limit (PEL) by a factor of
twenty.® This new regulation affects all hexavalent chromium applications, especially the aging
aircraft program. The long-term goal of OSHA is the elimination of hexavalent chromium and
replacing it with new, environmentally-friendly, non-toxic coatings.

To date, none of the environmentally-friendly chrome replacement inhibitors proposed has been
found to be as effective as hexavalent chrome treatments. It is believed that a combination of
non-chromate inhibitors may be functionally equivalent to hexavalent chrome treatments.
Several combinatorial and other empirical methods have been used in the literature to identify
non-chromate inhibitors that are effective under realistic operating conditions. This research
focuses on mechanistic studies of selected non-chromate inhibitors on aluminum alloys and steel
to develop a model that will enable a more effective selection of non-chromate inhibitors for
real-world applications.

The objective of the program was to gain an understanding of the mechanisms of selected
alternative inhibitors under realistic metallurgical and environmental conditions in order to
facilitate the development of non-chromate inhibitor systems that possess effectiveness
comparable to that of hexavalent chrome.

The program was divided into five tasks:

1. Effect of individual inhibitors under controlled hydrodynamic conditions;
2. Effect of combinations of inhibitors;

3. Effect of microstructural heterogeneity on inhibitor action;

4. Effect of alternate wet and dry conditions; and

5. Modeling and verification using commercial alloys.

The effectiveness of any inhibitor system is a function of its inherent inhibitive efficiency under
various environmental conditions and its ability to be packaged in an efficient delivery system
(coating, conversion coat, etc.). While both are important to the success of a chromate
replacement, we have chosen to focus primarily on inhibitor efficiency. This program, led by
SwRI in partnership with the University of Virginia, addressed the gaps outlined above by
investigating the following issues:

e How do individual non-chromate inhibitors work? Little is known about why these
inhibitors are highly effective in preventing corrosion of certain alloys and not others
and what the prevalent inhibiting mechanisms are. These issues will be addressed in
Task 1.




Can we intelligently design combinations of non-chromate inhibitors based on our

knowledge gained in Task 1? Synergistic effects between the inhibitors have been

reported in the literature, however, they were found by trial-and-error.”® The design
of the non-chromate inhibitor systems can be greatly improved by utilizing a
mechanistic approach in combining the individual inhibitors. This approach was
investigated in Task 2.

How do inhibitors work on realistic alloys under realistic exposure conditions? The

alloys that need to be protected are not homogeneous. They contain varying numbers
and types of microstructural features and impurities that significantly affect their
corrosion resistance, e.g., intermetallic particles in high-strength aluminum alloys and
inclusions in steels. The interaction of the inhibitors with these heterogeneities needed
to be investigated in order to be able to predict the performance of the inhibitors for
potential applications. The exposure conditions also vary in many applications during
service, often resulting in alternate wet and dry environments. Evaluating the
potential inhibitors and their combinations provides a more accurate assessment of
their performance in the field. Tasks 3 and 4 addressed these issues.

The overall approach is summarized in Figure 1.

The project focused on promising non-chromate inhibitors along with a limited study of
chromate and uninhibited systems as a benchmark and control, respectively. The inhibitors
included were Ce(lll), MnOs, MoO,*, and VOs. The substrate metals chosen for the
mechanistic study included both model metals, commercially pure aluminum, pure copper, pure
iron, synthesized intermetallic particles, commercially available heterogeneous alloys, AA2024-
T3, and carbon steel. The heterogeneous alloys were mainly used to validate mechanistic
information derived from model metals.

| Issues | Approach

How do individual

non-chromate Task 1 e Determine the effect of inhibitors on
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Figure 1. Summary of proposed tasks.




Background

Hexavalent chromium has been a widely used corrosion inhibitor for both ferrous (e.g., mild
steel, stainless steel) and nonferrous alloys (e.g., aluminum, zinc, cadmium) for over 50 years.!
It is commonly used in CCCs in, for example, the aerospace and automobile industries.

The corrosion inhibition mechanism of chromates has been studied intensively in the past 20
years. They have been found to be excellent inhibitors of the ORR in near-neutral and alkaline
environments through the formation of an irreversibly adsorbed Cr(OH); surface layer that acts
as a bipolar barrier inhibiting the electron transfer.? In high-strength aluminum alloys, the ORR
rate on the Cu-rich intermetallic particles is significantly reduced and the rotation rate
dependence of the diffusion limited current density disappears in the presence of chromates.? It is
believed that the chromate ions not only affect the ORR, but also interact with the intermetallic
particles to passivate them.’

Chromates have also been found to inhibit the anodic corrosion processes.**° The effectiveness
of the anodic inhibition, however, is highly dependent upon environmental and metallurgical
factors (e.g., chloride:chromate ratio, pH, degree of aeration, alloy chemistry and temper).
Chromates were found not only to raise the pitting potential (Epiyy of pure aluminum in chloride
containing solutions,™* but also to suppress metastable pitting.> Chromates also affect the
repassivation process by accelerating the kinetics of repassivation, suppressing the reactivation
and elevating the repassivation potential (Erepass).13 The anodic inhibition is believed to be due to
nonreductive adsorption of hexavalent chromate, which lowers the zeta potential of the oxide
surface thereby hindering the chloride adsorption.***

Hexavalent chromium is also present in CCCs reversibly bound to a Cr(OH)3 polymer backbone
structure. Upon pH increase due to a corrosion process, the hexavalent chromium is released
from the CCC as HCrO,4 and is transported to the locally corroding areas, where it is reduced
and adsorbed on the defect surface as an insoluble AI(1I1)-Cr(I11) precipitate or it is adsorbed as
Cr(VI) onto the hydrous alumina gel corrosion product.*® The hypothesized inhibition
mechanisms of hexavalent chromium oxoanions and CCC are summarized in Table 1.

Hexavalent chromium is a known human carcinogen that is associated with lung cancer.’
It enters the cells through the phosphate-sulfate transport channels, where it is reduced to Cr(I11)
generating molecular debris.*” This molecular debris causes DNA damage through OH* radical'’
or Cr(V)/Cr(1V) peroxo complex®® formation. Due to the carcinogenicity of the hexavalent
chromium species, OSHA recently lowered the PEL by a factor of twenty.® This new regulation
affects all hexavalent chromium applications, especially the aging aircraft program. The long-
term goal of OSHA is the elimination of hexavalent chromium and its replacement with new,
environmentally friendly, non-toxic coatings.



Table 1. Hypothesized inhibition mechanisms of Cr(V1) ions and CCCs.

Hexavalent Chromium Oxoanions

CCC

inhibition of ORR after reduction to Cr(lll) and by
irreversible adsorption

acting as hydrophobic barrier, as Cr(OH)3

inhibition of pit initiation and dissolution of active
IMCs in Al alloys

storage of releasable Cr(\V1) ions, which migrate to
and interact at anodic defects to interfere with

stabilization of corrosion

inhibition of anodic and cathodic corrosion
reactions

modification of the composition of passive oxides
via adsorption and buffering

lowering the zeta potential via adsorption, which
discourages CI" adsorption

The need to eliminate Cr(V1) containing materials from the metal finishing operations has led to
worldwide research with the aim of finding alternative, non-toxic corrosion inhibitors.
Several potential alternatives have been identified.

The MeO,"™ anions, where “Me” stands for metallic elements, (e.g., molybdates, vanadates,
tungstates, and permanganates) are attractive, because they are structural analogs of chromates.

The molybdate ion (MoO,*) acts as an anodic inhibitor for aluminum, aluminum alloys and
steel. In aerated solutions, it has been found to be an effective anodic inhibitor of steel by
promoting the passivation of the actively corroding steel, reducing the passive current density,
extending the anodic passive range and promoting the repassivation of pits.** On aluminum
alloys, it has been found to be a moderately effective anodic and very effective cathodic
inhibitor.”2 When introduced into the solution as an oxoanion, it is believed to adsorb on the
aluminum oxide surface via a competitive adsorption mechanism, thereby inhibiting the
adsorption of oxygen and/or chloride ions on the surface.

Implantation of molybdenum ions into the upper 13 nm of the surface of both pure aluminum
(99.99%) and AAT7075-T6 led to an increase in OCP and the breakdown potential for both
materials in the presence of chloride with the alloy demonstrating the largest potential change.?
Mass loss studies over an eight-month time period have not found molybdate to be aa effective a
corrosion inhibitor as chromate.?” The mass loss of AA2024-T351 and AA7075-T7451 coupons
were compared after 8 months in aerated pH 8.2 3.5% NaCl solutions with and without inhibitor
additions of 50 mM Na,CrO4 or 50 mM Na,Mo0,. For AA7075-T7451, solutions containing
chromate and molybdate reduced mass loss with chromate containing solution giving superior
results compared to molybdate containing solutions.?? However, AA2024-T351 only had reduced
mass loss from the chromate inhibitor.?? The mechanism of molybdate passivation was unknown,
but the addition of molybdate into the passive film, chemically as an absorbed ionic species, or
physical as a precipitate was suggested as possible factors influencing inhibition.?* The break
down potential can be increased so that OCP is more negative, if an adequate molybdate
concentration is maintained in solution.” Other authors have found that molybdenum must be




mcorporated into the passive film to increase Ep; of aluminum rather than just being in
solution.?* In solutions Wlth pH less than 4.5, a polymeric molybdate species dominates and it
does not inhibit corrosion.?* The molybdate species, MoO,* in solutions at pH 6 or higher was
found to inhibit aluminum corrosion. As the pH of the solution decreases, the dominant Mo
species changes from MoO4* to HxM0702™° (x~0 - 2) to B-[M0gO2]" to Mog011.% to
MoO,** at near zero pH.?® The presence of 0.1 M Na,MoO, was not as effective as 0.1 M
Na,CrO4 in 0.5 M NaCl in impeding the corrosion of aluminum once pitting had started,
however it was more effective at increasing Ep.t The main species that mediate inhibition was
determined by X-ray Photoelectron Spectroscopy (XPS) to be MoO,*.

This species, MoO4?, inhibits by adsorbing onto the surface of aluminum and creating a film that
is an electrostatic barrier for CI” absorption.?® When chloride is already present at the surface, the
addition of MoO,* leads to a competition between CI" and MoO,* for surface sites and thus
reduced inhibition of pitting.?® The oxide covering the surface is bilayered with an inner
aluminum oxide layer and an outer molybdate oxide layer.?” The molybdate inhibits by first
reducing the concentration of CI that reaches the surface, thereby reducing the likelihood that a
critical concentration of chloride ions exists for pit initiation.?” In addition, molybdate
participates in a reaction in which exposed Al is oxidized to an aluminum hydroxide and
molybdate is reduced to MoO, or MoOs.?’

The effect of molybdate at reducing the ORR reaction was also studied and found to be both pH
and potential dependent. Reducing the potential leads to the reduction of MoO,* into M00O,.%
This reaction is counter balanced by the oxidation of MoO, on the surface to MoO,* at pH
values above 9.2 Molybdate was only an effective cathodic inhibitor in the pH range 8 to 9.7
Molybdate was found to be an effective cathodic inhibitor for AA2024-T3, and Al-Cu-Mg and
AI-CZlé-Mn-Fe phases when it was in solution and the over potentials with respect to ORR were
low.

Vanadates were found to be good inhibitors of corrosion on AA2024-T3.* It was recently found
that the solution pH plays a very important role in determining the inhibitor efficiency of
vanadates. While under neutral and slightly alkaline conditions the metavanadates provide good
corrosion inhibition of Al alloys, upon acidification, decavanates form, which show no inhibiting
effect.®’ lannuzzi and coworkers investigated the inhibition mechanisms of metavanadates and
found that they act as cathodic inhibitors through the physisorption of metavanadate ions.*
The effect of vanadates on the anodic behavior of Al alloys and their effect on the corrosion of
steel have not been studied in detail. It must be noted that the toxicity of vanadium is an
important issue that is yet to be resolved in the use of these inhibitors.

Very limited information can be found in the literature regarding the effectiveness and corrosion
inhibiting mechanism of permanganate (MnQO,’). One study suggests that the permanganate ions
raise Epir Of AA2024-T3 in chloride containing solutions.*

Cerous (Ce(lll)) salts are non-toxic and relatively cheap, which makes them an attractive
alternative to chromates. They have been shown to inhibit corrosion on stainless steel ** mild
steel,* galvanized steel,*® zinc,**" aluminum, and aluminum alloys.*®

Cerium(l11) ions were found to be only marginally effective or ineffective anodic inhibitors in
the case of high Cu containing Al alloys, especially AA2024-T3.2° They are, however, very



effective cathodic inhibitors.®*° It was found that the corrosion inhibition of Ce** ions is
associated with the formation of a Ce-rich film over the copper-rich intermetallic particles.***
Due to the presence of different oxidation states in cerium and their different solubilities, active
corrosion inhibition triggered by pH changes caused by local corrosion processes has been
demonstrated for this inhibitor by several authors.****

Cerium increases Epix of aluminum and its alloys by changing the passive film due to the
integration of cerium oxide and hydroxides into the film.* Inhibition is derived from the
reduction in available cathodic sites, which decreases the cathodic current density and hence,
from charge balance, reduces the anodic current density and the rate of anodic dissolution of
aluminum.?®>#4% Cerium conversion coatings have been shown to reduce copper replating for
alloy exposures in sodium chloride.’®?° Research suggested a possible preference for cerium
deposition on certain intermetallics such that the S-phase (Cu-Mg-Al) showed higher coverage
than (Cu,Fe,Mn)Al;.*%%® As the coverage of each type of intermetallic compound varied, it was
hypothesized that cerium coverage varied due to differences in the local pH over the particular
intermetallic compound. Since a basic local pH is needed for cerium to precipitate on the
intermetallic sites, dealloying of the intermetallics is seen as an important step. This is because
this anodic mechanism results in locally increased pH due to enhanced ORR at cathodic
intermetallics sites on the dealloying particle. As the S-phase has a higher dealloying rate, it
naturally has a higher cerium concentration on average than (Cu,Fe,Mn)Als.* Codeposition of
chloride along with cerium was seen at the intermetallic sites.”® While the Ce(IV) [i.e., Ce(OH)4
and CeO,] precipitate has been found to inhibit corrosion, the ability of Ce(IV) precipitate to
protect is dependent on the precipitation conditions including pH, potential, oxidizing agent, and
oxygen content, which control the “morphology, degree of agglomeration, and surface chemical
activity”.*"*® The Ce(IV) precipitate is in equilibrium with Ce** in solution.*”*® The addition of
millimolar amounts of chloride during the dissolution process will increase the rate of
precipitation by removing the oxide layer on the copper.*® Recent studies of cerium conversion
coatings that form when aluminum-copper alloys are either cathodically polarized in cerium
solutions or left at open circuit and allowed to have local pH increases at the cathodic sites
proved that older Pourbaix diagrams of the cerium in water were incorrect and provided
modifications.*’** When the precipitation of aluminum hydroxides along with cerium
compounds was evaluated, the aluminum hydroxides were shown to have little to no effect on
the cerium precipitation as the aluminum hydroxides precipitated at a lower pH and the
precipitate was no longer the majority precipitate once the pH rose to a favorable value for
cerium precipitation.® Also as noted by Hughes, the removal of chloride ion from the cerium
conversion coating led to precipitation of cerium only on intermetallic particles and not on the
aluminum matrix.® Overall, the anodic and cathodic sites found on AA 2024-T3 will have
different hydroxide coverage. The S—phase is expected to be covered with a mixed aluminum
hydroxide/oxide with copper and cerium oxide, the (Fe, Cu, Mn)Al;z compounds covered with
cerium oxide, and the anodic sites covered with aluminum oxide under a cerium hydroxide.>

Other rare-earth salts (e.g., lanthanum, praseodymium compounds) have also been investigated
and found to possess similar inhibiting qualities to that of Ce(111).%*°

Trivalent chromium (Cr(l11)) has been investigated as an alternative coating pretreatment method
mainly on zinc substrates.’*>* The preliminary results were promising, indicating good corrosion
inhibition properties, however, the effectiveness of Cr(lll)-inhibitor as a long-term protective
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agent under realistic metallurgical and environmental conditions is yet to be demonstrated.
Although, it may act as an effective inhibitor of the ORR as much as a part of the Cr(VI) chain
does, the ability to maintain releasable concentration of Cr(l11) species needs further evaluation.

Precipitation-hardened aluminum alloys containing copper and iron are highly susceptible to
corrosion due to local galvanic coupling between intermetallic phases and the surrounding
aluminum matrix.>*® Localized corrosion of alloys such as AA2024-T351 results from the
presence of intermetallic compounds in a solute lean a-Al matrix that are either noble with
respect to their surrounding matrix or particles that tend to be initiation sites for pitting.>**’
Particles such as Al,CuMg and Cu,Al can also be detrimental to the corrosion resistance of the
alloy because of their tendency to dealloy at the open circuit potential.*® This process has many
damaging consequences including the creation of catalytic high surface area copper enriched
intermetallic remnants and the associated deposition of copper on the alloy surface,®* both of
which result in increased ORR rates. This increase in ORR supports increased aluminum matrix
dissolution in the form of localized trenching around the intermetallic phases and subsequently
leading to pit initiation and growth that can produce nucleation sites for subsequent crack
growth.®® Effective inhibition of these constituent-particle-related damage modes in this class
of alloys is of strong interest.

One aspect of current research in the field of corrosion inhibition has focused on oxoanions of
the form MeO,™® (such as molybdates, tungstates, and vanadates)**32%"2 stryctural
analogues of hexavalent chromium. In this study permanganate (MnQO,’) has been evaluated as a
potential replacement for CrO,".

Permanagate (Mn*") is a very strong oxidizer due to its high potential as seen in Figure 2(a).
When permanganate is added to solution in contact with AA2024-T351 at a lower potential, it
will be reduced and undergo serveral possible electrochemical reactions. Over all ranges of pH,
MnO, in the +7 valence state will likely first be reduced to manganese (V) dioxide by the
electrochemical % cell reaction shown in Equation 1.

n0, " Mn0O,” +4H* + 3e~ & Mn0, + 2H,0 Equation 1

Several additional electrochemical reactions can further reduce the oxide to Mn(lll), a mixed
valence oxide, and finally the Mn(l1) state; see Equation 2 and Equation 3.”

2Mn0O, + 4 H* + 2e~ & Mn,05; + 2H,0 Equation 2
3Mn,0; + 4H* + 2e~ & 2 Mn;0, + 2H,0 Equation 3
Mn;0, + 2H* + 2e~ & 3MnO + H,0 Equation 4

At low pH and low potential the oxides will disolve as Mn**. However, at higher pH above 8 a
stable hydroxyde exists in an insoluble form.”
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Figure 2. (a) The E-pH diagrams for 0.005 M permanganate with addition of 0.05 M
chloride. (b) The speciation diagrams for 0.005 M permanganate + 0.05 M CI" at -0.5 Vgcg,
the open circuit of AA-2024 in the presence of permanganate.

The equilibrium speciation predictions can be seen in Figure 2(b). These speciation diagrams
indicate predominant species ratios at -0.5 Vsce. This potential is approximately the value of the
observed OCP for AA2024-T351 in 0.05 M sodium chloride solution with the permanganate ion
in solution. The stable Mn(ll) species is Mn(OH), above a pH of 8.5. Half-cell reactions
(Equation 1 through Equation 4) substantiate that Mn(Il) could deposit electrochemically and
remain stable at high pH cathodic sites such as present over copper-rich constituent particles.®”

Permanganate-based coating products have been in commercial production for many years and
several patents exist.”"® Previous scientific studies of MnO, on AA2024 have focused on open
circuit electrochemical properties, barrier layer properties, exposure tests such as ASTM B-117""
neutral salt spray testing, as well as on the oxidation states of protective manganese oxides.”®
The mechanism by which MnOy inhibits corrosion on AA2024 has been shown to be the growth
of manganese oxides over copper-rich intermetallic particles.?® The oxidation state of the
manganese deposits is difficult to determine with no definitive proof of the valence state in the
literature,®>®! and little electrochemical information has been provided with regards to the effect
of the manganese deposits on the ORR on AA2024-T351. It is useful to review the
electrochemical and chemical dynamics of the agueous-manganese system that apply to MnQO,’
in treatments on AA2024-T351.

The inhibition of localized corrosion (pitting) on AA2024 by permanganate has been studied by
Danilidis.?? The effect of manganese oxides on the ORR has not been reported in the literature.
Moreover, a fundamental understanding of the mechanism that leads to anodic inhibition is
lacking. Release and transport of manganese species for active inhibition has not been studied.
The manganese system has multiple valence states between +7 and +2 which, in a similar way to
the chromate system, may provide mechanisms for storage release and transport of the soluble
oxidizing inhibiting species to sites for additional reduction leading to self-healing capabilities.
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Initially, soluble permanganate, manganese in the +7 valence state, can be electrochemically
deposited on Cu-rich intermetallic sites. MnO, and (MnOH,) are relatively insoluble.®®
Moreover, incomplete MnO, reduction could lead to a reservoir of the Mn(VI1) species trapped
in a lower valence state oxide. Release of the Mn?* species is also possible from the oxide caps if
a solution is present at a pH lower than approximately 8. The pH will rise when a cathodic
reaction occurs above a finite rate over a Cu-rich site. The Mn?*" could again be chemically
deposited by a homogeneous chemical reaction over the active cathodic site. In this manner the
manganese species can protect actively corroding areas on AA2024-T351. However, prevailing
oxide states after MnQO, treatments are unclear. X-Ray Photoelectron Spectroscopy, Raman, and
X-ray Absorption Near Edge Structure studies on platinum, gold, and additional aluminum alloy
substrates have also been conducted, mainly to elucidate oxide stoichiometry. 828489

These papers illustrate the difficulty in reporting definitive results determining oxide valence
states in manganese oxides. No reliable in situ surface analytical probe has determined the
oxidation state of electrodeposited manganese oxides.*

In aqueous solutions, vanadate (vanadium in a +5 chemical valence state) speciation is strongly
dependant on solution pH.** The general groups of vanadate species, in increasing pH order, are
decavanadate, metavanadate, pyrovanadate, and vanadate.” All of these species are in the +5
valence state except decavanadate, which are present in the +5 and +6 valence states.
These vanadate groups and associated species are presented in Table 2. As the pH of the solution
increases, the number of vanadate atoms in each molecule decreases from 10 in highly acidic
solutions to 1 in highly alkaline solutions. Prefixes of mono-, di-, tri-, tetra-, penta-, and deca- are
used to describe the number of vanadium atoms per molecule. Between pH 6 to 9, metavanadate
species are dominant.’* Upon acidification to a pH below 6, the metavanadate species quickly
convert into decavanadate species with a change from tetrahedral coordination to octahedral
coordination.”> However, it has been shown that reversing the pH back into the metavanadate
range by adding NaOH, did not convert all of the decavanadate back into metavanadate.
A substantial amount of the decavanadate species remained in solution at the new higher pH
range.** Quite often, a colorless solution changes to yellow with the formation of decavanadate
species. However, decavanadate species can be present in colorless solution.

Table 2. The chemical formulas associated with aqueous vanadate subtypes.

Vanadate Subtype Chemical Formula Vanadate Coordination
Decavanadate V10026(OH)>", V1027(OH)™, V1002% Octahedral
Metavanadate VO(OH)s, VO(OH),’, V30e%, V401" Tetrahedral
Pyrovanadate VO3(OH)?, HV,0;%, V,0,* Tetrahedral
Vanadate v\(/)é+,3_\/0(0H)3, VO,(OH),", VO3(OH)* Tetrahedral

) 4

Source: Baes™

Few studies exist on the effectiveness of vanadate for reducing corrosion of AA2024.
Ralston et al.,’” evaluated anodic inhibition of AA2024-T3 in aerated and deaerated solutions
containing 50 mM NaCl plus 0, 3.2, or 320 mM NaVOjs (the latter was not used at pH 3) at pH 3,
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5, 8, and 10. Anodic inhibition was independent of aeration of the solution.®” The corrosion
potential (Ecor) increased, the corrosion current (icor) decreased, and Egj; increased as compared
to those for 50 mM NaCl solutions, for basic pH (8 and 10) 50 mM NaCl solutions in the
presence of various vanadate concentrations.®” At acidic pH (3 and 5), there was minimal to no
change in Eit. In deaerated solutions, the addition of vanadate increased Eg;;, with a greater
increase for the 320 mM NaVO; plus 50 mM NaCl than the 3.2 mM NaVOj3; plus 50 mM NacCl
solution.®” Ralston et al.,”* performed a second set of anodic experiments on elemental, and
phase components of AA2024-T3 including 99.999% Al, 99.9% Cu, Al;CuFe, AlyCu,Mn,
Al4%Cu, Al,CuMg, and Al,Cu. Tests were performed in 10 mM NaVO; plus 500 mM NaCl or
in 500 mM NaCl raised to pH 9.2. Vanadate did not reduce E¢or for Cu but did reduce, to some
extent, Eqr for all other tested materials (AA2024-T3, 99.999% Al, Al;Cu,Fe, AlyxCu,Mn,
A|4%(7:i,l, Al,CuMg, and Al,Cu). Except for Al,CuMg and Cu, all materials showed an increase
in Epit-

Ralston et al..%” also evaluated cathodic inhibition of AA2024-T3 in aerated and deaerated
solutions of 50 mM NacCl plus 0, 3.2 mM, and 320 mM NaVOjs (the latter was not used at pH 3)
at pH 3, 5, 8, and 10. There was a negligible inhibition effect at pH 3 and 5 in aerated solutions,
but a factor of ten decrease in cathodic current density at alkaline pH of 8 and 10. The lower
concentration of vanadate, 3.2 mM, was more effective at lowering the cathodic current
compared to the higher concentration, 320 mM at all pH values except at pH 10. In the deaerated
experiments, vanadates did not decrease the cathodic current of deaerated solutions below that of
50 mM NaCl except at pH 10, and at that pH the cathodic current values for solutions with and
without vanadate overlapped. The deaerated solution experiments showed that the ORR was
suppressed, but not the hydrogen evolution reaction (HER). Inhibition of the ORR explains the
decrease in Ecor in the aerated solution tests.®” While cathodic inhibition of more than 80% was
observed in aerated 500 mM NaCl solutions with 0.007 mM monovanadate or more in solution,
some inhibition was observed with an inhibitor concentration of 0.005 mM monovanadate.
Monovanadate, a subgroup of the vanadate species, was identified by NMR.% lannuzzi and
Frankel*? also performed cathodic polarization tests to determine the effect of tetrahedrally
coordinated vanadate and octahedrally coordinated decavanadate. The solution without
octahedrally coordinated decavanadates showed better inhibition. The current density in the
presence of 10 mM NaVOs; decreased by two orders of magnitude with the tetrahedrally
coordinated vanadate solutions producing the lower current density and the mixed solution
having a higher current density.*> The cathodic current density increased in solutions of the
mixed coordinated species with solution aging time, but did not in the tetrahedral species only
solutions. Thus, it was proposed that tetravanadates, the aging product of decavanadates, did not
inhibit ORR.*? Ralston et al.,”* performed a set of cathodic experiments on elements and phases
of the AA2024-T3. Vanadate reduced the current density on all materials at high over potentials
except for Al for which a higher current density was seen.” At -0.8 Vscg, for AA2024-T3, an
increase in the tetrahedrally coordinated vanadate species in solution decreased the cathodic
current density in comparison to octahedrally coordinated decavanadate species.”

lannuzzi et al.,** performed a split cell experiment to evaluate galvanic couples with separate

anodes and cathodes. The resulting conditions lead to formation of a net cathode and net anode,
but the AA2024-T3 specimens had both cathodic and anodic sites on the specimen; thus, the
arrangement did not completely separate the reactions on AA2024-T3 specimens. Inhibitor was
injected onto one side of Al/Cu, AA2024-T3/Cu or AA2024-T3/ AA2024-T3 couples to assess
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its impact on the galvanic current density. A reduction in galvanic current density for the cathode
was taken as evidence that the tetrahedrally coordinated vanadate solutions inhibited ORR by
adsorption onto the surface instead of reduction of VV*° at the surface of AA2024-T3, as no
current peak associated with vanadate oxidation state reduction was observed. The anodic cell
side of AA2024-T3/ AA2024-T3 showed no inhibition with addition of either tetrahedrally
coordinated vanadates or the octahedrally coordinated decavanadates with tetrahedrally
coordinated vanadate species.

Nuclear Magnetic Resonance of vanadium (**VNMR) has been the identification method of
choice for vanadate speciation due to its ability to identify different molecules. Much of the past
work on vanadate inhibitors looked at the inhibition of AA2024 in aqueous solutions containing
vanadate species at pH above and below the 7-9 pH range used in the present work. As reported
in those papers, evaluation of vanadate speciation by >*VNMR was completed in NaCl free
solutions. Ralston®” and lannuzzi® of Ohio State University (OSU) completed different types of
speciation studies on sodium vanadate, but did not evaluate the effect of chloride or sodium ion
concentration on the vanadate speciation. In all of those studies, except for the pigment studies,
chloride ions were not in solution with vanadate ions. The effect of changing the pH of a
100 mM NaV O3 solution from basic to acid and back to basic was evaluated. These tests showed
that vanadate solutions quickly transformed from tetrahedrally coordinated vanadates to
octahedrally coordinated decavanadate species with the addition of acid, but transformed very
slowly (and there was incomplete conversion) from octahedrally coordinated decavanadate
species back to tetrahedrally coordinated vanadates species with the addition of base.®”®
For both low (1-5mM) and high concentration (upper limit was 150 mM) vanadate solutions,
decavanadate was the dominant species after returning to a basic pH. The main metavanadate
species changed from divanadate to tetravanadate as the concentration of sodium vanadate in
solution was increased. The alkalinity addition tests, which evaluated speciation when a source
of alkalinity was present, showed that the mixed octahedrally and tetrahedrally coordinated
vanadate species in solution increased in the ratio of “simple tetrahedral” to octahedral
structures, and an increase in larger molecular weight tetrahedrally coordinated vanadate species.
However, at greater additions of base above pH 9, the tested solutions did not have decavanadate
species. Results of these tests showed that as the pH was increased, the concentration of
pentavanadate and tetravanadate species decreased and these species were no longer present in
solution at a pH greater than 9, which is in agreement with the chemical literature.®*%*% At the
same time, the concentration of monovanadate and divanadate species increased and
monovanadate species became the dominant species. The effect of aluminum (99.999%) on
vanadate speciation was evaluated. Solution exposed to aluminum had increased tetrahedral
vanadates, which was inferred to be the result of decomposition of decavanadates by aluminum.
Results of aging studies showed that the relative speciation of tetrahedrally and octahedrally
coordinated species did not show changes with time.®""

Several unresolved issues associated with vanadate inhibition of AA2024-T3 corrosion exist.
The mechanisms governing the anodic inhibition processes have not been determined.
lannuzzi and Frankel®* modeled the cathodic inhibition mechanism using the Langmuir Isotherm,
but only compared data over a limited potential range.*® Broad potential cathodic behavior has
suggested potential dependent adsorption. The effect of pretreating the surface with vanadates
prior to testing in inhibitor free solutions has not been evaluated. Further, testing with modified
pH solutions resulted in test solutions that are not representative of equilibrium speciation
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conditions because of the slow reaction rate for the conversion of species back to equilibrium.
Vanadates in aqueous solutions may also function as buffers. Moreover, the concentration of
sodium chloride in solution impacts vanadate speciation and yet only two concentrations of
sodium chloride, 50 or 500 mM, have been evaluated. Past measured cathodic currents on
AA2024-T3 in sodium chloride solutions combine effects of corrosion, vanadate reduction, mass
and charge transfer controlled ORR and HER. Therefore, while separation of the ORR and HER
reactions for cathodic polarization has been completed, no test examined the effects of vanadate
on the rate limiting step for ORR.

When evaluating the effectiveness of the chromate alternative corrosion inhibitors, it was often
found that the chromate is superior to these individual alternatives. Upon the investigation of
combinations of the potential replacements, however, several authors reported synergistic effects
between certain combinations. Mansfeld and coworkers found that a combination of cerium and
molybdate treatments provide exceptional corrosion resistance to aluminum and aluminum
alloys.” Chambers and coworkers found that the combination of cerium and molybdate, cerium
and lanthanum as well as that of metavanadate and phosphate was superior to the equivalent
concentration of chromate.® However, such investigations are purely empirical and do not
provide a systematic and fundamentally grounded method to identify new, more effective
combinations.

In order to develop new inhibitors and/or find a combination of existing non-chromate inhibitors
that show performance equivalent or superior to that of chromates, the mechanisms of the
corrosion inhibition on different materials needs to be elucidated. Synergistic effects, for
example, have only been found using random, combinatorial techniques that are material
extensive and time consuming.® Recently, several efforts were made to understand the inhibition
mechanism of non-chromate alternatives.“**®® Despite these efforts, significant gaps remain in
the understanding of the mechanism of non-chromate corrosion inhibitors, including:

e Their effects on different regimes of anodic and cathodic kinetics of matrix alloy and
intermetallic precipitates — a previous study by Jakab et al.*® has shown that the mechanism
of inhibition can vary from blocking cathodic sites on precipitates to cathodic sites on the
matrix depending on whether the cathodic reaction is mass transport-controlled or activation
controlled. Further understanding of these effects is necessary to tailor inhibitors to different
alloy systems and environmental conditions.

e A considerable paucity of mechanistic data on steels, where the kinetics are significantly
different from those on aluminum.

e The synergy or competition between different inhibitors when present together.

e The effect of mechanical damage and creation of un-filmed surface on inhibition kinetics —
there is a great difference in the adsorption characteristics of inhibitors on freshly exposed
surfaces. Kinetics of adsorption of inhibitors will be relatively fast compared to other
transport steps. However, coverage as a function of bulk concentration of inhibitor in
solution is very important.

e The speciation and electrochemical behavior of inhibitors under alternating wet and dry
conditions — it is known that the hydration of some inhibitors change with drying, but the
effect on electrochemical behavior has been poorly characterized. The concentration changes
during drying may also influence speciation of inhibitors.
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Materials and Methods

Description of Individual Tasks
Task 1 — Effect of Individual Inhibitors under Controlled Hydrodynamic Conditions

The purpose of this task was to determine the prevalent corrosion inhibition mechanism of the
individual inhibitors in order to understand why they are effective in inhibiting corrosion of
certain alloys. As described in detail below, we proposed to study first the effect of inhibitors on
anodic and cathodic behavior. This understanding was supplemented by using Mott-Schottky
analysis to determine the adsorption properties of chosen inhibitors onto oxide surface as a
function of surface properties. The above techniques were used to generally define inhibitor
efficiency. Important to film healing processes are the kinetics of inhibitor
adsorption/incorporation and corrosion protection. In order to measure this Kinetics, scratching
electrode techniques combined with Surface Enhanced Raman Spectroscopy were used.

The effects of inhibitors on both the anodic and cathodic reactions were evaluated using
traditional potentiodynamic polarization tests and chronoamperometry. The anodic
potentiodynamic polarization tests provided insight into the effect of inhibitors on the barrier
properties of the selected alloys, while the cathodic polarization curves were used to measure the
changes in the kinetics of ORR and hydrogen evolution upon exposure to solutions containing
inhibitors. The cathodic scans were carried out under controlled hydrodynamic conditions using
rotating disk electrodes so that the effect of inhibitor under activation and mass-transport
controlled conditions could be delineated.”® Chronoamperometry was also used to investigate the
cathodic kinetics, since the current measured as a function of time after a potential step can be
used to measure the cathodic behavior at a wide range of boundary layer thicknesses. The effect
of the inhibitors on the “ideal” mass transport limited, or Levich behavior was also evaluated,
since it has been observed that the cathodic kinetics does not follow the Levich behavior in the
presence of certain inhibitors.?>** Chronoamperometry upon the introduction of inhibitors into
solution was also carried out to measure the time dependence of the inhibitor-surface
interaction.

Pure aluminum, copper and iron, as well as multi-electrode arrays were used as substrates in
these tests. The multi-electrode arrays were used to mimic the heterogeneous structure of
AA2024 alloy.

Corrosion measurements were carried out using 100-channel potentiostats. This enabled the
measurement of individual Ec., potentiodynamic polarization scans and chronoamperometric
scans on up to 100 individual electrodes simultaneously. This high-throughput technique allowed
us to investigate the effect of exposure time, inhibitor type and concentration on the inhibitor
effectiveness in a wide time and concentration range.

In addition to the standard polarization and chronoamperometric techniques, we used an MEA
probe to further elucidate the effect of various inhibitors on the relationship between anodic and
cathodic sites. Unlike the 100-channel potentiostat, where each channel is isolated, the system at
SwRI provides a common connection that each element contacts through a current measuring
resistor. In this manner, electrons can flow from anodic sites to cathodic sites through the
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common connection. The current flowing through each element can then be measured to
determine whether the element is acting as a cathode or an anode under open circuit conditions.
Thus, a direct measure of both the anodic and cathodic current at OCP is obtained (corrosion
current density). Other than the ability to directly measure the corrosion current density under
open circuit conditions, this technique has the advantage that the effect of environment, inhibitor,
exposure time, etc. can be measured at each individual element and thus the relationship between
individual elements can be directly assessed (relative size, spatial separation, number density,
etc.).

The adsorption of inhibitor species on the surface and/or their incorporation into the oxide layer
can alter the electrical properties of the surface oxide thereby changing the barrier properties
thereof by making it less susceptible to chloride ion adsorption and penetration into the oxide.*
These passive oxide films on metal alloys are known to exhibit semiconductor properties.
For example, n-type oxides (Fe,O3, Al,O3, and TiO,) can support cathodic current but under
anodic polarization, they are highly polarizable. The opposite is true for p-type oxide (NiO,
Cr,03, CuO, Cu,0) films. Throughout the last several decades, numerous studies have exploited
the semiconductor nature of these metal oxides to explain their behavior as catalysts, their
corrosion behavior, and basic physical properties of solid liquid interfaces.’® At the interface
between a semiconductor and an electrolyte, the need to establish equilibrium of the charge
carriers between the solid and electrolyte phases results in electron or hole depletion (band
bending) in the solid depending on whether the semiconductor is n-type (excess electrons in the
conduction band) or p-type (excess holes in the valence band) and on the position of the band
edges (the flat band potential). Much work has focused on the use of semiconductor physics to
explore the relationship between oxide and corrosion properties of iron,"* aluminum,'% stainless
steel,'® titanium,"® and nickel and its alloys.'®*'® The interface between a liquid and a
semiconductor is analogous to a metal/semiconductor interface. An applied potential to the liquid
metal interface results in a potential drop across a space charge region within the oxide in
electrolytes with high conductivity. Thus by controlling the potential, one can control the degree
of band bending within the space charge region. The degree of band bending and the energy of
an oxide surface govern both thermodynamics and kinetics of charge transfer within the system.
Mott-Schottky (M-S) measurements can be performed on oxide thin films on the surface of
alloys in solution under passivating conditions. M-S data provides information regarding the
charge carrier density and the flatband potential (Erg) which is closely related to the surface
energy of the solid. As an example, three M-S curves are shown in Figure 3a. The flat band
potential is taken as the point where the extrapolated line crosses the x-axis. As the molybdate
concentration increases from alloy 1825 < 1625 < C22, a marked shift in the flatband potential
can be seen; -0.380 V, -0.461 V, and -0.485 V respectively. This shift in flatband potential is
accompanied by an increase in the localized E.,. In Figure 3b., it is shown that both an increase
in chloride and molybdate concentration result in a shift in the flatband potential towards more
negative values for 1825. This shift is a result of surface adsorption of these species. In the case
of the localized corrosion behavior of 1825, a competitive adsorption process between chloride
and molybdate ions occurs. The presence of adsorbed molybdate likely results in the electrostatic
repulsion of chloride ions as described by Natishan and coworkers.*®
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Figure 3. Example of M-S plots of 1825, 1625 and C22 alloys. (a) The x-intercept of the
extrapolated line is the flatband potential. (b) Shift in flatband potential for 1825 alloy as a
function of molybdate and chloride concentration.

In this work, the shift in the flatband potential was measured as a function of the type of inhibitor
and their concentrations in solution. M-S scans were performed on aluminum alloys.

The Mott-Schottky measurements were supplemented by energy dispersive spectroscopy and
Auger electron spectroscopy measurements were used to investigate the effect of the inhibitors
on the oxide layer. Some inhibitors have been shown to be incorporated in the oxide,?® while
others are adsorbed to form a surface layer.** Both scenarios can be evaluated using EDS and
Auger electron spectroscopy. Auger electron spectroscopy was carried out to detect any
incorporation of inhibitor and/or chloride ions into the surface oxide layer.

Although electrochemical measurements outlined above provided important information on the
fundamental processes affected by non-chromate inhibitors, in-situ analyses are necessary to
characterize the state of association of the inhibitor molecule with the surface and the kinetics of
interactions. In-situ analysis of localized corrosion and inhibitors in conversion coatings has been
successfully conducted using Raman spectroscopy.'%’1%

However, traditional Raman spectroscopy was not be sufficiently sensitive to identify adsorbed
layers of inhibitors on electrodes. Surface Enhanced Raman Spectroscopy (SERS) is highly
sensitive to even sub-monolayers of inhibitors adsorbed on surfaces.'®° However, SERS
requires the deposition of nanoparticles of silver or gold on the surface, which may influence the
electrochemical behavior of the surface of interest.

Scratch testing has been demonstrated in the literature to be useful in determining rates of metal
dissolution, proton reduction, Epi;, and oxide growth on many substrates including aluminum and
aluminum alloys, ™2 titanium,*® and steels."***** However, there is a very limited body of
research addressing the influence of corrosion inhibitors such as chromate and molybdate on the
processes that lead to the repassivation of scratched electrodes.'*#*" % One difficulty with
analyzing scratched electrode experiments is the presence of sizable local cathodic reactions
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which obscure the true anodic reaction rate when recording the net current density as seen in
Equation 5. The addition of inhibitors to the repassivation process creates additional difficulty in
analyzing current transients because of additional cathodic current resulting from possible
inhibitor reduction. Therefore the addition of oxidizing inhibitors can add greatly to the cathodic
components of Equation 5.'%° In Equation 5, ine is the total current, i;}{‘t"t‘féfis the true anodic
current generated from the dissolution of aluminum, the cathodic terms represent the current
from the reduction of oxygen, the evolution of hydrogen, or the reduction of an inhibitor, and the

C % term represents the capacitive current generated from the rapid changes in potential, V.

lnet = i;ﬁotcilzi)c - (izc;?tt?i%dic + ilc)gg}sl?v%igurface) * CE Equation 5
To address the ambiguity inherent to the scratched electrode current transient due to the
difficulty in extracting the true anodic current from the measured net current, a complimentary
technique to examine oxide capacitance has been developed. The well-known relationship
between oxide thickness (d,,) and capacitance (C,,) were used to monitor oxide growth.
Several stages of growth are predicated after scratching a metallic electrode, as shown in
Figure 4. The nucleation of oxide on the bare metallic surface can be exploited because it has an
effect on the capacitance as described by Equation 6, where 6 is the fraction of bare metallic
electrode.

e ——— Scratch — \ Scraighe " ] ~Seratch™
_ -

Figure 4. Schematic of an oxide covered surface after a scratch. The bare metallic electrode
undergoes oxide nucleation and an increase in oxide surface coverage, followed by
thickening of the oxide film as repassivation occurs. The thickness of the oxide layer is dox.

Ctotal = ecbare + (1 — G)Cox Equatlon 3]

The measurement of the capacitance was performed by using a fast single frequency impedance
measurement (3-5 impedance measurements per second) in the capacitive region of frequency
response. The method relies on the fact that Cpare is much larger than Coy for aluminum.**
Cpare Was on the order of the double layer or Helmholtz layer capacitance which is between 40
and 100 pF/cm? #4122 while the Al,O3 oxide capacitance was on the order of 1-2 uF/cm?.'%
Therefore, Ciota during repassivation should decrease by at least an order of magnitude as the
electrode repassivates. Figure 5 presents a theoretical Bode impedance plot under passive and
mechanically depassivated conditions. These calculations were used to determine the single

frequency at which capacitive data would be easily extractable. A frequency of 1000 Hz was
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selected because it was well within the capacitive region of both the passive and depassivated
surfaces. The capacitive region has a negative slope with a value close to -1 on the Bode
impedance plot.*** In the capacitive dominated region, the impedance magnitude were inversely
proportional to the oxide thickness, and the effects of inhibitors on oxide thickness will be
accessible.

—m— |nstrument Limitations

—O— Passivated
R_film = 5X10"
C_film = 2X10™ F
R_solution = 350 ©Q

R_film R_solution

— NN

C_film
—

Zmag(Q)

—e— Depassivated
R_film = 5X10%Q
C_film = 2X10° F
R_solution = 350 Q

frequency (Hz)

Figure 5. Theoretical model of Bode impedance for depassivated and passive aluminum
electrodes. Values were determined assuming a passivated Rgm value of 10% Q-cm?
depassivated Ryim of 10 Q-cm? and Rsoution of 350Q. Capacitance of 1 pF/cm? and 100
uF/cm? were used for the passivated and bare electrodes, respectively. Values corrected for
electrode surface area of 2x10™ cm?.

Chromate and molybdate enhance repassivation and oxide barrier growth after mechanical
depassivation. The regrowth of oxide films over freshly bared aluminum surfaces in the presence
of aqueous inhibitors and chloride were examined.
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Task 2 — Effect of Combinations of Inhibitors

As mentioned before, combining the beneficial properties of two or more non-chromate
inhibitors was the key to improving their performance due to synergistic interactions between
them.”® An example was the combination of Ce(lll), which is a cathodic inhibitor with Mo(V1)
which is an anodic inhibitor. An empirical combinatorial method has been used by others to find
the inhibitor pairs that exhibit synergy.? However, such methods did not help to identify new
combinations that are not included in the experimental matrix and are very time consuming.
Therefore, a critical aspect of our proposed study was to examine the electrochemical behavior
of various substrates described in Task 1, when a second inhibitor is added to a given inhibitor.
This unearthed mechanistic information that can then be used to explore combinations of
inhibitors not examined through prior experiments. The synergistic effect in many cases can
result from a co-adsorption mechanism of the inhibitor ions. In this case, the introduction of a
second inhibitor lowers the number of available adsorption sites on the surface for CI" or O,
adsorption. Another possibility is that the simultaneous adsorption of two negatively charged
inhibitors uniformly covers the surface with negative charge providing a charge barrier to CI’
ions. The inhibitors can also precipitate on the surface due to local pH changes as in the case of
Ce(l11).2°4° Upon the introduction of a second inhibitor a co-precipitation reaction is possible
during which a denser precipitate layer can form. The different non-chromate inhibitors can also
react with each other in a redox reaction, as in case of Ce(111) and MoO,* (see Equation 7).

MoO;~ +2Ce* +2H,0 — MoO, +2Ce0, +4H"* Equation 7

In the above reaction, molybdenum(IV) oxide and cerium(lV) oxide form, both of which are
highly insoluble in water. All these possible synergistic mechanisms need to be examined and
evaluated in order to gain an understanding of the interactions between the different inhibitor
groups on different alloys.

Task 3 — Effect of Microstructural Heterogeneity on Inhibitor Action

As mentioned before, secondary phases significantly impact both the electrochemical properties
of the alloys, as well as the effectiveness of an inhibitor. The mechanism of inhibitor action on a
secondary phase is often difficult to access using an alloy containing the secondary phase, since
contribution of the matrix to the electrochemical behavior cannot be isolated. In this task, an
Al/Cu multielectrode array, containing 100 addressable elements, was fabricated to simulate both
the matrix and second phase. Since they are electrically isolated, the electrochemical interactions
between them can be studied. The effect of these microstructural parameters on the efficiency of
the inhibitors can then be studied. This approach is particularly important in case of the inhibitors
that affect the cathodic kinetics, since the Al,Cu intermetallic particles have been shown to be
responsible for the majority of the cathodic current via supporting the ORR® and certain
inhibitors have been shown to interact with these intermetallic compounds (IMCs) thereby
affecting the cathodic kinetics.?® One hypothesis is that the cathodic inhibitors selectively block
the IMCs that support ORR, e.g., Al,Cu, thereby changing the distribution of these particles on
the surface.? It is not clear yet, however, whether these inhibitors partially block all the IMCs or
completely block select IMCs to increase the distance between them and lower their surface
coverage.”? A schematic of the possible scenarios is shown in Figure 6.
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Figure 6. Schematic model of potential effects of cathodic inhibitors on IMCs.®
Task 4 — Effect of Alternate Wet & Dry Conditions

In real applications involving aluminum alloys and steel, alternating wet and dry environments
usually prevail. It is suspected that under drying conditions the electrolyte film thins causing
changes in the boundary layer thickness and in the concentrations of both the inhibitor and
aggressive ions. The ion concentrations increased, as well as the oxygen uptake. Moreover, the
gel-like hydrated inhibitor film that forms under wet conditions may undergo physical and
chemical alterations. Changes in ionic strength of the electrolyte due to evaporation may affect
the speciation of the inhibitors. It has been shown recently that the speciation of inhibitors play a
very important role in determining their effectiveness in case of some non-chromate inhibitors,
e.g., vanadates.® lannuzzi and coworkers found that while metavanadates are highly effective
cathodic inhibitors, decavanadates, which form upon acidification of metavanadate solutions, are
practically ineffective.?? Some of these changes may be irreversible and affect the performance
of inhibitors in subsequent wet cycles. However, such changes have not been studied in-situ for
either chromate or non-chromate inhibitors. A challenge is the ability to monitor electrochemical
behavior under relatively dry conditions where only a thin water layer is present. To address this,
potential mapping of electrode arrays prepared with the thin film technique was used. The
potential mapping was carried out using Scanning Kelvin Probe (SKP). The Scanning Kelvin
Probe measures the Volta potential between the probe and the sample under a thin electrolyte
layer. The effect of inhibitors on the electrochemical behavior of the surface can be measured
from the Volta potential difference between the inhibitor treated and untreated surfaces. SKP has
recently been used at SWRI to show the ennoblement of a bimetallic surface due to adsorption of
volatile corrosion inhibitors (VCls) as shown in Figure 7.1°
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Figure 7. SKP image of bimetallic substrate after partial exposure to VCI (left), and cross-
section through feature showing potential shift for VCI exposed metal (right).**

Measuring changes in the electrode potential or potential profile of the electrical double layer
resulting from either wet or dry conditions, as well as shifts in potentials for subsequent wet
conditions during cycling indicated whether the above changes occur, and if so, whether or not
they are irreversible. This was used to identify changes in the inhibitor ion speciation that occurs
due to wet-dry cycling and associate the change in speciation with their electrochemical effects.
These phenomena were probed on multi electrode arrays consisting of electrodes simulating the
matrix and IMCs. These electrode arrays allowed for potentiodynamic polarization data to be
obtained from each individual electrode separately, therefore combining determination of
inhibitor species and the resulting effects on electrochemical behavior of the matrix, IMCs and
matrix/IMC interfaces individually, as well as spatio-temporal information for the substrate-
inhibitor interaction to be obtained under a thin electrolyte film.

Materials and Test Electrolytes

Aluminum alloys 2024, 7075 and 1018 carbon steel, as well as pure aluminum (99.998%) and
pure copper (99.999%) were used in the experiments. The alloy compositions are presented in
Table 3. The 2024 aluminum alloy was used in T3 and T4 tempers.

The specimens were used in as-received condition or they were wet polished through 600 or
1200 grit silicon carbide paper. All specimens were cleaned, first in 18.2 MQ deionized water
and then in methanol, and finally air-dried. The cathodic tests used AA2024-T4 rod material with
a surface area of 1.29 cm?, and 99.998% pure aluminum and 99.999% pure copper of surface
area 0.196 cm? The anodic and electrochemical impedance spectroscopy (EIS) tests used plate
material of AA2024-T3 with a surface area of 6.45 cm?, and 99.99% Al plate with a surface area
of 0.0602 cm? Surface evaluations were performed on AA2024-T3 specimens.
Cyclic voltammetry (CV) tests used coupon specimens of AA2024-T3 and Cu (C11000).
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Table 3. Compositions of Alloys Used in the Study.

Al Alloys | Mg Mn Fe Cu Zn Cr Ti Si \Y Al
2024-T3 | 1.260 | 0.590 | 0.220 | 4.56 0.010 | 0.020 | 0.080 | 0.010 |93.25
2024-T4" | 1.20- | 0.30- | 0.50 3.80 0.25 |0.10 0.15 0.50 90.7-
1.80 |0.90 max ' max max max max 94.7
7075-T6 " | 2.10- 1.20- |5.10- | 0.18- 87.1-
290 <0.30 | <£0.50 500 610 | 028 <0.20 | <0.40 91.4
0,
fﬁ'gg% <01 |<01 |<01 |<01 |<01 |<01 |<01 |<01 |<01 |Balance
Carbon Steel C Mn p S Fe
1018" 0.14 0.60 0.04 0.05 99.17

“Nominal compositions

Test solutions were made using 18.2 MQ deionized water with additions of sodium
metavanadate (NaVO3), cerium acetate (Ce(CH3;COO);3), sodium molybdate (Na;Mo0Oy,),
potassium permanganate (KMnQ,) and sodium chloride (NaCl). pH 8.4 and 8.2 borate buffers
(sodium tetraborate decahydrate + boric acid and sodium hydroxide + boric acid, respectively)
were also used. The reference electrode used was a saturated calomel electrode (SCE) except for
chloride free electrochemical tests, in which a mercury sulfate electrode (MSE) was used.

Techniques — Corrosion Inhibition of AA2024 using Permanganate

Open Circuit Measurements and Electrochemical Impedance Spectroscopy during Open
Circuit Exposure Periods

OCP measurements were used to study the effect of the inhibitor on corrosion events when
anodic and cathodic reactions were allowed to occur at uncontrolled rates on AA2024-T351.
The potential measurements were carried out in three ways. One hour OCP measurements were
taken while the sample was exposed to a 50 mM sodium chloride solution in the presence of the
inhibitor in the previously discussed concentrations. OCP measurements were also taken in
permanganate free 50 mM sodium chloride after a 24 hour pretreatment with permanganate at
room temperature. The pretreatment consisted of emersion in aerated potassium permanganate
solution with the concentrations previously discussed for 24 hours at room temperature and OCP.
Care was taken to insure that none of the faces of the sheet AA2024 were allowed to rest against
the walls or bottom of the chloride free glass beakers. After 24 hours the pretreated samples were
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rinsed thoroughly in 18.2 MQ deionized water, blotted dry with cotton lab tissue, and attached to
a standard 3 electrode cell within 5 minutes. After attachment the sample was thoroughly dried
with compressed nitrogen to ensure that only the desired area was exposed to electrolyte.
Following the pretreatment, the OCP was measured for 1 hour in 50 mM sodium chloride
solution.

The third measurement was a 1 hour OCP measurement at the beginning and end of a 24 hour
continuous OCP exposure to 50 mM sodium chloride solution with varied inhibitor
concentrations in-situ (0 mM, 5 mM, 10 mM, and 100 mM permanganate solutions). Tests were
run for each concentration in a 3 electrode cell, EIS data was gathered after the OCP
measurement. EIS measurements ranged from 10° to 10 Hz taking six data points per decade
with a root mean square voltage amplitude of 20 mV. A slight variation on the pretreatment
procedure (disregard for CI" contamination) was used when EIS data was not needed.

Microscopic Analysis after Open Circuit Exposures

Scanning electron microscopy was used to examine samples after open circuit exposures,
pretreatment, and pretreatment followed by exposure. Examination focused on intermetallic
trenching and general pitting of the aluminum matrix as well as oxide growth on the sample.
S-phase was examined at -0.5 V vs. SCE, approximately the OCP of AA2024-T351 in
permanganate and chloride solutions. Potentiostatic holds at -0.5 V vs. SCE were conducted for
200 seconds to determine the effect of permanganate on S-phase attack. The short time period
was chosen to minimize damage to the singular S-phase ingot.

Anodic and Cathodic Cyclic Potentiodynamic Polarization Scans

Upward anodic scans were run immediately following the OCP measurements described above.
The samples were scanned from -0.05 V vs. OCP to 1 V vs. SCE or until the current density (i)
reached 5X10° mA/cm?. The scan then reversed direction and proceeded to -0.5 V vs. OCP.
These anodic scans were repeated on replicate specimens to give a statistical probability of
pitting. All measurements were taken with respect to a saturated calomel electrode. E,i; were
taken when the current density reached 10 A/cm?.

Cathodic reaction kinetics were studied using the rotating disk electrode (RDE) method.
Samples were examined with permanganate and chloride in the test solution and also after a
pretreatment in permanganate with the test scan solution consisting of 50 mM sodium chloride or
a pH 8.4 borate buffer solution. The permanganate and sodium chloride tests were measured
using saturated calomel reference electrode. The pretreated samples that were scanned in pH 8.4
borate buffer were measured with a Hg/Hg,SO, reference electrode. Rotation rates of 100, 500,
1000, 1500, 2000, 2500 revolutions per minute (RPM) were used. Samples included high-purity
copper and AA2024-T4. The RDE samples were mounted in Polytetrafluoroethylene with
BONDIT B-4811 from Reltek™. This epoxy is resistant to harsh chemical environments and is
needed in the presence of permanganate, a strong oxidizer.

Galvanostatic reduction experiments were performed on high-purity copper samples that were
both untreated and pretreated in a 0.1 M KMnO, solution at a potential of -0.5 V vs. SCE.
These experiments were conducted to observe valence state changes in the electrodeposited
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manganese oxide on the pretreated copper samples. The galvanostatic tests were conducted in pH
10 borate buffer. The galvanostatic reduction was run at a rate of 20 pA/cm?.

Cyclic Voltammetry Tests to Assay Copper Redeposition

CV experiments were performed on exposed, pretreated, and pretreated then exposed AA2024-
T351 to assay the surface copper redeposition process after inhibitor pretreatment.®®
CV experiments were performed after transferring specimens to pH 8.4 borate buffer solution in
chloride and copper (I and 1) free cells using Hg/Hg,SO, reference electrodes. The procedure
for the test can be found in the literature.®® The anodic current that resulted from the scans is
dependent on the surface coverage of copper and thus the area coverage of the active Cu-rich
cathodic reaction sites. Metallic copper on the surface can be oxidized to Cu,O (Cu I) and CuO
(Cu II). There can be interference with this assay if Mn(OH), is oxidized to Mn,Oj3 during the
potential sweep but this has been avoided by choosing the pH 8.4 buffer solution such that the
reversible potential for the Mn(ll) to Mn(lll) reaction is -0.117 vs. Hg/HQ,SO..
Several manganese oxidation reduction reactions could potentially occur between -0.1 and -1.6 V
Hg/Hg,SO4. However, none of them occur near the reduction peak for Cu seen in our
experiments of around -0.4 V Hg/Hg,SO4.

Raman Spectroscopy

Raman spectroscopy experiments were conducted on copper, pretreated copper, AA2024-T351,
pretreated AA2024-T351, manganese metal, and a series of manganese oxide powders purchased
from Alfa Aesar including MnO, (99.999%), Mn,O3 (98%), and Mn30, (99.9%). Copper was
pretreated in 0.1 M KMnO, at a potential of -0.5 V vs. SCE to mimic the OCP of the
intermetallic particles in AA2024-T351 exposed to a similar solution. Manganese metal was held
at a series of potentials ranging from -1.84 V to 1 V vs. SCE in pH 10 borate buffer solution for
24 hours to grow stable manganese oxides on the surface of the metal. Raman spectroscopy was
taken in-situ for the manganese metal, pretreated copper, and pretreated AA2024-T351.
Raman spectroscopy was conducted ex-situ for the manganese oxide powders.

Techniques — Corrosion Inhibition of AA2024 using Vanadate
Nuclear Magnetic Resonance

NMR was employed to determine vanadate speciation of the sodium vanadate—sodium chloride
solutions. Four mL samples were made using deuterium oxide, D0 (99.98%, Cambridge Isotope
Laboratory) as the solvent with sodium metavanadate (99.9% by metals basis, Sigma Aldrich)
and sodium chloride (98% reagent grade Fisher Scientific). Five different molarities (1, 5, 10, 50,
150 mM) of vanadate were tested in 50 mM sodium chloride solutions that were aged for 1, 2, 3,
4,5,7, 14, 21, and 28 days. A Unity Inova spectrometer at 500MHz (11 T), was used to capture
200 transients with a 90° pulse width of /8 us, relaxation delay of 0.2 s and a spectrum width of
100,000 Hz for a *'V frequency of 131.480 MHz. An external reference solution of neat VOCI;
(8°'V = 0 ppm) was used to compare the **V/ chemical shifts. The probe temperature was 22°C +
3°C. Peak identifications were made by comparison to the available *"VNMR literature.

The vanadate species in solution were determined as a function of aging time. The areas under
the NMR peaks were compared to each other to calculate the percentage of each species.
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All calculations and frequency analyses were performed with the MestRENova version v6.0.3—
5640 software using the standard settings. The baseline and integral calculations were performed
automatically by the software. During integral analysis, some peak widths were reduced from
default settings to compensate for large and overlapping peaks. The absolute area calculated for
each peak was used to determine its contribution to the total area. The percentage of the total
area is equal to the peak’s area divided by the total area multiplied by 100%. Graphs were
generated showing the change in peak area over time.

Open Circuit Exposures

Ground AA2024-T3 coupons (2.54 cm by 2.54 cm) were immersed in beakers of approximately
30 mL of (0, 1, 5, 10, 50, 150 mM) sodium vanadate plus 50 mM sodium chloride solution for
24 hours. The specimens were then removed and rinsed in 18.2 MQ deionized water.
The surfaces of the specimens were imaged using optical and electron microscopy techniques.
For optical measurements, a detection limit in determining pit formation was 30 um, which was
obtained by scanning the surface of the specimen at 700x magnification. SEM, and back-
scattered electron microscopy (BSE) in conjunction with EDS were used to examine pitting sites
and surface compositions. Secondary electron images were obtained at 15 kV with 184 second
collection time. Peak keV energies used for determining relative atomic percentages are
presented inTable 4. While anodic and cathodic polarization tests assess a set of net anodic or
cathodic reactions, respectively, open circuit exposures were conducted in order to assess the
ability of the inhibitor to function in the presence of a mix of anodes and cathodes on the surface
of the specimens.

Table 4. Elemental peak energy used for determining atomic percentages.
Element Al Cu Fe Mn Mg \Y Cl

Energy (keV) 1.486955 | 8.01 | 6.398 | 5.894 | 1.253779 | 4.949 | 2.622087

E-log(i) Polarization Experiments

Cathodic and anodic [E-log(i)] polarization experiments were undertaken to determine the effect
of vanadate inhibitors on the ORR and E;; at room temperature.

Cathodic polarization scans, using RDEs, were performed on AA2024-T4, as well as Al and Cu
specimens in 50 mM NaCl solutions containing additions of 0, 1, 5, 10, 50, or 150 mM NaVOs,
which resulted in solutions of pH 5.7, 6.5, 7.6, 7.8, 8.4, and 8.7 respectively. The RDEs were
rotated at 0, 500, 1000, 1500, or 2500 RPM with ambient aeration.A limited number of
experiments were performed on aluminum. OCP was measured for one hour, starting at
specimen immersion in the test solution (referred to as 1 hour OCP measurement), prior to
performing a cathodic potentiodynamic scan.These scans were conducted from 0 versus Vo, to -
1.9 versus Vet with a return scan to 0 versus Vo, at a rate of 0.1 mV/s (V. is the open circuit
potential; Vs is the voltage of the reference electrode versus the standard hydrogen electrode
(SHE).
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The effective cathodic current density as well as the mass transfer-limited current density for
ORR was calculated. Calculations were made for each material and inhibitor combination using
the Koutechy-Levich equation. The Koutechy-Levich equation relates the total cathodic current
density (it) to the mass transfer-limited ORR current density (iLim) using Equation 8, where ijiy, is
given by Equation 9.

1 1 1 )
P e Equation 8
IT act ILim
1 -
—=ko % Equation 9
ILim

After combining these equations, i, the charge transfer cathodic current density that is
independent of rotation rate, was obtained from the y intercept of a graph of a plot [Koutechy-
Levich plot (1/it vs. w™?)] for Equation 10(k is a constant and the slope).

—= i +kao 2 Equation 10
IT Iact

Three different anodic experiments were performed on both inhibitor pretreated and untreated

specimens. One type of anodic test consisted of 1 hour OCP measurement followed by anodic

potentiodynamic scans from -0.05 V versus Ve 10 0 V versus Vies to -1 V versus Vs at a scan

rate of 0.1 mV/s. These tests were conducted in 50 mM NaCl solutions containing additions of 0,

5, 10, 50, or 150 mM NaVOs. This test was repeated using multiple specimens.

A second type of anodic test consisted of 24 hour OCP measurements (measurement of OCP
from the 0 to 1% hour and 23" to the 24™ hour after specimen immersion) followed by anodic
potentiodynamic scans using the identical procedure. In addition to the previous solutions, a
solution containing 1mM NaV O3 was employed.

The third type of anodic test consisted of immersion of AA2024-T3 for 24 hours in room
temperature chloride free 0, 5, 10, 50, or 150 mM NaVOg; solutions prior to a 1 hour OCP
measurement. This was followed by anodic potentiodynamic scans in inhibitor free
50 mM NaCl solutions. This test was repeated using six specimens.

The average OCP was calculated at each time interval using OriginPro 7.5. The average open
circuit potentials were compared to each other. The Epit was chosen as the voltage corresponding
to a current density of 10 A/cm?. If the corresponding current density was not reached during
the experiment, the highest potential tested was used as the value for Eyi. The range and 3-
standard deviation of E;; were also calculated. Graphs of cumulative frequency distribution were
made from the E; data for each vanadate concentration. Cumulative frequency distributions,
also known as cumulative probability graphs, were used to determine the likelihood that a value
was within a set of data.'?®*?’
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Techniques — Corrosion Inhibition of AA2024 with Inhibitors Combination
Cerium-Permanganate Combinations

Materials and Test Electrolytes

AA2024-T351 (1 mm sheet) and T4 (rod) precipitation age hardened aluminum alloys, and
copper (99.994%) were investigated. Specific chemical compositions (wt. %) of the aluminum
alloy can be found in Table 3. All sheet metal samples were tested on their LT surfaces, rod
samples were tested on their S-T surfaces. Sample preparation varied by experimental technique
depending on surface roughness requirements for imagining. These preparations fall into two
categories; refinished and polished. The refinishing process consisted of a single polishing step
using 600 grit silicon-carbide paper and was intended to restore the specimens to as-received
condition. Polishing was carried out in 18.2 MQ deionized water. The samples were
subsequently rinsed in 18.2 MQ deionized water, methanol, and again in 18.2 MQ deionized
water for degreasing before being dried on cotton lab tissue. When a finer surface roughness was
desired to resolve constituent particles at micrometer scale resolution, the samples were ground
sequentially to 1200 grit Si-C paper resulting in a partially reflective surface on AA2024 and
high purity copper. The degreasing procedure was identical.

The test solutions were prepared with 18.2 MQ deionized water. Solutions were prepared with
(in wt.%) sodium chloride (99.8% NaCl), potassium permanganate (99.5% KMnQ,), cerium
acetate (99.99%), sodium tetraborate decahydrate 101.3%, and boric acid, 99.99%. All solutions
were aerated and at room temperature unless otherwise noted. Several solution preparations were
used. Pretreatment solutions consisted of chloride free cerium or permanganate solutions with
concentrations of 0 mM, 10 mM, 25 mM, 40 mM, and 50 mM. The naturally occurring pH of the
solutions ranged from 5.8 for the 5 mM permanganate solution to 7.4 for the 100 mM
concentration. Post-pretreatment exposure was carried out in 50 mM sodium chloride at its
natural pH of 6 in an ambient environment.

Open Circuit Measurements During Open Circuit Exposure Periods

OCP measurements were used to study the effect of the inhibitor on corrosion events when
anodic and cathodic reactions were allowed to occur at uncontrolled rates on AA2024-T351.
OCP measurements were taken in permanganate and cerium free 50 mM sodium chloride after a
pretreatment that consisted of sequential cerium and then permanganate treatments. The first step
of the pretreatment was a 100 hour treatment in a cerium solutions with a concentration stated
above. The next step was a 24 hour treatment with permanganate in at a concentration that when
added with the prior treatment in cerium came to a total inhibitor concentration of 50 mM. As an
example, if the first treatment was in 10 mM Ce-acetate, the second treatment was in 40 mM
permanganate. If the first treatment was in 25 mM cerium-acetate, the second treatment was in
25 mM permanganate. All treatments were carried out at room temperature and at the natural
open circuit potential. Care was taken to insure that none of the faces of the sheet AA2024 were
allowed to rest against the walls or bottom of the chloride free glass beakers. After the
pretreatment the samples were rinsed thoroughly in 18.2 MQ deionized water, blotted dry with
cotton lab tissue, and attached to a standard 3 electrodes cell within 5 minutes. After attachment
the sample was thoroughly dried with compressed nitrogen to ensure that only the desired area
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was exposed to electrolyte. Following the pretreatment, the OCP was measured for 1 hour in 50
mM sodium chloride solution.

Microscopic Analysis after Open Circuit Exposures

Scanning electron microscopy was used to examine samples after pretreatment, and pretreatment
followed by exposure. Examination focused on intermetallic trenching and general pitting of the
aluminum matrix as well as oxide growth on the sample. Images were recorded using the
secondary electron LEI detector at 5 kV and a working distance of 6 mm. EDS analysis was
carried out at 15 kV accelerating voltage with a working distance of 15 mm. The K-alpha
characteristic emission was recorded for all species with the exception of cerium whose L and
M-alpha characteristic emissions were recorded.

Anodic and Cathodic Cyclic Potentiodynamic Polarization Scans

Upward anodic scans were run immediately following the OCP measurements described above.
The samples were scanned from -0.05 V vs. OCP to 1 V vs. SCE or until the current density (i)
reached 5.0x10° mA/cm? The scan was then reversed in direction to -0.5 V vs. OCP.
These anodic scans were repeated on replicate specimens to give a statistical probability of
pitting reported in cumulative probability plots. All measurements were taken with respect to a
saturated calomel electrode. E,;; were taken when the current density reached 10 A/cm?.

Cathodic reaction kinetics were studied using the RDE method. Samples were examined after a
pretreatment described above with the test scan solution consisting of pH 8.4 borate buffer
solution. The reference electrode used was mercury/mercury sulfate (Hg/Hg.SO,4). However, all
data has been converted to the saturated calomel scale for ease of use. Two types of scans were
carried out. The first type was a potentiodynamic scan carried out at 2500 RPM from 0.05 V
above OCP to -1.5 V vs. SCE. The second type of cathodic kinetics experiment was a
potentiostatic hold at -1.0 V vs. SCE. This potential was in the ORR dominated region of the
cathodic reaction path. Rotation rate was varied during the potentiostatic hold at the following
rpm: 100, 500, 1000, 1500, 2000, and 2500. Samples included high purity copper and AA2024-
T4. The RDE samples were mounted in PTFE with BONDIT B-4811 from Reltek ™. This epoxy
is resistant to harsh chemical environments and is needed in the presence of permanganate, a
strong oxidizer.

Cyclic Voltammetry Tests to Assay Copper Redeposition

CV experiments were performed on pretreated samples that had been exposed to 50 mM NacCl
for 24 hours to assay the surface copper redeposition process after inhibitor pretreatment.*’ CV
experiments were performed after transferring specimens to pH 8.4 borate buffer solutions in
chloride and copper (I and II) free cells using Hg/HQg,SO, reference electrodes. All potentials
have been reported on the saturated calomel scale for ease of use. The procedure for the test can
be found in the literature.?® The anodic current that resulted from the scans is dependent on the
surface coverage of copper and thus the area coverage of the active Cu-rich cathodic reaction
sites. Metallic copper on the surface can be oxidized to Cu,O (Cu I) and CuO (Cu II). There can
be interference with this assay if Mn(OH), is oxidized to Mn,O3 during the potential sweep but
this has been avoided by choosing the pH 8.4 buffer solution such that the reversible potential for
the Mn(ll) to Mn(l11) reaction is -0.117 vs. Hg/Hg,SO,. Several manganese oxidation reduction
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reactions could potentially occur between -0.1 and -1.6 vs. V Hg/Hg,SO4. However, none of
them occur near the reduction peak for Cu seen in our experiments of around -0.4 V vs.
Hg/HgZSO4.

Vanadate-Cerium and Vanadate-Molybdate Combinations

Materials and Solutions

Aluminum alloy AA2024 in the T3 or T4 temper (compositions presented in Table 3), high
purity aluminum, and high purity copper specimens were prepared in the same fashion described
in Materials and Test Electrolytes (see page 22).

Test solutions were made using 18.2 MQ deionized water with additions of sodium
metavanadate, NaVOs;, 99.9%, sodium molybdate, Na;MoO,, 99.5-103.0%, sodium chloride,
NaCl, 99.8% and cerium acetate, Ce(C,H30,)3, 99.9%. The reference electrode used was a
saturated calomel electrode (SCE). In reference to the standard hydrogen electrode (SHE), SCE
is +0.2415 V.'#

Nuclear Magnetic Resonance

NMR was employed to determine vanadate speciation of the sodium vanadate-sodium chloride
solutions. Four mL samples were made using deuterium oxide, D,O (99.98%) as the solvent with
sodium metavanadate (99.9%), sodium molybdate (99.5-103.0%) and sodium chloride (98%
reagent grade). Four different molarities (40 mM Na,MoO, + 10 mM NaVOs3, 25 mM Na,MoO,
+ 25 mM NaVQOg3, 10 mM Na;MoQO, + 40 mM NaVOs;, 50 mM NaVOs3) of vanadate were tested
in 50 mM sodium chloride solutions that were aged for 1, 3, 6, 7, 14, 21, and 29 days. A Unity
Inova spectrometer at 500MHz (11 T), was used to capture 200 transients with a 90° pulse width
of 18 us, relaxation delay of 0.2 s and a spectrum width of 100,000 Hz for a >V frequency of
131.480 MHz. An external reference solution of neat VOCI; (8°'V =0 ppm) was used to
compare the *'V chemical shifts. The probe temperature was 22°C + 3°C. Peak identifications
were made by comparison to the available **VNMR literature.

The vanadate species in solution were determined as a function of aging time. The areas under
the NMR peaks were compared to each other to calculate the percentage of each species.
All calculations and frequency analyses were performed with the MestRENova version v6.0.3—
5640 software using the standard settings. The baseline and integral calculations were performed
automatically by the software. During integral analysis, some peak widths were reduced from
default settings to compensate for large and overlapping peaks. The absolute area calculated for
each peak was used to determine its contribution to the total area. The percentage of the total
area is equal to the peak’s area divided by the total area multiplied by 100%. Graphs were
generated showing the change in peak area over time.

Open Circuit Exposures

Ground AA2024-T3 coupons (2.54 cm by 2.54 cm) were pretreated by immersion for 2 hours in
a chloride free cerium acetate solution (10, 25, 40 or 50 mM; 5.6 + 0.1 pH) or used as polished.
These cerium pretreated rotating disk electrodes (RDEs) were then rinsed clean using 18.2 MQ
deionized water and dried. The specimens were then immersed in beakers of approximately
30 mL of solution for 24 hours. For the cerium pretreated coupons, the test solution was
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composed of (0, 10, 25, or 40, mM; 5.7, 7.8, 8.2, and 8.4 pH, respectively) sodium vanadate plus
50 mM sodium chloride, and for the as polished specimens, the test solution was composed of
(50 mM Na;MoQ4, 40 mM Na;MoO, + 10 mM NaVOs, 25 mM Na;MoO,4 + 25 mM NaVOs, 10
mM Na,MoO, + 40 mM NaVO; or 50 mM NaVOs; 7.5, 7.9, 8.3, 8.4, and 8.4 pH, respectively)
plus 50 mM sodium chloride. The pretreatment and test solutions were paired so that the surface
of a specimen was exposed to a total inhibitor concentration of 50 mM. The specimens were then
removed and rinsed in 18.2 MQ deionized water. The surfaces of the specimens were imaged
using optical and electron microscopy techniques. For optical measurements, a detection limit in
determining pit formation was 30 um, which was obtained by scanning the surface of the
specimen at 700x magnification. Secondary electron microscopy (SEM), and BSE in conjunction
with energy dispersive x-ray spectroscopy (EDS) were used to examine pitting sites and surface
compositions. Secondary electron images were obtained at 20 kV with 180 second collection
time. Peak keV energies used for determining relative atomic percentages are presented in
Table 4. While anodic and cathodic polarization tests assess a set of net anodic or cathodic
reactions, respectively, open circuit exposures were conducted in order to assess the ability of the
inhibitor to function in the presence of a mix of anodes and cathodes on the surface of the
specimens.

E-log(i) Polarization Experiments

Cathodic and anodic E-log(i) polarization experiments were undertaken to determine the effect
of vanadate inhibitors on the ORR and E;; at room temperature.

Cathodic polarization scans, using RDEs, were performed on AA2024-T4, as well as Cu
specimens in both cerium pretreated or as polished conditions. RDEs had a cerium acetate
pretreatment during which the surface of the RDE was submerged for 2 hours in a chloride free
cerium acetate solution (10, 25, 40 or 50 mM) which were all 5.6 + 0.1 pH (indistinguishable
with instrument error). These cerium pretreated RDEs were then rinsed clean using 18.2 MQ
deionized water and dried. The test solutions for the cerium pretreated RDEs were 50 mM NaCl
solutions containing additions of 0, 10, 25, or 40 mM NaVOgs, which resulted in solutions of pH
5.7, 7.8, 8.2, and 8.4, respectively. The pretreatment and test solutions were paired so that the
surface of a specimen was exposed to a total inhibitor concentration of 50 mM. The test solutions
for the as polished RDEs were 50 mM NaCl solutions containing additions of 50 mM Na;MoO,,
40 mM Na;MoO,4 + 10 mM NaVOs, 25 mM Na;MoO4 + 25 mM NaVOs3, 10 MM Na;MoOQO, + 40
mM NaVO;3; or 50 mM NaVOs;, which resulted in solutions of pH 7.5, 7.9, 8.3, 8.4 and 8.4,
respectively.

The RDEs were rotated at 2500 RPM with ambient aeration. OCP was measured for one hour,
starting at specimen immersion in the test solution (referred to as 1 hour OCP measurement),
prior to performing a cathodic potentiodynamic scan. These scans were conducted from 0 vs.
Voep 10 -1.9 VS, Vs at a rate of 0.1 mV/s (Vs is the voltage of the reference electrode versus the
standard hydrogen electrode, SHE). Additionally, potentiostatic hold experiments at applied
potentials of -0.9 Vscg, -0.8 Vscg, -0.58 Vsce where the rotation rate of the RDE was increased
after 60 minutes at steady state with a 5 minute window for the electrode to come up to speed
with increasing rotation rate were conducted. The open circuit measurements for these
experiments started with the electrode rotating at 500 rpm and then the rotation speed increased
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to 1000, 1500, and 2500 rpm with each 65 minute applied potential hold period for a total
experimental time of 5 hours and 20 minutes.

The effective cathodic current density as well as the mass transfer-limited current density for
ORR was calculated. Calculations were made for each material and inhibitor combination using
the Koutechy-Levich equation. The Koutechy-Levich equation relates the net cathodic current
density (it) to the mass transfer-limited ORR current density (i.jm) using Equation 11.

1 1 1 )
— = — + — Equation 11

IT Iact I Lim

Iact, the charge transfer cathodic current density that is independent of rotation rate, is obtained
from the y intercept of a graph of a plot (Koutechy-Levich plot) for Equation 12(k is a constant).

'i _ ka)’% Equation 12
ILim

Two different anodic experiments were performed on both inhibitor pretreated and untreated
specimens. One type of anodic test consisted of 1 hour OCP measurement followed by anodic
potentiodynamic scans from -0.05 V versus Vo, t0 0 V vs. Vier t0 -1 V VS, Vit at a scan rate of
0.1 mV/s. The aluminum or AA2024-T3 coupons had a cerium acetate pretreatment during
which the surface of the coupon was submerged for 2 hours in a chloride free cerium acetate
solution (10, 25, 40 or 50 mM) which were all 5.6 + 0.1 pH (indistinguishable with instrument
error). These cerium pretreated coupons were then rinsed clean using 18.2 MQ deionized water
and dried. The test solutions for the cerium pretreated coupons were 50 mM NaCl solutions
containing additions of 0, 10, 25, or 40 mM NaVOgs, which resulted in solutions of pH 5.7, 7.8,
8.2, and 8.4, respectively. The pretreatment and test solutions were paired so the surface of a
specimen was exposed to a total inhibitor concentration of 50 mM. The test solution for the as
polished RDEs were 50 mM NaCl solutions containing additions of 50 mM Na,MoQ,4, 40 mM
Na;MoO4 + 10 mM NaVOgs, 25 mM Na;MoO, + 25 mM NaVOs;, 10 mM Na;MoO, + 40 mM
NaVO; or 50 mM NaVOs;, which resulted in solutions of pH 7.5, 7.9, 8.3, 8.4 and 8.4,
respectively. This test was repeated using multiple specimens.

A second type of anodic test consisted of 24 hour OCP measurements (measurement of the OCP
from the 0 to 1% hour and 23" to the 24™ hour after specimen immersion) followed by anodic
potentiodynamic scans using the identical procedure. In addition to the previous solutions,
50 mM NacCl solutions containing 10, 25, or 40 mM NaVO; were employed to compare the
effect of molybdate and vanadate solutions to vanadate solutions of the same vanadate
concentration. Similarly, 10 mM Ce(C,H30;), pretreatments were tested at various vanadate
concentrations of 0, 10, 25, and 50 mM NaVOs; to separate the inhibition effect of the cerium
pretreatment from the effect of vanadate.

The average OCP was calculated at each time interval using curve fixing software (OriginPro
7.5). The average open circuit potentials were compared to each other. E,i was chosen as the
voltage corresponding to a current density of 10 A/cm?®. If the corresponding current density
was not reached during the experiment, the highest potential tested was used as the value for Ep;.
The range and 3-standard deviation of E,;; were also calculated. Graphs of cumulative frequency
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distribution were made from the Ep;; data for each vanadate concentration. Cumulative frequency
distributions, also known as cumulative probability graphs, were used to determine the likelihood
that a value was within a set of data.*?®**’

Techniques — Effect of Molybdate on Repassivation of AA2024

The procedure for conducting a scratch depassivation experiment has been reported.’?®® AA2024-
T351, AA7075-T6, and 99.999% aluminum were cut and ground to 0.03 cm width and 0.8 cm
length. Chemical composition for the alloys is reported in Table 3. Samples were bonded with
highly chemically resistant epoxy to polytetrafluoroethylene (PTFE) mounts that had been
etched with an activated sodium solution. Electrical connection was made with heavy gauge
copper wire through the back of the mount using high silver content epoxy. The sample mounts
were inserted into a three electrode cell so that the face of the sample was vertical (Figure 8).
A saturated calomel electrode (SCE) and platinized niobium mesh counter-electrode were used
throughout all electrochemical experiments. The reference electrode was placed far enough away
from the working electrode to be considered at an infinite distance to facilitate the calculation of
the theoretically limited ohmic current density.

Scratch

[
CE WE RE DAQ
& Potentiostat Ana‘.ogvo L g

|
| @ pC (Gamry Framework or Lab View):|

Figure 8. Schematic of scratched electrode cell with wiring diagram for data capture
devices.

The scratch was made with a diamond-tip scribing stylus. Scratches were examined with an
optical 3D tiling microscope to determine the width, depth, and area of the scratch (Figure 9).
The exposed sample face was lightly coated with vacuum grease prior to the scratch to eliminate
capacitive current contributions from adjacent areas as indicated in Equation 5.** Scratches were
examined with an optical microscope after every scratch to ensure that there was no vacuum
grease or Teflon contamination. The width of the sample across (the length of the scratch) was
small to minimize the time that the stylus was in contact with the sample.*® The rise time for
current transients was on the order of 0.5 ms.
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Height: 16.5 pm
Width: 66.5 um

Figure 9 . Detailed 3-D scratch topography for calculating area of exposed electrode during
scratched electrode testing.

Solutions investigated include aqueous molybdate and chromate with concentrations from
0.1 mM to 0.1 M in NaCl solution concentrations from 0.05 M to 1.0 M. All solutions were
prepared with 18.2 MQ water. All solutions were adjusted to pH 6.5 with concentrated NaOH
and HCI. All solutions were deaerated with high purity nitrogen for one hour prior to testing and
an N3 blanket was maintained over the cell.

The working electrodes were held potentiostatically at applied potentials ranging from -0.8 V to
-0.3 V vs. SCE. A PAR 273A potentiostat was used to apply potentials and collect net current.
The current data was sampled through the potentiostat’s analog outputs and collected with an NI
SCXI-1140 DAQ and a SCXI-1600 with sampling capability of 200 kilosamples per second
(kS/s). Auto-ranging of the potentiostat was disabled. Successive scratches were performed until
a range at which peak current was captured could be determined. Auto-ranging was enabled and
short time data was sacrificed when long term data was collected.

A Gamry G 300 series potentiostat was used when single frequency impedance was collected to
hold the sample potentiostatically and perform the impedance measurements. A fast single
frequency impedance script was developed to increase the sampling rate capabilities of the
standard EIS software. The frequency applied was 1000 Hz with an amplitude of 20 mV RMS.
The measurements were taken at a DC offset of -0.8 Vsce unless otherwise stated. These tests
were conducted in 1 M NaCl with various concentrations of molybdate and chromate. Solutions
were all adjusted to pH 6.5.
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Techniques — Corrosion Inhibition of AA7075 and 1018 Carbon Steel

Electrochemical tests performed on AA7075 and 1018 carbon steel (CS) alloys were utilized to
investigate the inhibiting effect of vanadate, cerium, molybdate and permanganate ions as well as
that of selected inhibitor combinations. Anodic and cathodic potentiodynamic polarization scans
and chronoamperometric measurements were carried out.

Anodic and Cathodic Potentiodynamic Scans

Anodic potentiodynamic polarization scans on as-received, 1” x 1” x 1/8” AA7075 and 1018
carbon steel sheets were performed in deaerated, 0.05 M NaCl solutions with the additions of 0,
0.005, 0.01, 0.25, 0.05 M Ce(CH3COO); or 0, 0.005, 0.01, 0.05, 0.1, 0.5 M NaVO3 or Na;MoO4.
The scans were performed after 1 hr. OCP measurement in a traditional three electrode cell using
SCE as reference electrode and platinized niobium mesh as a counter electrode. The potential
was scanned from -0.1 V vs. OCP to a vertex current of 1 mA and back to -0.1 V vs. OCP at a
scan rate of 0.1 mV/s.

The cathodic scans were measured in non-deaerated, 0.05 M NaCl solutions with the same
inhibitor additions as the anodic scans. The tests were performed after 1 hr. OCP measurement
from 0.1 V vs. OCP to -1.5 V vs. SCE at a scan rate of 0.1 mV/s.

Two inhibitor combinations were investigated: sodium molybdate and cerium acetate (Mo/Ce)
and sodium vanadate and cerium acetate (\VV/Ce). The two variables were the total quantity of
inhibitor and the ratio of concentration. Table 5 and Table 6 present the different values of the
variables for the Mo/Ce and the V/Ce combinations, respectively. The choice of total
concentration and concentration ratio were based on the synergy observed between inhibitors by
Chambers.®** Furthermore, 0.05 M NaCl was always present in the solution investigated.

Table 5. Composition Variables of the Mo/Ce Solutions.

Solution ID Mo ratio Ceratio Total concentration (mol/L)
CeMol 50% 50% 0.005
CeMo2 20% 80% 0.005
CeMo3 50% 50% 0.05
CeMo4 20% 80% 0.05
Table 6. Composition Variables of the V/Ce Solutions.
Solution ID V ratio Ceratio Total concentration (mol/L)
CeV1l 50% 50% 0.05
CeV2 20% 80% 0.05
CeV3 80% 20% 0.05
CeV4 50% 50% 0.5
CeV5 20% 80% 0.5
CeV6 80% 20% 0.5
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In some cases, the samples had to be pretreated in the Ce solution to prevent the formation of Ce
precipitates when mixed with Mo or V. In these instances, the test and pretreatment solutions are
designated “A” and “B”. Table 7 and Table 8 present the compositions of the solutions used to
investigate the effect of the combination of Ce and V on AA 7075. Table 9 and Table 10 show
the composition of solutions used to study the effect of the combination of Ce and Mo on AA
7075. The composition of the Ce, V and Mo solutions used for carbon steel 1018 are presented in
Table 11, Table 12 and Table 13.

Table 7. Ce and V Combination Solutions Used for AA7075, Solution A.

Solution ID [NaCl] (mol/L) [NaVOs3] (mol/L) Total Inhibitor (mol/L)
CeVl-a 0.05 0.025 0.05
CeV2-a 0.05 0.01 0.05
CeV3-a 0.05 0.04 0.05
CeV4-a 0.05 0.25 0.5
CeV5-a 0.05 0.1 0.5
CeV6-a 0.05 0.4 0.5

Table 8. Ce and V Combination Solutions Used for AA7075, Solution B.

Solution ID [Ce(CHCOO)s] (mol/L)
CeV1b 0.025
CeV2-b 0.04
CeV3-b 0.01
CeVa-b 0.25
CeV5-b 0.4
CeV6-b 0.1

Table 9. Ce and Mo Combination Solutions Used for AA7075, Solution A.

Solution ID [NaCl] (mol/L) [NazMoQ,4] (mol/L)
CeMol-a 0.05 0.0025
CeMoz2-a 0.05 0.001
CeMo3-a 0.05 0.025
CeMo4-a 0.05 0.01

Table 10. Ce and Mo Combination Solutions Used for AA7075, Solution B.
Solution ID [Ce(CH3COO0)3] (mol/L) Total Inhibitors (mol/L)

CeMol-b 0.0025 0.005

CeMo2-b 0.004 0.005

CeMo3-b 0.025 0.05

CeMo4-b 0.04 0.05
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Table 11. Ce and V Combination Solutions Used for CS1018.

Solution ID [NaCl] [Ce(CH3COO0)3] (mol/L) [NaVOs] Total Inhibitors
(mol/L) (mol/L) (mol/L)
CeV1 0.05 0.025 0.025 0.05
CeV2 0.05 0.04 0.01 0.05
CeV3 0.05 0.01 0.04 0.05
CeV4 0.05 0.25 0.25 0.5
CeV5 0.05 0.4 0.1 0.5
CeVb 0.05 0.1 0.4 0.5
Table 12. Ce and Mo Combination Solutions Used for CS 1018, Solution A.
Solution ID [NaCl] (mol/L) [Na;MoQO4] (mol/L)
CeMol-a 0.05 0.0025
CeMo2-a 0.05 0.001
CeMo3-a 0.05 0.025
CeMo4-a 0.05 0.01

Table 13. Ce and Mo Combination Solutions Used for CS 1018, Solution B.

Solution ID [Ce(CH3COO0)3] (mol/L) Total Inhibitors (mol/L)
CeMo1l-b 0.0025 0.005
CeMo2-b 0.004 0.005
CeMo3-b 0.025 0.05
CeMo4-b 0.04 0.05

The specimens were machined out of AA7075 and 1018 carbon steel plates (see compositions in
Table 3). The coupons were approximately 1” by 1” with a thickness of approximately 1/8”.
They were ground to 600 grit, then degreased in methylene chloride in an ultrasonic bath for
5 minutes, rinsed with DI water and air-dried.

Anodic and cathodic potentiodynamic scans were performed in triplicates for all inhibitor
combinations. During pretreatments, the samples were immersed in the Ce solution (solution
“B”) for two hours. The coupons were then rinsed with DI water and mounted in a cylindrical
electrochemical cell. The potentiodynamic scans were performed in solution “A”.
In the case of 1018 CS in Ce/V solutions, no precipitation was observed, therefore, the
potentiodynamic scans were performed in test solutions containing NaCl, Ce(CH3COQ); and
NaVOs.

For the anodic scans, the test solutions were deaerated for at least one hour prior to measurement
by bubbling nitrogen through them and then they were transferred into a nitrogen-purged
electrochemical cell. OCP was measured for one hour, which was followed by the anodic
potentiodynamic scan at a scan rate of 0.1 mV/sec. The potential was increased from -0.1 V vs.
OCP to a vertex current of 1 mA, and was then reversed back to -0.1 V vs. OCP.

The cathodic scans were carried out in non-deaerated solutions after 1 hr of OCP measurement.
The scan was run from 0.1 V vs. SCE to -1.5 V vs. SCE at a scan rate of 0.1 mV/sec.
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Chronoamperometric Measurements

To further elucidate the effect of inhibition in cases where ORRs were inhibited,
chronoamperometric measurements were performed. These tests were carried out in non-
deaerated, 0.05 M NacCl solutions containing 0, 0.001, 0.025 or 0.05 M Ce(CH3COO);3 or 0,
0.005, 0.05 or 0.1 M NaVOs. After a 1-hr hold at OCP, the potential was stepped down and held
at values summarized in Table 14. These values corresponded to the mass-transport controlled
ORR potential ranges and were determined from the cathodic scans described above. During the
potentiostatic hold, the current was measured and recorded as a function of time.

Table 14. Potential Values Used in Chronoamperometric Measurements.

Material/Inhibitor 1018 Carbon Steel 7075 Aluminum Alloy
Cerium -0.8 V vs. SCE
-1.1 V vs. SCE
Vanadate -0.9 V vs. SCE

Electrochemical Tests Performed on Electrode Arrays

Rotating disk electrodes were made out of an array of electrochemically active copper wires
embedded in an inactive Teflon matrix in order to simulate the heterogeneous microstructure of
the high strength aluminum alloys in a well-defined fashion. Table 15 summarizes the
dimensions of the electrode arrays. These array electrodes we prepared using polyimide-coated
pure (>99%) copper wires mounted in Teflon shims. A diagram shown in Figure 10 presents the
arrangement of the electrodes in the array, while the actual arrays are shown in Figure 11.

Table 15. Rotating Disk Array Dimensions.

Array Distance between wires (L) (mm) Wire diameter (D) (microns)
1 2 500
2 5 500
3 2 100
4 5 100

Axis of rotation

Figure 10. Schematic of the exposed surface of the copper multi-electrode array rotating
disk electrode.
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Figure 11. Photographs of different multielectrode arrays.

The arrays were polished to 600 grit, then rinsed with ethanol and air-dried. The arrays were then
placed in a RDE cell setup as shown in Figure 12. Mercury/mercury sulfate reference electrodes
were used to avoid contamination with chloride ions.

reference—__ ] _~rotator
-
electrode

| || counter
: 1 | electrode

Figure 12. Schematic of the RDE array cell setup.

Four solutions were investigated as presented in Table 16. Cathodic scans were performed in
non-deaerated solutions, from 0.1 V vs. OCP to -1.9 V vs. MSE at 0 rpm, 100 rpm and 1000 rpm
rotation rates. All scans were performed in triplicates. The arrays were polished and reused after

each test.

Table 16. Solution Compositions Used to Study the Effect of the Microstructural
Heterogeneity.

Solution Compound Concentration (mol/L)
Ce Ce(CH3CO0)3 0.1
\Y NaVOj3; 0.1
Borate buffer (pH 8.2) H3BO3 0.1
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Multi Electrode Array Study of Inhibitors

An array of microelectrodes was constructed in order to replicate copper-rich intermetallics in an
aluminum-rich matrix. The MEA allowed the measure of the individual current of each
electrodes while they are galvanically connected through zero resistance ammeters. Figure 13(a)
shows the local electrochemical behavior observed on an aluminum alloy suffering from pitting
corrosion. Local anodes and local cathodes result in local electrochemical cell. Figure 13(b)
shows how using MEA with microelectrodes (represented in gray) can allow the measurement of
the local current while keeping the anodes and cathodes galvanically coupled.
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Figure 13. Schematic operating principle of MEA.

A 100 electrode MEA was assembled, containing 80 pure aluminum electrodes and 20 pure
copper electrodes; 250 microns diameter wires coated with polyimide coating were used to build
the array. The array simulated a planar electrode, with 100 flush mounted close packed
electrodes electrically coupled through in line zero resistance ammeters. The electrodes were
insulated from each other by a polyimide coating to avoid any unintended short circuit.
The polyimide coating also minimized crevice corrosion between the assembly epoxy and the
electrode so that attack only initiated on the polished surface. Figure 14 shows the schematic and
the assembled MEA. The position of the copper electrodes was chosen so that they would be
equidistant from each other and replicate homogeneously distributed intermetallic particles that
could be found in aluminum copper alloys.

©%0 ¢ 500008 Al —0y

—_—

b.

Figure 14. (a) Assembled aluminum/copper MEA and (b) schematic of the Al/Cu MEA.
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The MEA was polished to 1000 grit, rinsed with DI water and air-dried shortly before any tests
in order to avoid any corrosion before exposure. The MEA were polarized at -0.8 V vs. SCE and
the current was measured for each electrodes. The experimental matrix for the MEA tests is
shown in Table 17. Experiments were performed in triplicate at each condition. They were
performed in solutions combining 0.05 M NaCl and the inhibitors (“Combined”), or the
specimens were pre-treated in the inhibitor solution for twenty four hours, followed by the test in
the 0.05 M NaCl (“24 hours Pre-treatment”). All inhibitors were investigated at 0.05 M under
combined and 24 hours pre-treatment conditions. Experiments were also performed using
vanadate at lower concentrations when combined with NaCl. The effect of pre-treatment was
investigated for all inhibitors at 0.005 M.

Table 17. MEA experimental matrix.

o Combined 24 hours Pre-treatment
Inhibitor
concentration
(mol/L) Mo V Ce Mo \Y, Ce
0.05 v v v v v v
0.01 N
0.005 \ \ \ \

The results were analyzed by summing the current measured to determine the total anodic and
cathodic current as a function of time.

Techniques — Surface Interaction with Inhibitors
Auger Electron Spectroscopy and Surface EDS

Auger electron spectroscopy and EDS were performed on 1”x1” specimens of aluminum alloys
7075 polished to 1000 grit that had been exposed to cerium acetate, sodium vanadate or sodium
molybdate solutions. The 0.05 mol/L and 0.005 mol/L solutions were investigated in order to
assess the effect of the inhibitors concentration on their interaction with the surface.
The solutions were prepared and stored in nitric acid decontaminated glassware. The specimens
were polished, rinsed with DI water and dried with compressed air. The specimens were stored
in individual sample plastic bags containing desiccant bags. The specimens were treated in the
inhibitor solutions for 24 hours.

Auger electron spectroscopy was performed on freshly treated specimens in order to measure the
presence of vanadium, cerium or molybdenum on the surface of exposed panels. This was
directly followed by EDS surface analysis. In order to assess the possible absorption vs.
adsorption mechanism, sputtering was performed on the same specimens using Auger electron
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spectroscopy. Sputtering is performed at a known removal rate, allowing the removal of a known
thickness from the surface of the specimen. This was performed for 10 seconds and a further 30
seconds at 400 A/min.

EDS mapping was also performed on specimens exposed to 0.05 mol/L of cerium acetate,
sodium molybdate or sodium vanadate. EDS mapping is used to measure qualitatively the
amount of a compound as a function of the location over a predetermined area. This results in a
monochrome image for each compound with the intensity being proportional to the amount of
the compound present. Multiple specimens were prepared from sheets of AA7075 and mounted
in conductive epoxy. Each specimen was polished, rinsed with ethanol and air-dried.
The specimens were marked in order to be able to compare the same area and assess whether the
inhibitors were precipitating preferentially on intermetallic particles and what may be the
composition of those intermetallic particles. Two horizontal and two vertical scribes were
marked on the specimens to highlight an area one to two millimeters across. An additional line
was marked in order to indicate the loading direction of the specimen in the SEM.

Multiple sets of images were taken, one large-scale image (approximately 20 um x 20 um) was
used to clearly identify the zone of interest. The large-scale image was chosen so that it would
contain multiple intermetallic particles. EDS mapping was performed on the large-scale area to
investigate aluminum, copper and iron. No thorough study has been performed in the case of
AAT7075 to identify the composition of the intermetallic particles that may have an active role in
corrosion mechanism. However, it is well documented that copper and iron containing particles
play a role in corrosion of AA2024. Consequently, those two elements were chosen in addition
to aluminum for EDS mapping of AA7075. Higher scale images and map scans of individual
intermetallic particles were taken in order to obtain better quality EDS data.

The specimens were then exposed to 0.05 mol/L cerium acetate, sodium vanadate or sodium
molybdate solutions for twenty four hours. The specimens were then rinsed with DI water and
air-dried, before being stored in dry sample plastic bags containing desiccant bags. EDS mapping
was then performed again on the same area and intermetallic particles in order to identify the
interaction of the inhibitor with AA7075.

Scanning Kelvin Probe

The interaction between the corrosion inhibitor and copper was studied using a SKP before and
after exposure to inhibitor and a controlled atmospheric corrosive environment. The SKP is a
non-contact non-destructive technique used to measure the work function which can be related to
the surface condition.

The specimens were 1cm x 1cm coupons from a pure copper sheet. Specimens were attached to
an electric cable using conductive epoxy. This was done in order to connect the specimens to the
SKP equipment. The specimens were then mounted in epoxy and marked with an individual
identification number inscribed on the side of the mount. The specimens were polished manually
to 1000 grit before being rinsed with deionized water (DI), cleaned with acetone and air-dried.
All the specimens were stored in a desiccator before the experiments.

The specimens were marked with one horizontal and one vertical line using a razor blade in
order to be able to perform the scans on the same areas. The first series of scans were performed
on the untreated specimens. Two types of scans were performed: topographic and work function.
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The topographic scan was performed in order to identify any physical defect on the surface.
The work function scan was performed to measure the effect of the inhibitor.

The specimens were then exposed to 0.05 M sodium vanadate, sodium molybdate or cerium
acetate for 24 hours. The inhibitor solutions were prepared in diluted nitric acid cleaned
glassware in order to avoid any contamination with outside chemicals or cross-contamination
between inhibitors.

The specimens were kept in the sealed container with a well-controlled environment for 7 days.
Scans were then performed in order to determine the topography of the surface as well as the
impact of the exposure to the inhibitors and the humid environment on the work function.

Techniques — Mott-Schottky

Mott-Schottky testing was performed on 1” x 1” specimens of aluminum alloys 7075 polished to
1000 grit, followed by rinsing with ethanol and air-dried. The test cell and the additional non-
metallic and non-plastic fittings in contact with the solutions were cleaned using nitric acid
solution (50% diluted with water) in order to avoid any potential chloride contamination.
The metallic and plastic fittings were replaced with new parts to avoid contamination. The large
plastic parts that make the test cell were thoroughly cleaned with water and detergent before
being rinsed with DI water. The test solutions were prepared in decontaminated glassware that
had been prepared in the same way described above. The tests were performed in borate buffer,
cerium acetate, and sodium vanadate. Tests in borate buffer provided control data in the absence
of inhibitors. The borate buffer was required in order to support charge transfer in the electrolyte
in the absence of other ions. The effect of the inhibitor concentration was studied by performing
the experiments in 0.05 M and 0.005 M cerium or vanadate solutions. A mercury/mercury sulfate
reference electrode was used inside a Luggin probe filled with borate solution in order to avoid
any chloride contamination.

Mott-Schottky analysis was performed within the passive range of the alloy where the
capacitance is primarily the result of the oxide space charge layer. It is therefore important to
identify the potential range of the passive region. Potentiodynamic scans were first performed in
the deaerated tests solution in order to determine the passive range potential. The test solutions
were deaerated with nitrogen for one hour before being transferred to the purged test cell.
The OCP was measured for one hour and the anodic scan was performed from -0.1 V vs. OCP to
a current of 1 mA. The passive range was identified when the current density was below 10
A-cm™, and the relevant potential range was used for the Mott-Schottky analysis.

Mott-Schottky analysis is a combination of EIS scans performed at various frequencies and at
various potentials. The first EIS scan is performed at the highest potential within the passive
range. The potential is decreased down to the lowest value in a step by step manner while EIS
scans are performed at each step. The test solution and test cell are both individually deaerated
with nitrogen for one hour before the solution is transferred to the test cell. The specimen is left
at OCP and the current is measured for twenty hours, until the current is steady.
The Mott-Schottky experiment was performed within the passive range identified using
potentiodynamic scans, with 50 mV steps. Each EIS scan was performed at frequencies of 3, 10,
30, 100, 300, and 1000 Hz.
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Techniques — Atmospheric MEA

An aluminum/copper MEA was exposed to an environment of controlled relative humidity and
temperature after being treated with various inhibitors. The MEA was composed of 12 copper
electrodes and 48 aluminum electrodes. The arrangement of the electrodes is shown in Figure 15.
All the electrodes were connected to each other through individual zero resistance ammeters
(ZRAS). The details of the MEA are described in the chapter “Multi Electrode Array Study of
Inhibitors™.

Figure 15. Schematic of the aluminum/copper MEA used for atmospheric testing.

The array was hand polished to 1000 grit, rinsed with DI water and air-dried. This was
performed just prior to the experiments in order to avoid unwanted deterioration of the
electrodes. The MEA was exposed to the inhibitor solution for 24 hours. The inhibitor solutions
were 0.05M sodium vanadate, 0.05 M sodium molybdate or 0.05 M cerium acetate.
Experiments were also performed on a bare MEA to be used as a control.

NaCl (2.7 mg) was placed over the MEA within a 0.24 inch ID o-ring. This was done to create
an aggressive atmospheric environment. The loaded MEA was then put in an environmental
chamber. The relative humidity of the chamber was measured by using an internal sensor.
The data was relayed to a laptop running Labview which controlled a water atomizer that
injected aerosol into the chamber. The water was atomized away from the specimens in order to
avoid droplets on the specimen surface. The specimens were only inserted in the chamber when
the relative humidity reached its desired value. Data acquisition was started 5 minutes prior to
placing the MEA into the chamber for each test. Data was collected every 60 seconds.

The MEA was exposed to a high relative humidity for 3 hours before being decreased to 45% for
2.5 hours. The experimental matrix is shown in Table 18.

Table 18. MEA atmospheric testing experimental matrix.

25 hrs 60% RH | 2.5 hrs 70% RH | 2.5 hrs 80% RH | 2.5 hrs 90% RH
3 hrs 40% RH 3 hrs 40% RH 3 hrs 40% RH 3 hrs 40% RH

0.05 M vanadate |V N N N

0.05 M molybdate

2] =21 2]

N N N
0.05 M cerium N N N
N N N

No inhibitors
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Results and Discussion

Results
Thermodynamic Calculations of Inhibitor Solutions (Speciation)

The composition of inhibitor solutions at different concentrations was calculated using a
thermodynamic software package. These calculations were essential to enable the determination
of the dominant species and potential precipitates that can form during pretreatment or
electrochemical measurements. Once the chemical composition of the inhibitor solution is
known, the elucidation of the inhibiting mechanism becomes possible.

The bulk solution pH varies slightly as a function of the concentration of the various inhibitors.
Measured pH for various concentration are shown in Figure 16.
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Figure 16. Bulk solution pH as a function of inhibitor concentration.

The chemical species vs. pH (speciation) diagram of 0.01 M and 0.05 M sodium vanadate
solution is shown in Figure 17.

As Figure 17 indicates, the solution chemistry of vanadates is very complex. Several oxo- and
hydroxo- ions form as the pH of the solution changes. Slight changes in pH can cause significant
changes in solution composition.

The speciation diagram of 0.01 M cerium acetate solution is shown in Figure 18.
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Figure 17. Speciation diagram of a. 0.01 M and b. 0.05 M sodium vanadate solution.
The natural pH of the inhibitor solution is within the pink shaded area.
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Figure 18. Speciation diagram of a. 0.01 M and b. 0.05 M cerium acetate solution.
The natural pH of the inhibitor solution is within the pink shaded area.

The predominant species at the natural pH of the bulk solution are soluble Ce-acetate complex
ions. As the pH increases, however, insoluble cerium hydroxide (Ce(OH)s3) occurs, which forms
a precipitate film on the surface that can act as a barrier for the diffusion of aggressive ions and
oxygen. This film formation has been observed on top of certain intermetallic particles upon
local pH increase that occurred due to the ORR (see Equation 13).

0, + 2H,0 + 4e —» 40H"™
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Figure 19 shows the speciation diagram of 0.01 M and 0.05 M sodium molybdate.

3 —+— E m
J o m N
THMo0. Mo0,? 1 I
10° MoOy, Lo * 10 SH,M0O,, n
3 o = I
] [ 2 I
N e 1 10° 5 it
10° < N Ll 3 ny
= HMo0, MR d,e T 3 IR
b 1"’ (,,. [ 10° “HH.MoO 1
4| ! (I —_ Sl 4 Iy
s 105 J X R s 3 oo
s 1 /AN N\ 10" g
= oans | | = 3 ) I
F10° o . £ 7 / it
< 3 (. 10° 5 I
g \HiMoo 8§ 3 ‘
8 10° = I\ 8 ]
E | 10° o
] o E
107 < (] 7
E [ 107 5
— | =
] . 3]
3 |
10 E : : 10° =
3 I E
] ! 3
10° 1 ‘l I 10° I
] 8 12 4 8 12
pH a. pH b

Figure 19. Speciation diagram of a. 0.01 M and b. 0.05 M sodium molybdate.
The natural solution pH range is shaded in pink.

The predominant species in the case are MoO,> ions, which are most likely adsorbed on the
surface layer of the oxide film of the alloy during exposure.

The permanganate is a very strong oxidizer due to its very high potential as shown in Figure 20.
When permanganate is added to solution in contact with AA2024-T351 at a lower potential, it is
reduced and undergoes several possible electrochemical reactions. Over all the ranges of pH,
MnOy is likely to be reduced to manganese dioxide (see Equation 14).

MnO; + 4H* + 3e~ > Mn0, + 2H,0 Equation 14

Several additional electrochemical reactions can further reduce the oxide to form Mn,0s. At low
pH and potential, the oxides most likely dissolve as Mn**, however, experimental data on exact
values has not been determined. The results of the equilibrium speciation calculations are shown
in Figure 21. These speciation diagrams indicate predominant species at -0.5 V vs. SCE, the
approximate value of the observed OCP for AA2024-T351 in 0.05 M NaCl solution with
permanganate. It can be seen that at pH values above 8.5, the stable species are Mn(OH),, which
is a precipitate. This suggests that this precipitate can form electrochemically and can remain
stable at high pH cathodic sites associated with certain intermetallic particles.
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Figure 20. E-pH diagrams of permanganate calculated at 0.1, 0.05 and 0.005 M
concentrations.
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Figure 21. Speciation diagrams of manganese calculated at -0.5 V vs. SCE for two different
concentrations: 0.1 and 0.05 M.

In the case of aluminum alloy 2024, the corrosion process is highly dependent on local
electrochemical cells surrounding intermetallic particles such as S-phase (Al,CuMg). Due to
pitting corrosion and the resulting separation of the anode and the cathode, the local pH can
change drastically between highly acidic (pH<2 in the pit) and highly alkaline (pH>9 over
cathodic sites). Consequently, the inhibitor-based compounds present will vary greatly as a
function of the location. An example of the impact of the localized pH on the compounds present
is shown for cerium in Figure 22.

48



Ce(OH),

\\ Ce(OH)

\\

4 8 12
pH

107

10°®

Concentration (M)
[
o
| \HHH‘ | \HHH‘ | \HHH‘ | HJHH‘ | \HHH‘ | \HHH‘ | \HHH‘ L L LI

10°

Figure 22. Speciation diagram of 0.05 M cerium acetate. The pink highlights the region
that would be present in and near an active anodic pit. The blue highlights the region
present over a cathodic intermetallic particle.

Corrosion Inhibition of AA2024 using Permanganate and Vanadate

The objective of this work was to understand the viability of permanganate and vanadate as
stand-alone inhibitors in full immersion. We examined both pretreatments with permanganate, to
examine the effects of the protective manganese oxide barriers, and exposures in the presence of
the permanganate ion to distinguish the effects of the soluble ion from the manganese oxides.
Open circuit full immersion exposure experiments were conducted. Surface chemical
compositions and deposit morphologies were also investigated. Copper replating was
investigated to indirectly explore the inhibition of Cu-rich phase dealloying. E;; were determined
and ORR Kkinetics were extracted using the Koutecky-Levich correction. Theoretical modeling
with Guishi and membrane models was performed to analyze ORR kinetics obtained from RDE
experiments. Electron transport through the solid/electrolyte-interface was also characterized.
Raman spectroscopy and galvanostatic reductions were used to attempt to characterize the
valence states of protective manganese oxides.

The inhibition mechanism of vanadate on AA2024 was investigated. A comprehensive study of
the speciation of vanadate in aqueous solutions of sodium chloride other than those used in prior
NMR studies was completed. Potentiodynamic testing was performed to determine the effect of
vanadate inhibition on cathodic current density and E,;;. Cathodic results were analyzed using the
Koutecky-Levich approach to separate charge and mass transport contributions to ORR, Gueshi
modeling, and absorption isotherms,34%0130-133
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Effects of Permanganate during OCP exposures of AA2024 in 50 mM NaCl Solution

Figure 23 shows as-polished AA2024-T351 and the subsequent surface damage caused by
24 hour exposure to 0.05 M NaCl solution.®**" Figure 24(a) shows the distribution of
intermetallic particles (the lighter regions, higher Z number) on bare AA2024-T351.
Figure 24(b)shows the effects of pretreatment with 0.1 M potassium permanganate on the same
region of intermetallic constituent particles as Figure 24. The particles studied by energy
dispersive spectroscopy can be seen in the secondary electron image shown in Figure 24 (a and
b). Table 19 and Figure 25(a and b) show the EDS qualitative chemical analysis of the
intermetallic particles before and after pretreatment. Manganese oxide growth is apparent on
many of the intermetallics and is shown to be deposited specifically on the Cu-rich phases as
opposed to the aluminum matrix phase. Qualitative chemical data from EDS shows coverage of
theta, sigma, and Cu-Mn-Fe-Al phases by a manganese oxide of unknown valence state.
Permanganate forms thick oxide deposits over copper-rich intermetallics in AA2024-T351 when
pretreated. The deposition is characterized by spherical caps over small (~0.5 um) intermetallics
and conformal layers with terraces over larger particles (5 um) (Figure 24(b).

Table 19. Compilation of EDS data for AA2024-T351 intermetallic particles in Figure 24 a)
and b), before and after pretreatment in 0.1 M KMnQO,.

Intermetallic phase Particle # | Manganese Oxide Cap | Mn enrichment (EDS)
Yes Yes
AlCuMg phase 56
. Yes Yes
Al(Cu,Mn,Fe,Si) 1,2,3
phase
Yes Yes
AlCu phase 4
Yes Yes
Al(Cu,Mn,Fe,Mg) 7,8
phase
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Figure 23 (a) The as-polished (1200 grit) AA2024-T351 and the subsequent surface damage
caused by 24 hour exposure to 0.05 M NaCl solution. (b) The damaged specimen image is
distorted laterally but includes a secondary electron image and a backscattered electron
image. It clearly shows intermetallic trenching.

o s = a -

Figure 24 (a) AA2024-T351 polished to 1200 grit with indication of EDS sites labeled 1-8.
(b) after 24 hours pretreatment in 0.1M KMnO,. Indication of EDS sites labeled 1-8.
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Figure 25 (a) Intermetallic particle 1 from Figure 24. (b) Intermetallic particle 5 from
Figure 24. The left spectrum is taken from an untreated sample,
the right, a pretreated sample.

Figure 26 shows the result of 24 hours of pretreatment in permanganate in a Cl-free
environment. As the concentration of permanganate increases, the size of the intermetallic cap
decreases. Figure 27 shows the results of subsequent exposure to 0.05 M sodium chloride
solution after 24 hour pretreatment in potassium permanganate. Intermetallic trenching has been
inhibited at high concentrations of permanganate (0.1 M) while the lower concentrations did not
produce similar inhibition.
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Figure 26. (a) AA2024-T351 pretreated with 0.1 M KMnO, for 24 hours
(secondary electron image). (b) AA2024-T351 pretreated with 0.05 M KMnQO, for 24 hours
(secondary electron image). (c) AA2024-T351 pretreated with 0.005 M KMnO, for 24 hours
(backscattered image).

a) c)

Figure 27 (a) AA2024-T351 exposed to 0.05 M NaCl for 24 hours after pretreatment in 0.1
M KMnO, for 24 hours. (b) AA2024-T351 exposed to 0.05 M NaCl for 24 hours after
pretreatment in 0.05 M KMnO, for 24 hours. (c) AA2024-T351 exposed to 0.05 M NaCl for
24 hours after pretreatment in 0.005 M KMnQO, for 24 hours.

Figure 28 shows the results of exposure to aggressive solution (0.05 M sodium chloride) with the
inhibitor in-situ at the previously stated concentrations. Figure 29 shows the intact aluminum
matrix surrounding the intermetallic particles after the manganese oxide caps have been removed
by a hard-bristled brush.

Figure 28 (a) AA2024-T351 exposed to 0.05 M NaCl with 0.1 M KMnOQO, in-situ for 24

hours. (b) AA2024-T351 exposed to 0.05 M NaCl with 0.05 M KMnQOy in-situ for 24 hours.
(c) AA2024-T351 exposed to 0.05 M NaCl with 0.005 M KMnOQy in-situ for 24 hours.
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Figure 29. AA2024-T351 exposed to 0.05 M NaCl solution with 0.05 M KMnO, in-situ for
24 hours with manganese oxide caps removed. The manganese caps reduce intermetallic
trenching and leave the matrix that was covered looking pristine.

OCP data was collected for 1 hour after a 24 hour exposure to 0.05 M sodium chloride solution
with inhibitor in solution (Figure 30). The OCP was measured in the same solution. The OCP for
all cases with in-situ permanganate are slightly higher than for AA2024-T351 in 0.05 M sodium
chloride solution (-0.53 V vs. SCE). The average OCP for 6 samples from the highest
permanganante concentration to the lowest was as follows: -0.46 V,-0.48 V, and -0.49 V vs.
SCE. The lower the concentration the less stable the OCP was. The higher the concentration, the
higher the OCPs tend to be which is expected given the oxidizing capability of MnO,".
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-0.40 4

1 Inhibitor Concentrations
Insitu
.

-0.60

—®— 1M KMnO4
—=— .05M KMnO4

'+ — v .005 MKMnO,

0o 2.4.2 ° I"ﬂ‘t’ 0080098y %sw. —o— Bare AA2024

-0.55

T T T T
0 1000 2000 3000 4000

T(sec)

Figure 30. The OCP was recorded for one hour after 24 hours at OCP in 50 mM sodium
chloride solution with inhibitor the concentrations reported.
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The OCP was also measured for one hour after pretreatment for 24 hours in potassium
permanganate but without MnO, in the OCP test solution. The samples were removed from
pretreatment, rinsed thoroughly, and open circuit was measured in 0.05 M sodium chloride
solution. As Figure 31 shows, the OCP after such a pretreatment decreases to lower potentials
over time, relative to when it is first exposed to the full immersion test. This may be the result of
residual permanganate, stored in the oxide, being reduced. As the source is depleted the
reduction reaction slows and the OCP drops. Quite negative potentials are reached after this
process has occurred. However, the Al alloy is not attacked. This is shown by the anodic upward
scan after the open circuit measurement and will be discussed in the section on anodic
polarization behavior.
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Figure 31. OCP measurements for pretreated AA2024-T351 after 24 hours in varying
concentrations of KMnO,. OCP measured in 0.05 m NaCl solution. Experiments have
been run 10 times and show great reproducibility.

Inhibition of Copper Replating

Copper replating was also investigated on AA2024-T351 surfaces after OCP exposures using the
CV method to assay the copper coverage. Figure 32 shows the cyclic voltammetric analysis of
high-purity copper, high-purity aluminum, untreated AA2024-T351, and AA2024-T351 etched
in 0.05 M NacCl solution for 24 hours.
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Figure 32. Baseline CV of high-purity Cu, high-purity Al, AA2024-T351, and AA2024-T351
etched for 24 hours in 0.05 M NacCl solution.

As expected, the high-purity copper shows large current peaks when copper changes valence
state from O to (1) and then to (I1). The etched AA2024-T351 shows a marked increase in the
0 Vsce oxidation peak as compared to the freshly polished AA2024. The anodic peaks reflect the
surface coverage of copper brought about by corrosion and thus is an indication of copper
replating.?® Figure 33 shows the results of 24 hour exposure with inhibitor in-situ and after 24
hours of pretreatment. The results of the CV tests are summarized in the bar plots of Figure 34.
Permanganate solution phase additions are the most effective at reducing Cu release by corrosion
and/or replating. The suppression of copper replating increases with concentration in solution.
This agrees with observations of corrosion damage. Optical microscopy after exposure (Figure
35) shows pitting in the pretreated samples exposed to 0.05 M chloride while none is evident for
the in-situ experiments. The worst case of pitting is seen after pretreatment in 100 mM MnQ,’
solution followed by exposure to 0.05 M chloride solution. This pretreatment was shown to have
the smallest manganese oxide caps in Figure 26 A.
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Figure 33. (a) CVs of AA2024-T351 etched for 24 hours in 0.05 M NaCl solution with
varying inhibitor concentration in solution, 0.4 M, 0.05 M, 0.005 M KMnO4, and no
inhibitor. (b) CVs of AA2024-T351 etched in 0.05 M NaCl solution for 24 hours after
pretreatment for 24 hours in varying inhibitor concentration: 0.1 M, 0.05 M, 0.005 M
KMnO,.

Current Density (A/cm®)

Figure 34. The relative intensities of the Cu'* reduction on the AA2024-T351 surface when
corroded with the MnOy ion in solution for 24 H in 0.05 M NaCl (A) and with MnO,’
inhibitor pretreatment followed by exposure for 24 H in 0.05 M NaCl (B).
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Figure 35. Optical microscopy of AA2024-T351 after exposure to 0.05 M sodium chloride
solution. (a) Exposure to 0.05 M NaCl with 01 M MnO; in solution.
(b) Exposure to 0.05 M NaCl with 0.05 M MnOy in solution. (c) Exposure to 0.05 M NaCl
with 0.005 M MnOy in solution. (d) Exposure to 0.05 M NaCl after pretreatment in 0.1 M
MnOy in solution for 24 hours. (e) Exposure to 0.05 M NaCl after pretreatment in 0.05 M
MnO,  in solution for 24 hours. (f) Exposure to 0.05 M NacCl after pretreatment in 0.005 M
MnO, in solution for 24 hours.

Anodic Inhibition by Permanganate Ions
Localized Corrosion Behavior on Pretreated 2024-T351

Figure 36(a-c) shows anodic E-logi behavior for AA2024-T351 in 0.05 M sodium chloride
solution during upward cyclic potentiodynamic scans. AA2024-T351 samples were first
pretreated for 24 hours in a chloride-free environment with various inhibitor concentrations and
then exposed to 50 mM NaCl solution without inhibitor. The dotted curve (—e—) shows the
results on an untreated control specimen.

Pretreated samples exposed at OCP showed suppression of OCP and uncovered a passive region.
The open circuit suppression consistently occurred at the lowest concentration; at higher
concentrations the suppression was statistically distributed. Only a small increase in Ei; was
observed for pretreatment in 0.005 M potassium permanganate. The 50 and 100 mM
concentrations showed no increase in Epi. In summary, pretreatments showed the largest effect
on the AE defined as Epi- OCP. However the effect was mainly associated with lowering the
OCP.
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Figure 36. The anodic polarization behavior for AA2024-T351 after pretreatment in
KMnQO, for 24H. Scan run in 0.05 M sodium chloride solution. (a) Pretreatment in 0.1 M
KMnO,, (b) Pretreatment in 0.05 M KMnQy, (c) Pretreatment in 0.005 M KMnO..

Localized Corrosion Behavior of AA2024-T351 with Permanganate in Solution

Experiments were also conducted in-situ or with the inhibitor added concurrently to the 50 mM
NaCl solution. Aluminum 2024-T351 was exposed for 24 hours with the inhibitor in solution.
Figure 37 shows the behavior of AA2024-T351 in 50 mM sodium chloride solution with the
inhibitor as an in-situ addition.
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Figure 37. The anodic polarization behavior for AA2024-T351 after 24 hours of exposure to
50 mM sodium chloride solution with the inhibitor in-situ. Scans conducted in 50 mM
sodium chloride solution with varied inhibitor concentrations. (a) 100 mM KMnO,,
(b) 50 MM KMnOQy, (c) 5 mM KMnO,.

When the in-situ MnQO," inhibitor was investigated at 100 mM concentration (Figure 37(a)), little
to no anodic inhibition was observed. This lack of anodic inhibition was further exacerbated by
the fact that OCP was raised slightly because of the oxidizing nature of in-situ permanganate
while Eyir was minimally affected. At lower concentrations (5 mM) the inhibitor significantly
raised Epi of AA2024-T351. Interestingly, the experiments in which an increase in Epi; was
observed all had elevated OCP levels. This could be the result of deposition of a high valence
state oxide with a high redox potential covering the surface of the AA2024. When the OCP
remained at -0.5 V vs. SCE, no increase in Ep; was observed. Microscopy on samples that
experienced very high Ep; showed substantial manganese oxide coverage of the entire surface.

59



Microscopy of synthesized Al,CuMg S-phase held at -0.5 V vs. SCE in both 50 mM chloride
solution and 100 mM KMnO,4 and 50 mM chloride solution are shown in Figure 38. Figure 39
shows a sample that exhibited a very high E;r. The manganese oxide coverage not only covered
the intermetallic particles but also the aluminum matrix.

a)

Figure 38. S-phase ingot with large lighter regions corresponding to higher copper content
and higher Z. (a) Sample as polished. (b) Sample held potentiostatically in 100 mM MnO,
and 50 mM CI solution for 200 seconds. Note the growth of a protective manganese oxide
over the S-phase particles. (c) Sample held potentiostatically in 50 mM CI solution for 200
seconds. Insert of EDS line scan shows the enrichment of copper in proximity of visible
S-phase damage.
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Figure 39. AA2024 exposed to 0.005 M KMnO,4 + 0.05 M NaCl for 24 hours and then
anodically polarized to potentials above Egit (+0.3 V vs. SCE) in fresh 0.005 M KMnQO, +
0.05 M NacCl solution. (a) Sample as removed from anodic polarization solution. (b) sample
after removal of manganese oxide caps over intermetallic particles.

Anodic polarization scans were also carried out in 25 mM manganese (I1) chloride solution to
determine if the reduced form of manganese had any effect on E,: of AA2024-T351.
The concentration of 25 mM was chosen so that the total chloride concentration was the same as
the previous tests. A representative example of an anodic polarization of AA2024-T351 in 25
mM  MnCl, can be seen in Figure 40. No increase in Ep: was seen with
25 mM Mn*" in solution.
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Figure 40. Representative anodic polarization behavior for AA2024-T351 in 25 mM MnCl,

solution (—) compared to 50 mM NaCl (

).

Figure 41 presents the cumulative probability of pitting as a function of potential for both
pretreatment and in-situ solution phase inhibitor studies. Figure 42 presents the average
difference between E,; and the open circuit for both pretreatment and solution phase
permanganate procedures on AA2024-T351. No significant increase in Ep is observed for
pretreated AA2024-T351 tested in 50 mM NaCl solution except at 5 mM KMnO,. In-situ MnO4
additions at low concentrations in the presence of an activating ion, like CI', produce a

statistically significant increase in Ej;t.
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Figure 41. Cumulative probability of pitting
(a) pretreatment and (b) in-situ solution phase

Probability of pitting in 0.05 M NacCl.
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Figure 42. The average difference between pitting and open circuit potentials for Mn
pretreatment (a) and in-situ solution phase additions (b), as a function of inhibitor
concentration. The error bars indicate one standard deviation.

Investigation of Cathodic Inhibition with KMn0O4
The Oxygen Reduction Reaction on AA2024-T4 and Pure Copper

The RDE method was used to examine cathodic reaction kinetics of both AA2024-T4 and pure
copper in pH 8.4 borate buffer solution to limit pH changes during the test (Figure 44).
Tests were also conducted in 0.05 M sodium chloride (Figure 43). Figures 43 and 44 shows
cathodic polarization data collected as a function of rotation rate. AA2024-T4 exposed in 50 mM
NaCl showed mixed charge transfer-mass transfer controlled ORR from OCP to approximately -
0.9 V vs. SCE at which point diffusion limited control dominated until the HER dominated the
total cathodic current density around -1.2 V vs. SCE. Pure copper showed slightly different
behavior in borate buffer than in sodium chloride. In borate buffer, the mixed charge transfer-
mass transfer control region extends to -0.8 V vs. SCE with mass transfer control of the ORR
dominating to -1.3 V vs. SCE followed by the HER. In 0.05 M sodium chloride solution, the
oxygen reduction mass transfer control region was slightly larger and operates in the range
-0.6 to -1.3 V vs. SCE.
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Figure 43. Cathodic E vs. log(/) data for AA2024-T4 (a) and high-purity copper (b) samples
run at various rotation rates from 100 rpm to 2500 in pH 8.4 borate buffer. Solutions were
aerated naturally.
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Figure 44. Cathodic E vs. log(/) data for AA2024-T4 (a) and high-purity copper (b) samples
run at various rotation rates from 100 rpm to 2500 in 0.05 M NaCl. Solutions were aerated

naturally.

As shown previously, the AA2024-T4 did not follow the Levich prediction because of the nature
of its distributed array of local cathodic reaction sites.”

The Effects of Potassium Permanganate on Oxygen Reduction Reaction on AA2024-T4

Figure 45 shows the cathodic polarization data collected using the RDE method to examine the
effects of potassium permanganate (KMnO,;) on the ORR Kkinetics on AA2024-T4.
Two approaches were used to examine the inhibitors effect on the ORR; an inhibitor
pretreatment and inhibitor addition in-situ (Figure 45(a) and (b), respectively). It should be noted
that KMnO, provides a strong cathodic reactant with a very high redox potential in addition to
dissolved O, and H,O as discussed in the introduction. In the in-situ experiments there is an
increase in cathodic current density resulting from this additional cathodic reaction compared to
the pretreated condition and no inhibitor.

63



054" % —m— .1 M KMnO, (AA2024-T4) —m— 1 M KMnO, (AA2024-T4)
. " ®— .05 M KMnO, (AA2024-T4) 0.5 —e— .05 M KMnO, (AA2024-T4)
1 .\ 4— 005 M KMnO, (AA2024-T4) —#4—.005 M KMnO, (AA2024-T4)
0.04— i —#— No InhibitorAA2024-T4 0.0 —&— No Inhibitor (AA2024-T4)
—_ —— No Inhibitor (Cu) 7 _ “7— No Inhibitor (Cu)
o) o
@ 031 ® -05-
g g
=
o 104 < q0-
= -
-1.54 -1.5
-20 T T T T T N ‘20 T T T T T 1
107 10° 10° 10* 10° 10° 10" 10" 10° 10° 10" 10° 10° 10°
i (A/cm?) i (Alem®)

Figure 45. Cathodic polarization behavior of AA2024-T4 and pure copper samples ground
to 1200 grit, tested at 1000 rpm in pH 8.4 borate buffer solution after 100 H pretreatment
(@ and run at 1500 rpm in 0.05 M NaCl solution with in-situ inhibitor additions
(b) Rotation rate has been kept constant and inhibitor concentration is tested at
different levels. All data collected under natural aeration.

Potassium permanganate changes the regions of mass and charge transfer control on AA2024-
T4. In the pretreatment case, mass transfer control begins around 0.2 V vs. SCE and the HER is
dominant between -0.06 and -1.1 V vs. SCE because the ORR is slow. When the inhibitor is used
in-situ, mass transport control occurs from -0.6 V to -1.4 V vs. SCE at which point the HER
begins to dominate.

Plots of 1/ite Vs. @2 at -1 V vs. SCE (a potential dominated by oxygen reduction mass transfer

control) show that uninhibited AA2024-T4 has a lower current density than high-purity copper;
this is due to the array of active electrodes surrounded by inactive aluminum matrix as described
by the Gueshi model ***? to be considered later. The Koutecky-Levich method,™*® as shown in
Equation 15, was used to extract ip from it (Figure 46) at -1 V vs. SCE, where ip is the diffusion
limited cathodic current density and i is the charge transfer limited cathodic current density.
At this potential iygg is much lower than iogg.
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Figure 46 (a) Total current at -1 V vs. SCE for AA2024-T4 and pure copper compared with
the Levich prediction (ig) in pH 8.4 borate buffer solution. (b) Diffusion limited current
extracted from /.y at -1V vs. SCE for AA2024-T4 and pure copper compared with the
Levich prediction in pH 8.4 borate buffer. Data extracted from Figure 44.
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Where ip is given by Equation 16.
ip = 0.62nFD*/3v /sCw'/2 Equation 16

The results on high-purity copper can be compared with the Levich description of mass-transport
limited O, reduction given by Equation 16. Using a value for the diffusion of O, in water,
D = 1.9-10° cm?/s (diffusion rate), a value of n = 4, the concentration of O, in solution, C = 7-9
ppm, F being the Faraday constant and the kinematic viscosity, v=1x10 cm?/s, good agreement
is found between theoretical values and experimental data.”® This suggests that at -1 V/ vs. SCE
the current due to the HER is a small fraction of the ORR current.

The diffusion limited current density was extracted from the total current density (Figure 47)
using the Koutecky-Levich method (Equation 15) for the pretreated case at -1 V vs. SCE.
The extracted diffusion limited current density is shown in Figure 48. Pretreated AA2024 has a
lower cathodic current density than untreated AA2024-T4 over all rotation rates with a weaker
rotation rate dependency. In-situ inhibitor use only suppresses total current density at high
rotation rates or low ©™2. At low rotation rates the additional oxidizer raises the total cathodic
reaction rate during the in-situ tests. In contrast, when the inhibitor is used as a pretreatment and
no additional cathodic reaction is present the total current density is suppressed as much as 2
orders of magnitude at all rotation rates.
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Figure 47. Total current at -1V vs. SCE for AA2024-T4 for the inhibitor pretreatment tests
in inhibitor free environment (a) and with the inhibitor present in-situ (b). (a) and (b) have
an order of magnitude difference in the ordinate. Total current densities for pure copper,
bare AA2024-T4 and the Levich prediction iy values are included for comparison. Data
extracted from Figure 45.
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Figure 48. Diffusion limited current extracted from /s at -1V vs. SCE for AA2024-T4
after pretreatment at various inhibitor concentration compared with pure copper, bare
AA2024-T4, and the Levich prediction. Tests were conducted in borate buffer
solution at pH = 8.4. Data extracted from Figure 47.
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The cathodic polarization behavior of a copper sample pretreated in 50 mM KMnQO, at -0.5 V vs.
SCE can be seen in Figure 49. The manganese oxide has been electroplated onto high-purity
copper at -0.5 V vs. SCE to mimic OCP of AA2024-T351. This experiment shows the effects of
the reduction of the manganese oxide on the cathodic current density compared to samples with
no pretreatment. These additional reduction reactions obscure analysis of oxygen on copper-rich
intermetallic particles in AA2024-T351. However, the reduction of the manganese oxide
provides a mechanism for active inhibition that will be addressed in the discussion.

Potentiodynamic
HP Cu with MnOxide Film Grown at -.5 V SCE
5 Runin pH 8.4 Borate Buffer —=— HP Cu with MnOxide (0 rpm)

Natural Aeration —— HP Cu (2500 & 500 rpm)
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Figure 49: Potentiodynamic scan of high-purity copper with Mn-oxide grown at
a potential of -0.5 V vs. SCE.

The activation controlled cathodic current density is a linear function of the copper surface
coverage described by Kaesche ° by Equation 17.

Kaeshe Equation 17

lact,heterogeneous = ®Cu homogeneous-

Where 052" s the copper surface coverage or Cu-rich IMC coverage and inomogencous iS
exponentially dependent on the cathodic potential. Activation current density has been extracted
and can be seen in Figure 50, along with estimated copper coverage.
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Figure 50. (a) Extracted activation controlled current density over a range of potentials for
high-purity Cu , AA2024-T351, and AA2024-T351 pretreated in 0.05 M MnO,4 and 0.1 M
MnO,. (b) Calculated copper coverage, ®c.f**"™ | at -0.6 V using Equation 17. Cu (1),
AA2024-T351(2), and AA2024-T351 pretreated in 0.05 M MnO4 (3) and 0.1 M MnOy (4).

Manganese Oxide Valence State Determination

Galvanostatic reduction curves of electrodeposited manganese oxides on copper have been
conducted to probe the valence state of the manganese oxide and can be seen in Figure 51.
The multiple potential waves compared to untreated copper indicate that the oxide is present in a
high valence state. The reduction of CuO is observed in the uncoated copper sample.***
The manganese reduction potential waves are indicative of changes in the oxide’s valence state
as the reduction proceeds. The reversible potentials of several likely manganese reduction
reactions are indicated in the figure by the dotted lines. A break in the abscissa is necessary as
the reduction of the manganese oxide requires more charge to be passed than the reduction of the
copper oxide, necessitating much longer times. All of the prominent features of the manganese
oxide reduction are shown to the right of the break. The potential decays linearly until 5000
seconds have passed at which point two reduction waves occur in quick succession.
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Figure 51. Constant current discharge curves of electrodeposited manganese oxide coated
copper (-4-) and uncoated copper (=HM=). High-purity Copper with Mn oxide deposited
at -0.5 V SHE from 0.1 m KMnO4 with a pH of 6. Galvanostatic reduction performed at
20 mA in pH 8.4 borate buffer. The red dotted line (. .) indicates the reversible potential
of MnO, +4H"+3e"MnO,+2H,0 at 0.54 V vs. SCE. The blue dashed (- -) line indicates
the reversible potential for MnO,+H,0+e -MnOOH+OH" at 0.187 V vs. SCE. The green
dash-dotted line (=+=) indicates the reversible potential for MnOOH+H,O+e
—Mn(OH),+OH"at -0.385 V vs. SCE.

Raman spectroscopy was conducted on high-purity copper, pretreated AA2024-T351, and high-
purity metallic manganese. The spectra for a selection of the data are presented in Figure 52.
The figure shows two common peaks shared between the MnO, powder, the manganese metal
potentiostatically held at 0.35 V vs. SCE, the copper treated in 0.1 M KMnO, at -0.5 V vs. SCE,
and the AA2024-T351 pretreated at OCP in 0.1 M KMnQ,. The potential of the potentiostatic
hold of the manganese metal was chosen with the intention of growing MnQO,. The first peak is
centered on 500 wavenumbers (cm™). The second common peak is centered on 630
wavenumbers. The E-pH diagram in Figure 2 shows that at a pH of 10, the chosen potential is
solidly within the MnO; phase.
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Figure 52. Raman spectra for AA2024-T351, AA2024-T351 pretreated in 0.005 M KMnOQOy,,
copper pretreated in 0.1 M KMnO, at -0.5 V vs. SCE, manganese metal held
potentiostatically at 0.35 V vs. SCE, and MnO, powder.

The steady drop in potential in Figure 31 indicates a reduction of manganese oxides after they
are deposited on AA2024-T351. As the reduction from manganese (V1) to (I11) to (11) occurs, the
potential of the system drops towards the Nernst potential of the lower valence oxide until all of
the oxide has been reduced and the rate of the HER dominates the OCP of AA2024-T351.

Vanadate Species Present in NMR and Speciation Diagrams

The speciation of vanadate in aqueous solutions is known to vary with both ionic concentration
and pH.*>*** To determine the species of vanadate in solution, both thermodynamic prediction
using Medusa Chemical Equilibrium Database and Plotting Software™’ and NMR were utilized.
Medusa software predicted little variation between vanadate species found in 5, 10, 50, and
150 mM sodium vanadate in solution with 50-mM NacCl in the pH range from 7.6 to 8.7.
Table 20 shows the five greatest vanadate species percent in the given pH range for the vanadate
concentrations tested based on Medusa.**’
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Table 20. The predicted five greatest vanadate species percentage for each total vanadate

concentration in 50 mM NaCl.

Dissolved NaVO3; | 5 mM 10 mM 50 mM 150 mM
V5+ species in V3093_ V3093_ V40124_ V40124_
decreasing 9. 4 3- 2-
abundance VO,(OH) V4012 V30q VOZ0H
V40" VO,(OH)* VO3;0H? V304>
VO30H* VO;0H? VO,(OH)* HV,0;*
HV,0,* HV,0,* HV,0,* V,0,*

*\/NMR was used to experimentally determine the species present in NaVOs; plus 50 mM NaCl
solutions and any change in speciation with time. While slight differences were seen between the
minor peaks for different concentrations of vanadate, the peak at -577 ppm was dominant in all
solutions except for the 1 mM NaVO; plus 50 mM NaCl solution, for which it was the second
most prevalent peak. This peak corresponded to (V401,)™ which was predicted to be dominant in
the high vanadate concentration range (50 to 150 mM) by the Medusa software. However, other
experimentally observed minor peaks ( -586 ppm (Vs01s)> and -589 ppm (VsOig)® ),%9>1%
were not predicted by the software. Solution age did not appear to be a factor in speciation.
Figure 53 demonstrates that vanadate speciation was stable after 24 hours. Some of the
experimental peaks have yet to be identified, given available literature.

Table 21 shows the experimentally observed peaks in order of abundance for each vanadate
concentration tested. Table 22 contains the species, estimated percent of total species present and
the pH of the solution.
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Figure 53. Graph of vanadate speciation with time at room temperature. No great change
in species present occurred over 28 days for 5 mM NaVOg; plus 50 mM NacCl in D,O
solvent.
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Table 21. The *"VNMR peaks for different NaVO3 concentrations in 50 mM NaCl.

Dissolved 1 mM 5mM 10 mM 50 mM 150 mM
N&VOg
\Val -558 £ 1 ppm | -577 ppm -577 ppm -577 ppm -577 ppm
species in 4 4 4 4 4
decreasing V,07 V401, V401, V401, V401,
abundanc | _577 ppm -572+1ppm |-572+1ppm | -586 ppm -586 ppm
e
V401" H,V,07% H,V,0;2 V5015™ V5015>
572+ 1ppm | -558 £ 1ppm | -557 =1 ppm | -572+1ppm |-544+1 ppm
H2V2072_ V2074_ V30105_ H2V2072_ Unknown
-586 ppm -586 ppm -550 ppm -568 £ 1 ppm
V50155- V50155- Unknown HV40135- or
6-
V4013
-589 ppm
V601"
Source: 94,95,136,138,139

Table 22. The *'VNMR determined abundance of vanadate species for different NaVO3;
concentrations in 50 mM NacCl.

Species Species 1mM 5mM | 10mM | 50 mM | 150 mM
Code

V401" V4 35-26% | 64-72% | 77-74% | 76-81% | 76-79%

H,V,07~ V, 21-18% | 10-20% | 8-11% 3-12%

V,07* V, | 46-53% | 8-19%

V5015 Vs 1-5% 6-5% 4-13% 14-16%

V3010” Vs 9-11%

-550 ppm Unknown 1-6%

-544 + 1 ppm Unknown 2-3%

HV4015” or V4015 \ 2-4%

VsOis* 2 1-4%

pH 6.5 7.6 7.8 8.4 8.7
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Effect of Vanadate Inhibitors on Suppressing Open Circuit Pitting Corrosion of
AA2024-T3

The results of the 24 hour open circuit potentials exposures prior to anodic scanning conducted
in 50 mM NaCl plus various concentrations of NaVOs in solution are presented in Table 23 for
AA2024-T3. During the first hour of exposure, only the AA2024-T3 specimen in the 50 mM
NaCl solution with 5 mM NaVO3; demonstrated an OCP higher than that of a similar specimen
exposed in the salt solution without inhibitor. After 23 hours of AA2024-T3 exposure in
solutions, the open circuit potentials of all specimens exposed in salt solutions with either 5, 10,
50, or 150 mM NaVOgs, were higher than those of the specimens exposed in 50 mM NaCl
solution without inhibitor. Specimens exposed in 1 mM NaVOs; plus 50 mM NaCl solution were
exceptions and followed the trend of those exposed in 50 mM NaCl solution by having a reduced
potential. This apparent difference in potential values was due to the decrease in OCP of the
specimen exposed to the salt solution in the absence of the inhibitor, as a result of pitting and
trenching around intermetallic compounds, without any significant change in OCP of those
specimens exposed in the presence of the inhibitor. Twenty-four hour immersion tests in 50 mM
NaCl without inhibitor confirm corrosion of AA2024-T3 at open circuit. For both the 1 hour and
24 hour open circuit, the vanadate concentration did not correlate with the open circuit potential.

Table 23. The average open circuit potentials for AA2024-T3 in 50 mM NaCl with various
concentrations of NaVOs in open to the air solutions at the 1st and 23rd hours.

Concentration of NaVOs Open Circuit Potential at Open Circuit Potential at
the 1st Hour (Vscg) the 23rd Hour (Vscg)
0mM -0.536 -0.667
1 mM -0.637 -0.792
5> mM -0.500 -0.542
10 mM -0.570 -0.584
50 mM -0.634 -0.649
150 mM -0.614 -0.642

24 Hour Immersion Experiments on AA2024-T3

Open circuit or freely corroding immersion experiments were conducted to evaluate the effect of
various concentrations of NaVO3 in 50 mM NacCl solutions on corrosion of AA2024-T3 sheet
where all anodic and cathodic sites were in close proximity. As shown in Figure 54, the number
of pits and the pit size were reduced by the addition of NaVO;3; to 50 mM NaCl solutions.
The addition of 5 mM NaVOj; reduced the number of pitting sites. At higher concentrations of
50 mM and 150 mM NaVOs;, the pitting sites could not be seen without the use of an optical
microscope. AA2024-T3 exposed to 5 mM NaVOg3 in 50 mM NaCl solutions formed yellow
precipitates around the pit. This yellow precipitate was not seen at higher concentrations of
NaVQOs.
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Figure 54. SEM micrographs of AA2024-T3 on the transverse-lateral surface after 24
hours of exposure in open to the air 50 mM NaCl solutions with 0, 5, 10, 50, and 150 mM
NaVOg; at room temperature. Decreasing pit density and depth is observed with increasing
NaVOg; concentration. No visible pits on the 150 mM NaVO; plus 50 mM NaCl exposed
specimen were seen with optical methods, but parts of the copper intermetallic particles
have change color from copper to blue.
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Pits initiated on S phase Al-Cu-Mg particles or at the matrix adjacent to Al-Cu-Fe-Mn
particles. After 24 hours, corrosion, which at first entrenched around the Al-Cu-Fe-Mn
intermetallic particles, has progressed such that pitting of both the matrix and the intermetallic
particles has occurred, as seen in Figure 55. EDS information, presented in Figure 55 (b), shows
for the intermetallic particle, an increase in Mn, Fe, and Cu and a decrease in Al concentration as
compared to the matrix [Figure 55(a)]. Additionally, salt precipitate was observed at the pitting
site on AA2024-T3 specimens exposed to 50 mM NacCl solution for 24 hours, as shown in
Figure 55. The pits in Figure 55 are typical regardless of type of local intermetallic particles.
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Figure 55. Secondary electron image obtained at 15 kV of AA2024-T3 specimen exposed to
50 mM NacCl solution for 24 hours. The yellow arrow indicates location and direction of
EDS. (a) represents the unattacked matrix composition way from a pitting site.
(b) shows a pitting site above an Al-Cu-Fe-Mn intermetallic particle.

Vanadium-rich precipitates were observed by EDS on the surface of the AA2024-T3 specimens
exposed to the low 5 mM NaVO; plus 50 mM NaCl solutions. These precipitates surrounded the
pit. Higher magnification images presented in Figure 56, indicate that these precipitate products
contain vanadium. Figure 56 also shows the atomic composition of the surface near the pit, and
that of the underlying surface, possibly an intermetallic particle. Figure 56 (a) shows an example
of the unaffected matrix. There is no vanadium peak (EDS) for the unpitted matrix, even though
it was exposed to vanadate containing solutions for 24 hours. Figure 56(b) shows a vanadium
containing precipitate over a dual phase intermetallic particle—both Al-Cu-Mg and Al-Cu-Fe-
Mn compositions exist. Boag et al.,** found that most intermetallic particles in AA2024-T3
were of multiple compositions.
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Figure 56. Higher magnification secondary electron image taken at 15 kV of AA2024-T3
specimen exposed to 5 mM NaVO; plus 50 mM NaCl for 24 hours. The yellow arrow
indicates location and direction of EDS scan. Precipitated products are shown to be
vanadium rich. There appears to be a dual phase intermetallic particle at the EDS line scan
in the right hand image. Both Al-Cu-Mg and Al-Cu-Fe—Mn compositions exist.

Figure 57 shows the composition of an Al-Cu-Fe-Mn intermetallic particle away from the
pitting site. There was little vanadium detected over the constituent particle. The level of
vanadium on the intermetallic particle away from the pitting site was approximately the same as
that of the matrix near the pitting site [Figure 56(a)]. The intermetallic particles did not show a
corresponding increase in vanadium concentration as was seen for the corrosion product formed
at the pit site [Figure 56(b)].
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Figure 57. Backscattered electron image, in the compositional mode, taken at 15 kV with
184 second collection time of AA2024-T3 specimen exposed to 5 mM NaVO; plus 50 mM
NaCl for 24 hours. Yellow arrow indicates location and direction of EDS scan.
The vanadium concentration of an intermetallic particle away from the pitting site is
approximately the same as that of the matrix near the pitting site (Figure 56).

AA2024-T3 exposed to 150 mM NaVOs; plus 50 mM NaCl also showed an increase of vanadium
at the pitting site, which is associated with an intermetallic particle containing aluminum,
manganese, and iron. This increase in vanadium concentration at the pitting site was not
observed on intermetallic particles that are not associated with pits in this post-test analysis.
At higher NaVO; concentrations, a yellow precipitate was not evident at the pitting sites.
There was no increase in vanadium on the intermetallic particle. In summary, for all vanadate
concentrations, vanadium was detected by EDS at pitting sites as a precipitate or deposit but was
not observed at unattacked intermetallic particles or on the matrix.

Inhibition of Localized Corrosion during Anodic Polarization

In the case of pure aluminum specimens, the mean E,;; increased with NaVOj3; concentration
(Figure 58). There was a greater difference between E; for different vanadate concentrations
after the 24 hour open circuit exposure [Figure 58(b)] as compared to the 1 hour open circuit
exposure [Figure 58(a)].
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Figure 58. Typical anodic E-log(i) polarization behavior for Al (99.9%) specimens in open
to the air 50 mM NacCl solution containing 0, 5, and 150 mM NaVOj3 [(a) after 1 hour open
circuit; and (b) after 24 hour open circuit].

The Ecor and Epie for the aluminum specimens increased with the addition of vanadate into
50 mM NaCl solutions. There was a change in the width of potential covered in the passive
range. The passivation current density, ipass, Was approximately 10® A/cm? irrespective of
inhibitor concentration or exposure time. Increasing the exposure time from 1 to 24 hours raised
the Eyir and thus the range of passivity for all vanadate concentrations. In comparison, after
24 hours at the open circuit potential, aluminum specimens in 50 mM NaCl solution also had
increases in the passive region, but these increases were related to a reduction in Ec rather than
a further increase in Epi.

The high-purity Al Epix cumulative probability diagrams for 1 and 24 hour open circuit showed a
monotonic relationship between the average Ei: and the vanadate concentration. After 1 hour at
open circuit potential, significant improvement in Eg; is seen at 75" percentile but below 20"
percentile, the improvement is small (Figure 59). After 24 hours at OCP in 50 mM NaCl
solutions containing vanadate, the effect of different vanadate inhibitor concentrations on Eit
was more visible (Figure 60). A significant increase in Ep;: below the 20™ percentile was seen
with 150 mM NaVO; compared to that in 50 mM NaCl without inhibitor. For this 150 mM
NaVO; concentration, the increase in Eyi at the 10™ percentile is similar to that for the 70"
percentile for the 10 and 50 mM NaVOs; concentrations and is greater than those for 5 mM
NaVOs; concentration. This strong effect of inhibition is not seen for anodic scans after the 1
hour open circuit exposure. Above the 30™ percentile, all vanadate concentrations above 5 mM
NaVOs in solution exhibited more than a 100 mV increase in Epj.
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Figure 59. Cumulative probability plot of Ei; for Al 99.99% in open to the air 50 mM NacCl
solutions plus various concentrations of NaVOs;. Data points indicate cumulative
probability of pitting before potential reversal at 0 or 0.2 Vsce. Arrows indicate specimens

that did not pit at the potential indicated.
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Figure 60. Cumulative probability plot of Epi; for Al 99.99% after 24 hours of exposure in
open to the air 50 mM NacCl solutions plus various concentrations of NaVOj3. Data points
indicate cumulative probability of pitting before potential reversal at 0 Vsce. Arrows
indicate specimens that did not pit at the potential indicated.
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In summary, vanadate concentration did not affect the ipass Value for high-purity aluminum, but
did affect Epi: and the passive potential range. Longer exposure times to inhibitor concentrations
or high inhibitor concentration for short exposure times were tied to an overall increase in
resistance to pit formation and stabilization.

An increase in Epi was observed on AA2024-T3 when both NaVO; and NaCl are in solution
(Figure 61). The 5 mM NaVOs plus 50 mM NaCl tests showed the most significant increase in
E,it compared to the other NaVOs; in 50 mM NaCl solutions. However, the increase in E,; is not
monotonic with NaVOs3 additions in the case of AA2024-T3.
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Figure 61. Typical anodic E-log(i) polarization behavior for AA2024-T3 specimens in open
to the air 50 mM NacCl solution containing 0, 5, and 150 mM NaVO3 [(a) after 1 hour open
circuit exposure; (b) after 24 hour open circuit exposure].

Passive current density was observed when the addition of vanadate inhibitor to the solution
raised Eyir above the open circuit potential, Ecor. The average passive current, ipss, was
approximately 10 A/cm?. AA2024-T3 specimens tested in 50 mM NaCl solutions with a 1 hour
open circuit exhibited pitting near E¢or. Solutions containing 5 mM NaVOs; plus 50 mM NaCl
had the largest range of passive current density and the greatest variability in range.
After 1 hour, AA2024-T3 exposed to 50 and 150 mM NaVO; plus 50 mM NaCl solutions
exhibited similar passive current density. There was a trend of AA2024-T3 specimens exposed to
higher inhibitor concentrations having greater passive potential ranges due to the increase in Ep;
above Ecor. The anodic E-log(i) polarization behavior after 24 hours of solution exposure for
AA2024-T3 is shown in Figure 61. After 24 hours of exposure to similar NaVO3 concentrations,
an ipss of 10° A/em? was observed. Vanadate concentration and time of the open circuit
exposure did not affect the observation of a -0.8 Vsce Erepass.

Twenty-four hours of exposure to NaVO; plus NaCl solutions raised Epi; of AA2024-T3, as
presented in Figure 61. Fifty percent of the AA2024-T3 specimens in 50 and 150 mM NaVO;
plus 50 mM NaCl solutions did not reach E,;; as determined by a current density of 10 Alcm?
during the upward polarization scan, which was reversed at 0 Vsce. This was unlike thel hour
anodic E-log(i) polarization behavior for which 5 mM NaVO; plus 50 mM NaCl solution
showed the largest increase in Epi. As in the case of the 1 hour open circuit exposures, the
increase in Epi; was not monotonic with inhibitor concentration after 24 hour open circuit
exposures. Similar Ep;; relationships were observed after both 1 hour and 24 hour exposure at low
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inhibitor concentration. The 5 mM NaVOs; solution exhibited a higher average E,;; as compared
to the 10 mM NaVOs; solution, as shown in Figure 62 and Figure 63.
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Figure 62. Cumulative probability plot for AA2024-T3 after 1 hour in open to the air
50 mM NaCl solution plus various concentrations of NaVO;. Data points indicate
cumulative probability of pitting before potential reversal at 0 or 0.2 Vsce. Arrows indicate
specimens that did not pit at the potential indicated.
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Figure 63. Cumulative Probability plot for AA2024-T3 after 24 hours in open to the air
50 mM NaCl solution plus various concentrations of NaVOs. A single test was conducted
with 1 mM NaVOs;. Data points indicate cumulative probability of pitting before potential
reversal at 0 Vsce. Arrows indicate specimens that did not pit at the potential indicated.

81



Cumulative probability plots of Ej; after one-hour exposures showed that median Ep;; was greater
than 0 mM NaVO; but did not increase monotonically with inhibitor concentration.
The improvement in E,;; is statistically significant but the trend indicates that the upper
populations improved significantly while the worst performing AA2024-T3 coupons were only
sli%htly improved over those with no inhibitor (Figure 62). Significant improvement was seen at
75" percentile but at below 20™ percentile, the improvement was small (Figure 62). The greatest
increase in Ep;r was not at the higher concentrations of NaVO3 but with 5 mM NaVOs.

Figure 63 presents Ep;; cumulative probability plot for AA2024-T3 exposed for 24 hours to 50
mM NaCl solution plus various concentrations of NaVOs. Epi: increases above that for
uninhibited 50 mM NacCl for all specimens exposed in NaVO3 concentrations plus 50 mM NaCl
solutions. As shown in Figure 63, after 24 hours at open circuit potential, Epi: for low and high
inhibitor concentrations began to separate. AA2024-T3 specimens exposed to 50 or 150 mM
NaVOj3; plus 50 mM NaCl solutions have a higher E,j range than the 1, 5, or 10 mM NaVOg; plus
50 mM NacCl solutions. Such a strong relationship between inhibitor concentration and E,i; was
not seen after 1 hour exposure.

Effects of Vanadate Pretreatment on Anodic Behavior of AA2024-T3

The upward anodic E-log(i) polarization behavior for AA2024-T3 specimens that were
pretreated in the 5 mM NaVOs; inhibitor solution and exposed in 50 mM NaCl without inhibitor
additions showed only a slight increase in Eyi; compared to AA2024-T3 specimens in 50 mM
NaCl solutions. However, AA2024-T3 specimens exposed in 50 mM NaCl plus 5 mM NaVOs3;
showed an increase in Epi: up to 0.5 V, as shown in Figure 64. The pretreated specimens did not
exhibit a passive current density range and a similar Eepass Of -0.8 Vsce as seen in the case of the
50 mM NaCl solution.
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Figure 64. Anodic E-log(i) polarization behavior for AA2024-T3 specimens: (a) 24 hours,
5 mM NaVOgs; inhibitor pretreated and exposed in inhibitor free 50 mM NacCl; (b) exposed
in 50 mM NaCl plus 5 mM NaVOs;. 1 hour open circuit exposure in the test solution
occurred prior to polarization scans. Arrows indicate the direction of polarization.
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The cumulative probability plot for Epi, Figure 65, for the pretreated samples demonstrates that
pretreatment did little to improve Epi: of AA2024-T3. The inhibitor NaVO3; must be in solution

with NaCl to increase Ep; significantly.
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Figure 65. Epir cumulative probability plot for AA2024-T3 pretreated for 24 hours in
various concentrations of NaVO3; open to the air solutions then tested in open to the air 50
mM NacCl solutions. An 1 hour open circuit in test solution occurred prior to anodic E-log
(i) polarization scan.

Effects of Vanadate Inhibitors on Oxygen Reduction Reaction and Hydrogen Evolution
Rates on Different Materials

Both the ORR and HER were investigated in cathodic E-log(i) polarization scans under
controlled rotation rates. In Figure 66, the effect of different materials on the cathodic current
density in 50 mM NacCl solutions is presented. Aluminum has the lowest current density due to
an insulating, high-bandgap, surface oxide film, which acts as a barrier to electron transfer to the
aluminum cathode.® As high-purity copper does not have a significant oxide barrier to prevent
electron transfer to the cathode, the rate of the ORR on copper was determined by the rate of
oxygen diffusion and its concentration in solution. AA2024-T4 contains an Al-Cu solid solution
and copper-rich intermetallic particles, which support ORR, in an aluminum matrix.*
The magnitude of the resulting cathodic current density was between that for high-purity
aluminum and high-purity copper, because an array of copper-rich sites on a benign aluminum
matrix has a lower surface area to support ORR when compared to a homogenous copper surface

of similar area.
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Figure 66. Cathodic E-Log(i) polarization behavior for high-purity Al, AA2024-T4,and
high-purity Cu in open to the air 50 mM NaCl solution with an electrode rotation speed of
0 rpm. A 1 hour open circuit with specimen in the test solution occurred prior to cathodic
polarization. Data not corrected for ohmic resistance.

The Koutecky-Levich method was used to extract i, values which were used to calculate iy for
the Levich plots. The Koutecky-Levich plot, shown in Figure 67, is for Cu in open to air 50 mM
NaCl at two different potentials of -0.8 Vsce and -1 Vsce. While the data were taken in the mixed
ORR and HER region, ORR is dominant. As shown, the high-purity copper specimen followed
ideal behavior with the inverse of the total cathodic current density increasing linearly with the
inverse square root of rotation rate. Even when both the HER and ORR are occurring
simultaneously on Cu, the cathodic reaction, lying between the theoretical lines for 8 and 7 ppm
of oxygen dissolved in the solution, followed ideal Levich behavior, as shown in Figure 68
(Koutecky-Levich plot is shown in Figure 67). In contrast, AA2024-T4, also shown in Figure
68, the cathodic reaction falls below that for copper due to the limited number of Cu-rich sites.
However, there is still a weak effect of rotation rate.
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Figure 67. Koutecky—-Levich plot for Cu in open to the air 50 mM NacCl at three different
potentials of -0.8 Vsce and -1 Vsce. Data was not corrected for ohmic resistance.
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Figure 68. Levich plot of i in extracted from itoy ON Cu and AA2024 in 50 mM NaCl
showing comparison of experimental results to theoretical mass transport limited ORR
rates.
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Effects of Vanadate on Reducing the Oxygen Reduction and Hydrogen Evolution
Reactions

The effect of NaVO3; on current density for high-purity Al was minimal compared to the effect
on AA2024-T4 and high-purity Cu. This was interpreted to result from the presence, on high-
purity aluminum, of an insulation layer of Al,O3, which limits cathodic current density. For the
high-purity copper specimens, the addition of NaVO; decreased the current density during ORR
(Figure 69). AA2024-T4 also had a current density strongly affected by the inhibitor. There was
a strong correlation between vanadate concentration in the 50 mM NaCl and current density for
Cu and AA2024-T4 specimens. The current density was reduced stepwise from the lowest to the
highest vanadate concentration with the highest concentration showing the greatest effect (Figure
70). The aluminum alloy AA2024-T4 had a significant response to the addition of NaVOj; that
was similar to that of copper. However, there was not a clear dose concentration—response
relationship with current density decreasing with NaVVOj3 concentration as was seen for high-
purity copper. It is possible that the 5 mM NaVOj3; plus 50 mM NaCl solution is above the critical
vanadate concentration need to limit the ORR on the surface for AA2024-T4.%2 No effect of the
inhibitor is observed at very negative potentials where proton reduction occurs at a similar or
higher rate as the ORR. As shown in Figure 69, for high-purity aluminum samples, all cathodic
currents were in the mixed oxygen-hydrogen reduction region and could not be used to calculate
Levich plots. For AA2024-T4 in 50 mM NaCl solution, high rotation rates and the resulting
increased oxygen concentration gradient led to greater current density in the oxygen reduction
region. However, only a small portion of the cathodic scan occurred before the start of
significant HER. As can be seen in Figure 69, a slight change in current density occurred where
HER begun due to the change in the pH of the solution. The magnitude of ORR current density,
even below the HER start voltage, was greater and allowed for the calculation of Koutecky-
Levich and Levich plots for Cu and AA2024-T4.
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Figure 69. Effect of rotation rate for open to the air 0 (left column) and 150 (right column)
mM NaVOs; plus 50 mM NaCl solutions on the cathodic polarization behavior of high-
purity Al, AA2024-T4, and high-purity Cu. The data were corrected for ohmic resistance.
(@) Al in 50 mM NacCl, (b) Al in 150 mM NaVO3; plus 50 mM NacCl, (c) AA2024-T4 in 50
mM NacCl, (d) AA2024-T4 in 150 mM NaVOs; plus 50 mM NacCl, (e) Cu in 50 mM NaCl,
and (f) Cu in 150 mM NaVO; plus 50 mM NacCl.
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Figure 70. Effect of various NaVOj3 concentrations in open to the air 50 mM NaCl solution
on the cathodic polarization behavior of high-purity Al, AA2024-T4, and Cu at 0 (left) and
2500 (right) RPM. Data is not corrected for ohmic resistance. (a) Al at 0 rpm, (b) Al at
2500 rpm, (c) AA2024-T4 at 0 rpm, (d) AA2024-T4 at 2500 rpm, (e¢) Cu at O rpm, and (f)
Cu at 2500 rpm.
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The Koutecky-Levich plot, shown in Figure 71, presents the data for Cu in open to the air
50 mM NacCl plus various concentrations of NaVOg at a potential of -0.8 Vscg, a potential in the
ORR region. Current densities decreased with increasing NaVO3z concentrations, except for
150 mM NaVO; plus 50 mM NaCl solution. Vanadate concentrations in solution with 50 mM
NaCl removed the effects of rotation rates.

] &
2.0x10° -
i $H . @
1.6x10°
NE 5_
5 1.2x10 Navo,
< . m 0mM
- 8.0x10" - °« o o A 5mM
e ® 10mM
= & 50 mM
T 4.0x10*- = 150 mM
= A
00__"_T_-—H T - T T 1

.0.00 0.04 0.08 0.12 0.16 0.20

o™ ((rad/s)™?)

Figure 71. Koutecky—Levich plot for Cu in open to the air 50 mM NaCl plus various
concentrations of NaVOg; at a potential of -0.8 Vsce. Data was not corrected for Ohmic
resistance.

Figure 72 presents the Koutecky-Levich plot for AA2024-T4 in open to the air 50 mM NaCl
solutions with various concentrations of vanadate at the potentials of -0.8 Vsce (ORR dominant
region). The effect of the NaVO3; on the ORR is illustrated in Figure 72. It should also be noted
that a V°* reduction to V* can occur in the same potential range in which the ORR is
dominant.®* Vanadate significantly decreased the ORR rate and removed the effect of rotation
rate (Figure 72).
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Figure 72. The Koutecky—Levich plot for AA2024-T4 in open to the air 50 mM NaCl plus
various concentrations of NaVOg; at a potential of -0.8 Vsck.

The usual Levich correlation between an increasing limiting current density for ORR and
rotation rate was not obtained for Cu with vanadate in solution with 50 mM NaCl.
Figure 73 (Koutecky-Levich plot shown in Figure 71) showing extracted i im versus o2
demonstrates the effect of NaVO3; on ORR in the mass transport-limited regime. Increasing the
NaVOj3; concentrations caused ORR on Cu to deviate from idea Levich behavior in the ORR
regime. Lower concentrations of NaVO; were more effective than higher concentrations at
causing deviation from ideal behavior.

In Figure 74 (extracted i im versus @), all of the different concentrations of NaVOj3 suppressed

the ORR on AA2024-T4. Figure 74 demonstrates the effect of inhibitor on AA2024-T4
(Koutecky-Levich plot shown in Figure 72). The ORR is changed from ideal behavior on copper
to non-ideal behavior on AA2024 in 50 mM NaCl solutions, as discussed by Jakab.*
The NaVvO; plus 50 mM NaCl solutions further suppressed ORR reaction on AA2024-T4.
Based on Figures Figure 73 and Figure 70(d), it is likely that the critical inhibitor concentration
needed to suppress ORR on AA2024-T4 is below the 5 mM NaVOs; level.

90



0.0016 -
0.0014 -
0.0012-
0.0010 -
0.0008 -
0.0006 -
0.0004 -
0.0002 -
0.0000 -

-0.0002 -

-0.0004 -

(Alem?)

lim

-

Figure 73. Levich plot (i im extracted from itqa) Of Cu using data from the ORR region
only (potential of -0.8 Vsceg) shows a loss of ideal mass transport controlled behavior.
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As seen in Figure 75, the total current density on the surface of AA2024-T3 or Cu was reduced
below that of the extracted charge transfer controlled current for a specimen exposed only to
sodium chloride solution. This result indicates that vanadate inhibits the charge transfer
controlled current density as well.

Navo,
—0mM

0.6 150mM J
——5mM 0.6 - !
-0.84 -0.8 -
& 3
z -1.0 4 : -1.0
> >
>
= 12 % -1.2 4
&) =
s T
-1.4 4
2 144 % Navo,
- o e OIM
16 164 150mM
—smM
«1.8 4
-1.8 4
T T il T I_ T il I’ T T T T T TrrTT T
10* 107 10° 10 10 10 10 10" 10" 10 10" 10* 10" 10° 10" 10"
. . 2
a) Current Density (Ncmz) b) Current Density (Alcm®)

Figure 75. Cathodic polarization of (a) AA2024-T3 or (b) Cu in open to the air 50 mM
NaCl solution with 0, 5, or 150 mM NaVOs;. The black line representing no addition
inhibitor is the only the current associated with charge transfer Kinetics.

Corrosion Inhibition of AA2024 with Inhibitors Combination

Cerium-Permanganate Combinations

Three possible inhibitors interaction mechanisms are suggested. The combination can act
independently, acting to fill gaps where the other inhibitor provides insufficient protection.
They can have a supportive chemical role by altering the species of the other inhibitor, for
instance by oxidizing a species to a more stable state leading to enhanced corrosion protection.
Thirdly, there could be a new combined species of ion or oxide that involves both inhibitors that
provides corrosion protection in an expanded manner.

The E-pH speciation predictions for the cerium-water system can be seen in Figure 76(b).
These speciation diagrams indicate predominante species ratios at -0.5 Vsce. This potential is
approximatly the value of the observed OCP for AA2024-T351 in 0.05 M sodium chloride
solution with Ce®* or the permanganate ion in solution. The stable cerium oxide is CeO, above a
pH of 9.5 and Ce(OH)3 between a pH of 7.3 and 9.5. When cerium acetate is added to solutions
in contact with AA2024-T351, the species will undergo a chemical reaction near high pH regions
such as at IMC where the ORR occurs. This behavior produces a precipitate oxide of Ce(OH)3 at
low potentials such as those seen on AA2024-T351 at -0.5 V vs. SCE. The chemical reaction can
be seen in Equation 18.

Ce3* +30H™ & Ce(OH), Equation 18
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Figure 76. (a) The E-pH behavior of 0.05 M Ce3+ in aqueous solution. (b) The
concentrations of cerium species in the cerium-H,O system at -0.5 V vs. SCE, near OCP of
AA2024.

The E-pH speciation predictions for the manganese-water system can be seen in Figure 77(b).
The stable Mn(l1) species is Mn(OH), above a pH of 8.5 at -0.5 V(SCE). Permanganate (MnQOy)
is a very strong oxidizer due to its high potential as seen in Figure 77(a). When permanganate is
added to solution in contact with AA2024-T351 at a lower potential, it has been shown to be
reduced through serveral possible electrochemical reactions. Over all ranges of pH, MnO, in the
+7 valence state will likely first be reduced to manganese (IV) dioxide by the following
electrochemical % cell reaction (Equation 19).”® Eo for this reaction at pH 8.4 is 0.54 V vs. SCE.

MnO,” +4H" 4+ 3e~ & Mn0, + 2H,0 Equation 19
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Figure 77. (a) The E-pH behavior of 0.05 M MnO, in aqueous solution. (b) The
concentrations of manganese species in the manganese-H,O system at -0.5 V vs. SCE, near
OCP of AA2024.
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Several additional electrochemical reactions can further reduce the oxide to Mn(lll), a mixed
valence oxide, and finaly the Mn(11) state (Equation 20, Equation 21 and Equation 22)."

2Mn0, + 4 H* + 2e~ & Mn,05 + 2H,0 Equation 20
3Mn,05; + 4H* 4+ 2e¢~ & 2 Mn;0, + 2H,0 Equation 21
Mn;0, + 2H* + 2¢e~ & 3MnO + H,0 Equation 22

At low pH and low potential the oxides may disolve as Mn®*. However, at higher pH above 8 a
stable hydroxyde exists in an insoluble form.” Half-cell reactions Equation 19 through Equation
22 substantiate that Mn(Il) could be deposited electrochemically from MnQO," and remain stable
at high pH cathodic sites such as present over copper rich constituent particles.*"

Of interest is the interaction between the initial petreatment that leads to chemically deposited
Ce(OH); and the high valence state permangante ion used in the second step of the pretreatment.
It is hypothesized that the cerium hydroxide will be oxidized to cerium oxide by the
permanganate ion resulting in a cerium oxide coating that is stable over a larger range of pH than
a cerium hydroxide coating Figure 76(a). The concentrations of the cerium species present at the
redox potential of Equation 19 is shown in Figure 78. A litterature search shows no
documentation of an ionic species or oxide that consistes of both cerium and manganese.
The resulting manganese oxides are also expected to provide corrosion protection in this dual
inhibitor scheme.
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Figure 78. Concentrations of species in the cerium-chloride-H,O system at 0.78 V vs. SCE,
the E, of Equation 19. The cerium oxide species (CeO,) is stable above pH 3.3 at this
potential.

Open circuit full immersion exposure experiments were conducted. Surface chemical
compositions and deposit morphologies were also investigated. Cu replating was investigated to
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indirectly explore the inhibition of Cu release and replating. E,i: were determined and ORR
kinetics were extracted using the Koutecky-Levich correction.

Effects of Cerium-Permanganate Pretreatment on OCP Exposures of AA2024 in 50 mM NaCl
Solution

Figure 79 shows as-polished AA2024-T351 and the surface damage caused by a subsequent 24
hour exposure to 0.05 M NaCl solution. Figure 80 shows the effect of the pretreatment of
AA2024-T351 with the cerium and permanganate solutions. In all pretreatment regimes where
cerium was present above 10 mM there appears to be a thick deposit that covers a large
percentage of the surface of the AA2024-T351. This is in contrast to the permanganate
pretreatment (Figure 81). The permanganate is electrochemically reduced over copper rich
intermetallic particles, the active cathodic sites on AA2024-T351, which mitigates corrosion.

a)

Figure 79. (a) The as-polished (1200 grit) AA2024-T351 and the subsequent surface
damage caused by 24 hour exposure to 0.05 M NaCl solution in a naturally aerated state at
room temperature. (b) The damaged specimen image is compressed horizontally to include
a secondary electron and backscattered electron image.
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Figure 80. (a) AA2024-T351 pretreated with 0.01 M Ce3+ for 100 hrs. and 0.04 M MnO4-
for 24 hrs. (secondary electron image). (b) Same pretreatment times with inhibitor
concentrations of 0.025 M Ce3+ and 0.025 MnO4-. (c) Same pretreatment times with
inhibitor concentrations of 0.04 M Ce3+ and 0.01 MnO4-. (d) Same pretreatment times
with inhibitor concentrations of 0.05 M Ce3. (e) Same pretreatment time with inhibitor
concentration of 0.05 MnO4-.
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Figure 81. (a) AA2024-T351 with indication of EDS sites labeled 1-8. (b) Same sample and
area as (a) Sample has been pretreated for 24 hours in 0.1M KMnO,. Indication of EDS
sites labeled 1-8.

The manganese oxide particles detected by energy dispersive spectroscopy can be seen in the
secondary electron image shown in Figure 81 (a and b). Figure 82 show EDS point scans of two
intermetallic particles before and after pretreatment. Qualitative chemical analyses of the
intermetallic particles before and after pretreatment are summarized in Table 24.
Manganese oxide growth is apparent on many of the intermetallics and is shown to be deposited
specifically on the various types of Cu rich phases as opposed to the aluminum rich matrix
phase. Qualitative chemical data from EDS shows coverage of 6, S, and Cu-Mn-Fe-Al phases by
a manganese oxide of unknown valence state. An example of this is shown in Figure 82.
Permanganate forms thick oxide deposits over copper rich intermetallics in AA2024-T351 when
pretreated. The deposition is characterized by spherical caps over small (~0.5 um) intermetallics
and conformal layers with terraces over larger particles (5 um).

Table 24. Compilation of EDS data for AA2024-T351 intermetallic particles in Figure 81,
before and after pretreatment in 0.1 M KMnOQOs,.

Intermetallic phase Particle # | Manganese Oxide Cap | Mn enrichment (EDS)
AlCuMg phase 56 Yes Yes
Al(Cu,Mn,Fe,SI) phase 1,2,3 Yes Yes
AlCu phase 4 Yes Yes
Al(Cu,Mn,Fe,Mg) phase | 7,8 Yes Yes
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Figure 82. (a) Intermetallic particle 1 from Figure 81. (b). Intermetallic particle 5 from
Figure 81. The left spectrum is taken from an untreated sample, the right, a pretreated
sample. The cerium-permanganate dual inhibitor pretreatments produced a wide array of
surface features as seen in Figure 80. In order to analyze the chemical composition of the
complex oxide structures observed, EDS line scans for oxygen, magnesium, aluminum,
chloride, manganese, iron, copper, and cerium were performed. Manganese is the only
element that is found both in the pretreatment solution, and the alloy. The alloy contains
0.6% manganese by weight as shown in Table 3. This complicates the analysis of the
manganese EDS results because the element is concentrated in certain intermetallic
compounds in the alloy. However, manganese enrichment is clearly visible in the
microscopy due to the unique oxide formations that have been observed.

98



EDS line scans are shown in Figure 83 for AA2024-T351 in one of the pretreated states used.
There are three oxide formation structures visible for cerium and one structure visible for
manganese. When the 10 mM Ce** + 40 mM MnO, pretreatment was examined [Figure 80 (a)
and Figure 83(b)], long cerium rich oxide needles were observed while manganese oxides
appeared to deposit over intermetallic particles as seen in the permanganate only pretreatment
(Figure 81). When the 25 mM Ce** + 24 mM MnO, pretreatment was examined [Figure 80 (a)
and (b)] cerium oxides no longer were in the form of long needles. The cerium deposits for this
pretreatment regime are pellet shaped, clearly seen in Figure 83(b). Some permanganate deposits
remain over the intermetallic particles. When the 40 mM Ce®*" + 10 mM MnOy pretreatment was
examined, cerium enrichment appears to be more widespread suggesting a more homogeneous
cerium oxide or hydroxide covering the surface of the AA2024-T351. Manganese oxide deposits
are still present but they appear to be smaller and less distinct. Finally, when a 50 mM cerium
pretreatment is conducted, general cerium enrichment is observed over the surface of the
AA2024-T351 as seen in Figure 80(d) and Figure 83(d). In all cases the cerium and
permanganate enrichment location indicated in EDS line scans does not coincide indicating that
they are not present in a single phase. In both the 10 mM Ce** + 40 mM MnOy4 and the 25 mM
Ce®" + 24 mM MnOy pretreatments the enrichment of cerium on the surface, as detected by EDS
[Figure 83 (a) and (b)] appears to be minimal whereas the pretreatments with higher cerium
concentrations [Figure 83 (c) and (e)] maintain some level of cerium enrichment covering the
entire surface of the AA2024-T351.

Figure 84 shows the effects of a subsequent exposure of the pretreated samples to 0.05 M NaCl
for 24 hours. The effect of the inhibitor pretreatment on visible exposure damage is significant.
After the pretreated samples were exposed to 50 mM NaCl for 24 hours the morphology of the
surfaces changes significantly. Figure 85 shows EDS line scans of pretreated AA2024-T351 that
had been exposed to 50 mM NaCl for 24 hours.

The corrosion inhibition of each pretreatment regime can be visually assessed by observing the
extent of intermetallic trenching and pitting that has occurred on the surface of the AA2024-
T351. Figure 84 and Figure 85 indicates that as the concentration of cerium increases the
pretreatment appears to be more effective at decreasing the extent of damage surrounding the
intermetallic particles. In Figure 84(a), the 10 mM Ce** + 40 mM MnOy pretreatment has
slightly greater damage than any other cerium treated sample. As the concentration of cerium
increases the visible damage decreases and is no longer observed once the 40 mM concentration
is reached albeit without cleaning. In order to determine the extent of surface damage hidden by
cerium deposits the cerium oxide formed during 50 mM Ce pretreatment was abrasively
removed (Figure 86). When the oxide is removed it becomes apparent that the surface has been
heavily damaged during the exposure. The dark spots in the microscopy indicate the presence of
pervasive pitting attack to the sample surface below the cerium oxide layer. These pits can be
seen to a lesser extent in Figure 84 (d) due to the presence of the cerium oxide layer.
However, none are seen in Figure 84, (b) or (c), two samples there were also pretreated with
permanganate.
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Figure 83. EDS at 15 kV accelerating potential of AA2024-T351 pretreated in 10 mM Ce**
+ 40 mM MnO,(a), 25 mM Ce*" + 24 mM MnO, (b), 40 mM Ce** + 10 mM MnOy.
All cerium pretreatments lasted for 100 hours. All permanganate pretreatments lasted for
24 hours.
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Figure 84. (a) AA2024-T351 pretreated with 0.01 M Ce** for 100 hrs. and 0.04 M MnO, for
24 hours and exposed to 0.05 M CI" for 24 hrs. (secondary electron image). (b) Same
pretreatment with inhibitor concentrations of 0.025 M Ce** and 0.025 MnO,4 and exposed
to 0.05 M CI for 24 hrs. (c) Same pretreatment with inhibitor concentrations of 0.04 M
Ce** and 0.01 MnO, and exposed to 0.05 M CI” for 24 hrs. (d) Same pretreatment with
inhibitor concentrations of 0.05 M Ce®*" and exposed to 0.05 M CI for 24 hrs.(e) Same
pretreatment with inhibitor concentrations of 0.05 MnO," and exposed to 0.05 M CI for 24
hrs. Samples were not cleaned post exposure.
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Figure 85. EDS at 15 kV accelerating potential of AA2024-T351 exposed for 24 hours in 50
mM NaCl after pretreatment in 10 mM Ce®*" + 40 mM MnO, (a), 25 mM Ce** + 24 mM
MnOy (b). All cerium pretreatments lasted for 100 hours. All permanganate pretreatments
lasted for 24 hours.
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Figure 86. Surface damage revealed by abrasive removal of cerium oxide after
pretreatment in 0.05 M Ce** for 100 hrs. and subsequent exposure to 0.05 M NaCl for 24
hours.

This is in contrast to the 50 mM permanganate pretreatment which is shown in Figure 84 (e).
There does appear to be trenching around the intermetallic particles. However, there is a lack of
heavy pitting of the aluminum matrix as seen in the 50 mM cerium pretreatment.
In summary MnO, alone is more effective than Ce** with Ce-Mn combinations intermediate.

Open Circuit Behavior of Pretreated AA2024-T351

OCP data was collected for 1 hour in ambient aerated 0.05 M NaCl solution after the dual
inhibitor pretreatments were performed (Figure 87). The samples were removed from
pretreatment, rinsed thoroughly, and the open circuit was measured in 0.05 M sodium chloride
solution. The specimens that were treated with higher levels of permanganate tend to have lower
OCP when compared with no pretreatment. Briefly, it is believed that the manganese oxide
deposits initially contain some residual permanganate, which over the course of the first hour is
reduced providing an additional cathodic reactant. As the residual permanganate is reduced the
OCP drops as the result of the blockage of the intermetallic particles for fast ORR. As the
manganese oxide deposits over the intermetallic caps degrade or dissolve, the open circuit
recovers to the open circuit of the un-treated AA2024-T351 substrate. Figure 87 and
Figure 84 (e) show this behavior. A significant result is that MnO,™ is much more effective at
lowering OCP than Ce*® suggesting greater ORR inhibition.
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Figure 87. Open circuit test of pretreated AA2024-T351 in 50 mM NaCl solution with
ambient aeration. Test included 100 hrs. pretreatment in Ce** followed by 24 hrs.
pretreatment in MnO, at the indicated concentrations. Pretreatments are CI free.

Inhibition of Copper Replating

Copper replating was also investigated on pretreated AA2024-T351 surfaces after OCP
exposures in 50 mM NaCl using the CV method to assay the copper coverage. Figure 88 shows
the cyclic voltammetric analysis of pretreated AA2024-T351, and AA2024-T351 etched in 0.05
M NaCl solution for 24 hours. The charge associated with anodic Cu(l) to Cu(ll) reaction peaks
reflect the surface coverage of copper brought about by corrosion and are indicative of copper
replating.?’ The results of the CV tests are summarized in the bar plots in Figure 89.
These suggest that cerium-permanganate pretreatments reduce copper redeposition the most.
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Figure 88. CVs of pretreated AA2024-T351 after a 24 hour exposure in 50 mM NaCl
solution.
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Figure 89. The relative intensities of the Cu'* reduction peak on the AA2024-T351 surface
pretreated in cerium for 100 hours and subsequently in permanganate for 24 hrs. followed
by exposure for 24 hrs. in 0.05 M NaCl are shown. Combined inhibitor concentrations
tested had ratios of cerium to permanganate of 0.2 and 0.8 with a total inhibitor
concentration of 0.05 M. Results are compared to permanganate pretreatments and cerium
pretreatments. A large decrease in the copper surface coverage is evident for the combined
inhibitor pretreatment over either single inhibitor pretreatment.

Anodic Inhibition of AA2024-T351 by Cerium-Permanganate Pretreatments

Figure 90 (a-e) shows anodic E-log(i) behavior for pretreated AA2024-T351 in 0.05 M sodium
chloride solution during upward cyclic potentiodynamic scans. Cerium-permanganate
pretreatments had very little effect on Epi: of AA2024-T351. A very slight increase in Epj is
observed but it is not significant. As shown previously, the samples pretreated with
permanganate alone experience a significantly suppressed OCP that exposes a passive region.
Epit of the exposed passive film is not affected. However AEp. is significantly improved.
Cerium pretreatments alone show little effect on E;; or OCP. Therefore AE is not reduced.

Figure 91 presents the cumulative probability of pitting as a function of potential for pretreated
AA2024-T351. No significant increase in Epj is observed for pretreated AA2024-T351 tested in
50 mM NaCl solution.
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Figure 90. Anodic E-log(s) behavior of AA2024 with cerium-permanganate pretreatments
at stated concentrations tested in 5 mM sodium chloride.
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Figure 91. Cumulative probability of pitting on AA 2024-T351 as a function of potential for
both permanganate-cerium combinations and in-situ solution phase permanganate
inhibitor concentration. Combined inhibitor concentrations tested had ratios of cerium to
permanganate of 0, 0.2, 0.5, 0.8, and 1 with a total inhibitor concentration of 0.05 M.
Cumulative probability of pitting in 0.05 M NacCl solution.

Investigation of Cathodic Inhibition with Cerium-Permanganate Pretreatments

Figure 92 shows the cathodic polarization data collected using the RDE method to examine the
effects of cerium-permanganate pretreatments on the ORR kinetics on AA2024-T4 in pH 8.4
borate buffer. The E-i behavior of untreated AA2024-T351 and high purity copper were run with
traditional potentiodynamic control to illustrate the effect of rotation rate over all potentials.
This can be seen in Figure 92. Figure 93 shows the results of potentiodynamic downward scans
at a set rotation rate of 2500 rpm. Cerium-permanganate pretreatments change the regions of
mass and charge transfer control on AA2024-T4. Cerium-permanganate inhibitor combinations
show very similar behavior to that of permanganate pretreated samples. This begins with an
elevated OCP in pH 8.4 borate buffer. The elevated potential can be explained by considering the
half-cell reaction potentials for manganese oxide species at pH 8.4. As the potential is decreased
these oxides are reduced resulting in the cathodic current density shoulder observed from 0.5 V
vs. SCE to -0.5 V vs. SCE. As the potential continues downward the ORR begins to dominate
the current density and becomes mass transport limited starting around -0.6 V vs. SCE.
This cathodic kinetic behavior is not evident for two pretreatment systems: 10 mM Ce®" +40 mM
MnO, and 25 mM Ce®** + 24 mM MnOy". These two systems show remarkable inhibition of the
oxygen reduction reaction. The current density for these two systems is two and a half orders of
magnitude lower than untreated AA2024-T351. The remaining E-log(i) scans show the onset of
HER dominated current density between -1.2 and -1.5 V vs. SCE.
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Figure 92. Cathodic E vs. log(/) data for AA2024-T4 (a) and high purity copper (b) samples
run at various rotation rates from 100 rpm to 2500 in pH 8.4 borate buffer. Solutions were
aerated naturally and no pretreatment was performed.
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Figure 93. Rotating disk cathodic polarizations experiments on AA 2024-T351 at a rotation
rate of 2500 rpm in pH 8.4 borate buffer. Combined inhibitor concentrations tested had
ratios of cerium to permanganate of 0.2, 0.5, and 0.8 with a total inhibitor concentration of
0.05 M. Total current densities for bare AA2024, cerium treated, and permanganate
treated have been included for reference.

A second RDE method was used to examine the ORR further. The working electrode was held at
a potential of -1.0 V vs. SCE and the rotation rate of the sample was varied. The results can be
seen in Figure 94. The primary finding is that cerium-permanganate is more effective at cathodic
inhibition than cerium alone. The variable rotation rate results for AA2024-T351 pretreated in
cerium-permanganate dual inhibitor pretreatments in Figure 94(a), suffer from the presence of an
additional source of cathodic current, the reduction of manganese. The rotation rate dependent
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cathodic current density changes manifest themselves as near instantaneous steps in current
density that correlate exactly with the change in rotation rate. The ORR rotation dependence can
be extracted by observing the instantaneous jump in current density that occurs when the rotation
rate is increased after accounting for the additional manganese reduction current.
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Figure 94. (a) RPM Ramp 500 to 2500 (increments of 500) of AA2024-T351 in pH 8.4
borate buffer after stated pretreatments When manganese deposits are present it reacts
electrochemically effecting the current density at each rotation rate. (b) RPM Ramp 500 to
2500 (increments of 500) of high purity copper in pH 8.4 borate buffer after stated
pretreatments.

The additional cathodic current from the reduction of manganese is not seen when pretreatments
were conducted on high purity copper that was potentiostatically pretreated at the open circuit of
the AA2024-T351 system (-0.5 V vs. SCE) in cerium and permanganate solutions.
These pretreatments showed limited inhibition (Figure 94).

Plots of 1fite: vs. ©? at -1.0 V vs. SCE (a potential dominated by oxygen reduction mass
transfer control) show that uninhibited AA2024-T4 has a slightly lower current density than high
purity copper, see Figure 95(a). This is due to the array of active electrodes surrounded by
inactive aluminum matrix as described by the Gueshi model.*”* The Koutecky-Levich
method,** as shown in Equation 23, was used to extract ip from it at -1.0 V vs. SCE, where ip is
the diffusion limited cathodic current density and ic is the charge transfer limited cathodic
current density, see Figure 95(b). At this potential iygr is much lower than iogrg.

1 1 1
— =+ Equation 23
lrot let lp

Where ip is given by Equation 24.

ip = 0.62nFD*/3v /6Cw /2 Equation 24
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Figure 95. Diffusion limited current density on high purity copper compared to AA2024-
T351 at rotation rates from 500 to 2500 rpm in pH 8.4 borate buffer. Combined inhibitor
concentrations tested had ratios of cerium to permanganate of 4, 1, and 0.2 with a total
inhibitor concentration of 0.05 M.

The results on high purity copper can be compared with the Levich description of mass-transport
limited O, reduction given by Equation 16. Using a value for the diffusion of O, in water,
D = 1.9 x 10®° cm?/s, a value of n = 4, the concentration of O, in solution, C = 7-9 ppm, and the
kinematic viscosity, v=1 x 10 cm?/s. Good agreement is found between theoretical values and
experimental data.?® This suggests that at -1.0 V vs. SCE the current due to the HER is a small
fraction of the ORR current.

The diffusion limited current density was extracted from the total current density using the
Koutecky-Levich method for the pretreated case at -1.0 VV vs. SCE. The extracted diffusion
limited current density is shown in Figure 96(b). Pretreated AA2024 has a lower cathodic current
density than untreated AA2024-T4 over all rotation rates with a weaker rotation rate dependency.
Permanganate and Cerium-permanganate pretreatments suppress the diffusion limited current
density significantly. Permanganate alone affords the best reduction in cathodic current on
AA2024.

110



*
[ Bx 10 .
P R # - 24H0.05MMnO',
’ : =100 H 0.01 M Ce™ + 24 H 0.04 M MnO, o
651077 _y_ 100 H 0.025 M Ce™ + 24 H 0.025 M Mno’, x
Ty ) 100 H 0.04 M Ce™ + 24 H 0.01 M MnQ’, o = |
2 14%10°9 —a- 100 H 0.05 M Ce™ g *
E 1.2x10° 4 Q _ A * " -7
2 . . o 1.2x10° s i
< o Y % 24H0.05 MMnO', e ¥ -
10410+ l B 100 H0.01 M Ce™ + 24 H 0.04 M MnO', = . eio Qe 7
e 1.0x -
3 w100 H0.025 M Ce™ + 24 H 0,025 M Mn0Q', o2 e
) Q ! " i o e O~ No Pretreatment
8.0x10° 1 @ 100 H0.04 M Ce +2uan!:|.l:-1MMnC>4 8.0x107 - = = -Levich 7 ppm O,
¥ 4 100 H0.05 M ce™ o ,f’ - -+« Levich 8 ppm O,
608107 . . ] NolPretreatment 604107 -
0.06 0.08 0.10 0.12 0.14

T T T T T
o (rad/sec)’” ] 8 10 12 14 15
o \"'{rada'sec] °

Figure 96. Diffusion limited current density on high purity copper at rotation rates from
500 to 2500 rpm in pH 8.4 borate buffer. Combined inhibitor concentrations tested had
ratios of cerium to permanganate of 4, 1, and 0.2 with a total inhibitor concentration of
0.05 M.

Vanadate-Cerium and Vanadate-Molybdate Combinations

Candidates for combining with vanadate include Ce and Mo, which have been investigated as
single inhibitors. While there is a basic understanding of vanadate speciation in aqueous
solutions at various pH ranges, vanadate speciation with molybdate in solution has not been well
demonstrated. It is important to determine if changes in species or groupings of vanadate
molecules (tetrahedral versus octahedral coordination) occur and if these changes significantly
impact inhibition. Additionally, the conditions under which inhibiting vanadate species become
the dominant vanadate species in solution may also be affected by addition of molybdate in
solution.

Inhibitor combination chemicals tested for AA2024 include cerium chloride and sodium
molybdate. High throughput testing was used to examine two, three, or four inhibitors in
combination.® AA2024-T3 wire was placed in 600 mM NaCl plus 3.4 mM total inhibitor
concentration at a pH of 7 for one or seven days. The resultant test solution was then screened
for AI** concentration using a florometric technique.® Additionally, CV was employed to test for
copper replating on AA2024-T3 wires that had been immersed in the above solution for 24
hours. Cerium chloride in combination with sodium molybdate was more effective than sodium
chromate alone at reducing copper replating.*® Measurements were also made using a pair of
AA2024-T3 wires held in solution for 9 hours with a 100 mV applied anodic DC voltage above
open circuit. During this time the current was measured.Based on the current values of the last 2
hours of applied potential, the inhibition efficiency (one minus the ratio of inhibited current to
uninhibited current) of sodium metavanadate plus sodium molybdate and sodium metavanadate
plus cerium chloride were approximately 90% and 80%, respectively, as compared to 95% for
sodium chromate.”® The few studies of inhibitor combinations for AA2024 provide limited
cathodic and anodic information and did not examine possible changes in mechanism governing
inhibition.®**® Combinations of cerium acetate pretreatments followed by testing in vanadate
solutions have not been studied. While there is a basic understanding of vanadate speciation in
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aqueous solutions at various pH ranges, vanadate speciation with molybdate in solution has not
been extensively demonstrated. Studies have found the existence of vanadium molybdenum
molecules in the pH range 1.5-7.5.%%"% |t is important to determine if changes in species or
groupings of vanadate molecules (tetrahedral versus octahedral coordination) occur and if these
changes significantly impact inhibition. Additionally, the conditions under which inhibiting
species become the dominant vanadate species in solution may also be affected by addition of
molybdate in solution.

Species Present in NMR and Speciation Diagrams

The speciation of vanadate in aqueous solutions is known to vary with both ionic concentration
and pH.*>% l\/NMR was used to experimentally determine the species present in NaVOs plus
50 mM NaCl and NaVOj3 plus Na;MoO, plus 50 mM NaCl solutions and, as well as, to check for
any change in speciation with time. While slight differences were seen between the minor peaks
for different concentrations of vanadate, the dominant peak at -577 ppm was found in all
solutions regardless of MoO, content. This peak corresponded to the tetrahedrally coordinated
vanadate species (V4O1)™*. Other experimentally observed minor peaks were ( -586 ppm
(V5015)°, -572 ppm (H,V,07)?, and -550 ppm (V,0;)*).%%13% golution age did not appear to
be a factor in speciation. Figure 97 demonstrates that vanadate speciation was stable after 24
hours. Table 25 shows the experimentally observed peaks in order of abundance for each
vanadate concentration tested. Adding molybdate to a 10 mM NaVO3; 50 mM NacCl solution
changes the ratio of minor species present but not what the minor species are, as seen in Table
25.

Table 26 contains the species, estimated percent of total species present and the pH of the
solution. The addition of molybdate to 50 mM NaCl vanadate solutions increased the pH (but
within the 6 - 9 range) and the concentration of (V,O1,)™ in solution.
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Figure 97. Vanadate speciation as a function of time. Insignificant changes in vanadate
species present occurred for a) 50 mM NaVOj3; plus 50 mM NaCl in D,O solvent; b) 40 mM
Na,MoO, plus 10 mM NaVOj3; plus 50 mM NacCl in D,O solvent.
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Table 25. The *"VNMR peaks for different inhibitor concentrations in 50 mM NaCl
solution at room temperature.

Dissolved 10 mM 40 mM 25 mM 10 mM 50 mM
Inhibitor NaVOs; Na,MoO, + NaMoO, + Na,MoO, + NaVOs;
10 mM 25 mM 40 mM
NaVO; NaVO; NaVO;
V" species -577 ppm -577 ppm -577 ppm -577 ppm -577 ppm
in decreasing /5 V0" V0" V401" V401"
abundance
-572 + 1 ppm -550 + 7 ppm  -586 ppm -586 ppm -586 ppm
H,V,0;7 V,07" Vs015™ V5015™ V5015™
-550 £ 7 ppm  -586 ppm -572+1ppm  -572+1ppm  -572 %1 ppm
V,07" V5015” H,V,07* H,V,0,* H,V,07*
-586 ppm -572+1ppm  -550 £ 5 ppm -550 + 3ppm  -550 ppm
V5015™ H,V,07* V.07 V,07" V.07

Source; %4%>130138139The dominant peak at -577 ppm is V401"

Table 26. Abundance of vanadate species and solution pH for different inhibitor
concentrations in 50 mM NaCl.

Species Species 50 mM 40 mM 25 mM 10 mM 50 mM
Abbrevia- Na,MoO, Na,MoO, + Na,MoO, + NaMoO, + NaVOs
tion 10 mM 25 mM 40 mM
NaVO; NaVOs; NaVOs;
V40" A\ 76-78% 78-82% 80% 76-81%
H,V,07% V, 6-9% 4-T% 4-6% 3-12%
V,0,* V, 7-9% 4-6% 4-5% 1-6%
V505> Vs 7-9% 9-10% 10-11% 4-13%
pH 75 7.9 8.3 8.4 8.4
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Effect of Vanadate Inhibitors on Suppressing Open Circuit Pitting Corrosion of AA2024-T3

The results of the 24 hour open circuit potentials prior to anodic scan of cerium acetate pretreated
specimens exposed in 50 mM NaCl plus various concentrations of NaVOs; in solution are
presented in Table 27 and Figure 98 for AA2024-T3. During the first hour of exposure, all the
AA2024-T3 specimen in the 50 mM NaCl solution with 50 mM total inhibitor concentration
(mixture of Ce(C,H30,)3 pretreatment or NaVOs3) in test solution demonstrated an OCP higher
than that of a similar specimen exposed in the salt solution without inhibitor. These specimens
also pitted. The increase in OCP continued for the 24 hour time period. After 24 hours, all of the
specimens exposed to the cerium acetate and vanadate inhibitor combinations had a decrease in
OCP as did the specimens exposed to just 50 mM NaCl. Twenty-four hour immersion tests in 50
mM NaCl without inhibitor confirmed corrosion of AA2024-T3 at open circuit potential.
For both the 1 hour and 24 hour open circuit, OCP did not correlate with the cerium acetate and
vanadate ratio.

Table 27. The average open circuit potentials for AA2024-T3 in 50 mM NacCl solution with
various concentrations of inhibitor in naturally aerated solution and as a 2 hours
pretreatment at the 1% and 23" hours.

Open Circuit Potential | Open Circuit Potential at

Concentration of Inhibitor
at the 1° Hour (Vsce) the 23rd Hour (Vscg)

50 mM Ce(C;H302); pretreatment -0.502 0517
oM NavOu n st aluton |05 0620
25 M NavOu ot salaton |04 0567
oM NavO o ion |04 0500
0mMm -0.536 -0.667
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Figure 98. Typical OCP behavior for AA2024-T3 specimens in naturally aerated 50 mM
NaCl solutions after a) 1% Hour and b) 23 Hour. A pretreatment in various
concentrations of Ce(C,H30,); followed by testing in various concentrations of NaVOs; in
50 mM NacCl solutions.

The results of the 24 hour open circuit potentials prior to anodic scan conducted in 50 mM NaCl
plus various concentrations of Na,MoO, and NaVOj; in solution are presented in Table 28 and
Figure 99 for AA2024-T3. During the first hour of exposure, only the AA2024-T3 specimen in
the 50 mM NaCl solution with 50 mM Na;MoO, demonstrated an OCP higher than that of a
similar specimen exposed in the salt solution without inhibitor. This specimen also pitted.
After 23 hours of AA2024-T3 exposure in solutions, the open circuit potentials of all specimens
exposed in salt solutions with inhibitor, were higher than those of the specimens exposed in 50
mM NacCl solution without inhibitor with the exception of specimens exposed in 25 mM NaVO;
plus 50 mM NaCl or 25 mM Na;MoO, plus 25 mM NaVO; plus 50 mM NaCl solution.
Only three solutions, (40 mM Na,MoO, plus 10 mM NaVO; plus 50 mM NaCl, 10 mM
Na;MoO, plus 40 mM NaVOs; plus 50 mM NaCl, and 40 mM NaVOs; plus 50 mM NacCl ), did
not follow the trend of those exposed in 50 mM NaCl solution of having a reduced potential over
time. For both the 1 hour and 24 hour open circuit, OCP did not correlate with the vanadate
concentration. The 24 hour OCP did correlate with molybdate concentration wherein higher
molybdate concentrations ratios had higher open circuit potentials.
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Table 28. The average open circuit potentials for AA2024-T3 in naturally aerated 50 mM
NaCl solution with various concentrations of inhibitor in aerated solution at the 1 and 23™
hours.

Concentration of Inhibitor Open Circuit Potential | Open Circuit Potential at
at the 1 Hour (Vsce) the 23" Hour (Vsce)

0mM -0.536 -0.667
50 mM Na,Mo0QO, -0.459 -0.544
40 mM Na;MoO, " 10 mM NaVO; -0.653 -0.577
10 mM NaVOs3 -0.570 -0.584
25 mM Na,MoO,; + 25 mM NaVOs; -0.580 -0.681
25 MM NaVOs; -0.621 -0.700
10 mM Na;MoO, + 40 mM NaVOs -0.772 -0.665
40 mM NaVOs3 -0.657 -0.583
50 mM NaVO3 -0.634 -0.649
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Figure 99. Typical OCP behavior for AA2024-T3 specimens in naturally aerated 50 mM
NaCl solutions after a) 1 Hour and b) 23" Hour. The test solution contained 50 mM
NaVO3; and Na;MoO, inhibitors in addition to 50 mM NaCl. The ratio of NavO; and
Na;MoQ, varied, but total inhibitor concentration was kept constant at 50 mM.
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24 Hour Immersion Experiments on AA2024-T3

Open circuit or freely corroding immersion experiments were conducted to evaluate the effect of
various inhibitors on corrosion of AA2024-T3 sheet, where all anodic and cathodic sites were in
close proximity, in 50 mM NaCl solutions. As shown in Figure 100, the number of pits and the
pit size were reduced by the addition of NaVO3; to 50 mM NacCl solutions. Both the specimens
either pretreated in 50 mM Ce(C,H30,), and then exposed in 50 mM NacCl test solution or that
exposed in 50 mM Na,MoQO, plus 50 mM NaCl in test solution had a similar appearance to
specimens exposed to 50 mM NaCl. The post exposure surfaces of specimens exposed to those
two inhibitors had corrosion of and around copper intermetallic particles, as well as,
discoloration of the alloy matrix, which was also seen with specimens exposed in 50 mM NaCl
solutions. Neither the cerium acetate pretreatment nor the sodium molybdate inhibitors were as
effective at reducing pitting as the 50 mM NaVOj; inhibitor. For specimens exposed to solution
containing 50 mM NaVOs; solution, the pitting sites could not be seen without the use of a
microscope. Also, the addition of 10 mM NaVO; to 40 mM of either of the other inhibitors
reduced the number of pitting sites.

Vanadate precipitates out at pitting sites as a yellow substance. AA2024-T3 exposed to 5 mM
NaVOs; in 50 mM NacCl solutions formed yellow precipitates around pits. This yellow precipitate
was not seen at higher concentrations of NaVOs. In general, for exposure in solutions containing
vanadate, the cerium pretreated specimens were more corroded than the specimens exposed in
similar concentrations of vanadate solutions containing molybdate, as shown in Figure 100.
Although, there was still wide spread attack of copper intermetallic particles at the 10 mM
Ce(C,H30,), pretreatment and 40 mM NaVOj; plus 50 mM NacCl inhibitor combination ratio,
vanadate precipitation only occurred at pitting sites for the 40 mM Ce(C,H30,), pretreatment
and 10 mM NaVOs; plus 50 mM NaCl inhibitor combination ratio. It is unlikely that the 2 hour
cerium acetate pretreatment would be an effective inhibitor against chloride assisted pitting at
open circuit conditions. The AA2024-T3 surface post exposure to 50 mM Na,MoO, plus 50 mM
NaCl also had a precipitate at large pitting sites. This precipitate was white to brown in color.
The mixtures of vanadate and molybdate have precipitate of both the white and yellow colors at
large pits. SEM employing EDS was used to examine the difference in elemental composition
between the different colored precipitates.

Figure 101 shows the elemental line profile of an Al-Cu—Fe—Mn intermetallic particles and the
matrix of AA2024 specimens that were subjected to high and low cerium acetate pretreatment
conditions. There was no discernible increase in cerium above the intermetallic particle as
compared to the matrix. Both had low average cerium coverage ranging from 2 to 1 at%.
An increase in the cerium acetate pretreatment concentration did not lead to a noticeable increase
in the amount of cerium coating the matrix and Al-Cu-Fe—Mn intermetallic particle surfaces
after the 2 hour pretreatment. The coverage in these tests was of a lower cerium percentage than
those found at S—phase Al-Cu-Mg particles. Figure 100 (a-d) shows that the large Al-Cu—Fe—
Mn particles had localized attack on the IMC surface, but large pits were found by Al-Cu-Mg
particles. Figure 102 shows that the Al-Cu-Mg particles had an order of magnitude higher Ce
coverage as compared to the matrix or Al-Cu-Fe-Mn particles. Pitting still occurred
preferentially at these AI-Cu-Mg particles. During pitting, chloride and vanadium
concentrations increased at the AI-Cu—Mg particle during a 24 hour exposure to 10 mM NaVOs;
plus 50 mM sodium chloride solution. Although a high concentration of cerium was deposited on
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top of the S—phase, corrosion still occurred at these particles instead of at other metallurgical
features with lower cerium coverage. High cerium concentrations on the more anodic Al-Cu-Mg
particles did not change the method of AA2024-T3 pitting.

“a) Pretreat 50 mM Cerium o
Acetate ‘ 38

SErTY

b) Pretreat: 40 mM Cerium f) Test: 40 mM Na;MoOQ, +
Acetate. Test: 10 mM NaVO; 10 mM NaVO;

c) Pretreat: 25 mM Cerium
Acetate. Test 256 mM NaVO,

d) Pretreat: 10 mM Cerium h) Test: 10 mM NaMoO, +
Acetate. Test: 40 mM NaVO; 40 mM NaVO;

Figure 100. Optical micrographs of AA2024-T3 on the transverse-lateral surface after 24
hours of exposure in naturally aerated 50 mM NacCl solutions with different combinations
of inhibitors at room temperature. 50 mM NaCl solution containing cerium acetate was in
contact with the surface for 2 hours prior to testing in the chloride containing test solutions
for 24 hours for the cerium acetate pretreatment specimens. The scale bars are all 50pm.
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Figure 101. Backscattered electron image, in the compositional mode, taken at 20 kV with
180 second collection time of AA2024-T3 specimen exposed to a) 50 mM Ce(C,H30,); or b)
10 mM Ce(C,H30,)3 for 2 hours. The arrows indicate location and direction of EDS scan
over Al-Cu-Fe-Mn particles.
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Figure 102. Backscattered electron image, in the compositional mode, taken at 20 kV with
180 second collection time of AA2024-T3 specimen exposed to a) 40 mM Ce(C,H30,), for 2
hours or b) 40 mM Ce(C;H30,), for a 2 hour pretreatment then a 24 hour immersion in 10
mM NaVOs; + 50 mM NaCl. The arrows indicate location and direction of EDS scan.

For the vanadate molybdate mixtures, the pits initiated at the matrix adjacent to Al-Cu—Fe—Mn
particles or at S—phase Al-Cu—-Mg particles. Molybdenum and Vanadium rich precipitates were
observed on the surface of the AA2024-T3 specimens exposed to the 50 mM mixtures of NaVOs
and Na;MoO, plus 50 mM NaCl solutions. These precipitates surrounded the pit.
EDS scans presented in Figure 103, indicate that these precipitate products contain molybdenum
and vanadium. The EDS scan in Figure 103 (a), 50 mM Na;MoO, + 50 mM NacCl test solution,
has a molybdenum rich precipitate on top and surrounding the pit. As seen in the EDS scans in
Figure 103 (b) for the 25 mM NaVOs; + 25 mM Na;MoO, + 50 mM NaCl test solution, the
molybdenum was preferentially deposited on top of the pit along with a small amount of
vanadium and the composition of the precipitate further away from the pit had a composition that
high in vanadium and low in molybdenum. Figure 104 (a) shows an example of the unaffected
matrix. There is no molybdate peak for the unpitted matrix, even though it was exposed to
molybdate containing solutions for 24 hours. Figure 104 (b) shows no molybdate or vanadate
precipitate over a Al-Cu—Fe—Mn phase intermetallic particle. The increase in molybdenum and
or vanadium concentration at the pitting site was not observed on intermetallic particles that are
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not associated with pits in this post-test analysis. At higher NaVO; concentrations, a yellow
precipitate was not evident at the pitting sites. In summary, for all vanadate or vanadate—
molybdate concentrations, vanadium or molybdenum was detected at pitting sites as a precipitate
but was not observed at unattacked intermetallic particles or on the matrix.
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Figure 103. Backscattered electron image, in the compositional mode, taken at 20 kV with
180 second collection time of AA2024-T3 specimen exposed to a) 50 mM Na,MoO, or b) 25
mM Na,MoO,; + 25 mM NaVO; for a 24 hour immersion in 50 mM NaCl. The arrows
indicate location and direction of EDS scans.

Inhibition of Localized Corrosion of Aluminum during Anodic Polarization

All combinations of cerium acetate pretreatment and sodium vanadate in test solution reduced
the open circuit potential. Pure aluminum specimens, pre-exposed to cerium acetate solutions
and tested in sodium chloride plus sodium vanadate solutions (after a 1 hour open circuit
exposure), showed an increase in the mean E,;; with increasing NaVO3 concentration [Figure 105
(b, c, d, and e)]. In contrast, aluminum pre-exposed to 50 mM cerium acetate solutions and then
tested in sodium chloride solutions (after a 1 hour open circuit exposure) did not show an
increase in Ei; [Figure 105 (a and b)]. Aluminum tested in sodium chloride plus sodium
vanadate solutions (after a 1 hour open circuit exposure) did display an increase in Ep;; [Figure
105 (a and f)]. The latter Ey;; increase was greater than those observed for all combinations of
pre-exposures to cerium acetate solutions followed by testing in sodium chloride plus sodium
vanadate solutions. There was a greater difference between E,; for different vanadate
combinations after the 24 hour open circuit exposure (Figure 106). The trend of increasing Epi
with increasing vanadate for aluminum specimens after 1 hour open circuit exposures was
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similar to that for the 24 hour open circuit exposures for specimens after cerium acetate 2 hour
pretreatment and tested in sodium vanadate plus sodium chloride solutions. As shown in Figure
106, the effectiveness of 50 mM cerium acetate as a 2 hour pretreatment was marginal at
increasing the Epi; for aluminum specimens. The Ecqr and Epe for aluminum specimens increased
with increasing vanadate concentration in 50 mM NacCl solutions. The passive potential range for
specimens given the cerium acetate pretreatment and tested in vanadate containing solutions
decreased as the exposure time at open circuit increased. There was a change in the passive
potential range. The passive current density, isss, Was approximately 10® Alcm? irrespective of
inhibitor concentration or exposure time. The increasing ratio of the concentration of vanadate in
solution to the concentration of cerium acetate pretreatment can be associated with a shift in the
range of passive current for Al in 50 mM NacCl, for both 1 hour and 24 hour open circuit
exposures.
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Figure 104. Backscattered electron image, in the compositional mode, taken at 20 kV with
180 second collection time of AA2024-T3 specimen exposed to a) 50 mM Na,MoO, or
b) 10 MM Na;MoO, + 40 mM NaVOs; for a 24 hour immersion in 50 mM NaCl. The arrows
indicate location and direction of EDS scans.
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Figure 105. Typical anodic E-log(i) polarization behavior for Al (99.99%) specimens in
aerated 50 mM NaCl solutions after an 1 hour open circuit. A pretreatment in various
concentrations of Ce(C,H30,); followed by testing in various concentrations of NaVOs; in
the 50 mM NacCl solution lead to each surface having been exposed to a constant total of
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Figure 106. Typical anodic E-log(i) polarization behavior for Al (99.99%) specimens in
aerated 50 mM NacCl solutions after a 24 hour open circuit. A pretreatment in various
concentrations of Ce(C,H30,); followed by testing in various concentrations of NaVOg; in
the 50 mM NacCl solution lead to each surface having been exposed to a constant total of
50 mM of inhibitor between the two solutions.
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The anodic polarization behavior of aluminum specimens tested in sodium chloride plus various
combinations of sodium vanadate and sodium molybdate after 1 hour open circuit exposures are
presented in Figure 107. All combinations of vanadate-molybdate inhibitor mixtures were
effective at raising Epir, compared to the uninhibited case. The coupons exposed to 50 mM
molybdate had the smallest increase in Epir. An inhibitor combination of 40 mM sodium
molybdate and 10 mM vanadate appears to be almost as effective at increasing Eir as 50 mM
vanadate by itself [Figure 107 (c and f)]. However, an inhibitor combination of 25 mM sodium
molybdate and 25 mM sodium vanadate appears to be the least effective at increasing Epit as
compared to other combinations tested [Figure 107 (c, d and e)]. The molybdate-vanadate
combination inhibitor was more effective at increasing Epir on aluminum specimens than the
cerium acetate pretreatment.

After 24 hours, for aluminum specimens, the molybdate-vanadate inhibitor combinations were
more effective than the cerium pretreatment followed by testing in vanadate containing solutions
at raising Epi and Ecor values, as shown in Figure 108. Increasing the exposure time from
1 to 24 hours increased the range of passivity for all vanadate and molybdate concentrations.
The greatest increase in i potential range or difference in Epit - Econr Values due to increased
time at open circuit was observed for the 50 mM Na,MoOQ, inhibitor in solution. For the 1 hour
open circuit exposure, the 50 mM Na;MoO, inhibitor had the smallest ipss potential range,
whereas this inhibitor concentration had the largest iy potential range after a 24 hour exposure.
In comparison, after 24 hours at open circuit, aluminum specimens in 50 mM NaCl solution also
had increases in the potential range of the passive region, but these increases were related to a
reduction in Ecorr rather than a further increase in Epi.

There was an increase in Epir on AA2024-T3 specimens whenever NaVO3; was in solution with
NaCl, as shown in Figure 109. After exposures to various concentrations of NaVO3 in 50 mM
NaCl solutions for 1 hour at open circuit potential, the increase in Epi; was not monotonic with
NaVO; concentration. The specimens that had been exposed to a concentration of 50 mM
NaVOj3; showed the most significant increase in Epi.
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Figure 107. Typical anodic E-log(i) polarization behavior for Al (99.99%) specimens in
aerated 50 mM NacCl solutions after an 1 hour open circuit. The test solution contained
50 mM of NaVO; and Na;MoO, inhibitors in addition to 50 mM NaCl. The ratio of NaVO;
and Na;MoQ, varied, but the total inhibitor concentration was kept constant at 50 mM.
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Figure 108. Typical anodic E-log(i) polarization behavior for Al (99.99%) specimens in
aerated 50 mM NacCl solutions after a 24 hour open circuit. The test solution contained
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and Na;MoQ, varied, but the total inhibitor concentration was kept constant at 50 mM.
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Figure 109. Typical anodic E-log(i) polarization behavior for AA2024-T3 specimens in
naturally aerated 50 mM NacCl solutions after an 1 hour open circuit. A pretreatment in
various concentrations of Ce(C,H30;); followed by testing in various concentrations of
NaVOs; in the 50 mM NacCl solution lead to each surface having been exposed to a total of

50 mM of inhibitor between the two solutions.
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The passive current density range, given by Epit - Ecor, increased with vanadate concentration.
AA2024-T3 specimens tested in 50 mM NaCl solutions with a 1 hour open circuit exhibited
pitting near Ecqr. Pretreating the AA2024-T3 specimens in Ce(C,H30,); for two hours prior to
testing also resulted in pitting near Ecor (Figure 109). Epi increased with increasing vanadate in
solution and decreasing cerium acetate pretreatment concentration. Specimens exposed only to
solutions containing 50 mM NaVOj3; plus 50 mM NaCl had the largest range of passive current
density and the greatest variability in range. The AA2024-T3 specimens exposed to higher
vanadate inhibitor concentrations exhibited greater passive potential ranges due to the increase in
Epit above Ecor. The specimens given a cerium pretreatment and exposed to vanadate containing
solutions showed a smaller passive potential range due to increases in Ecor, and showed more
limited increases in Ep;; than vanadate only inhibited specimens. The passive potential ranges on
the cerium pretreated specimens occurred at current densities of approximately 10° A/cm?.
Erepass fOr specimens with or without the cerium acetate pretreatment and tested in vanadate
containing solutions was approximately -0.8 Vsce. This same approximately -0.8 Vsce Erepass Was
observed for the specimens with or without a 2 hour cerium acetate pretreatment and exposed to
50 mM NaCl solution (Figure 109).

The anodic E-log(i) polarization behavior after 24 hours of solution exposure for AA2024-T3 is
shown in Figure 110. Twenty-four hours of exposure to NaVO3 plus NaCl solutions raised Eg;; of
AA2024-T3, as presented in Figure 110. A 2 hour cerium acetate pretreatment followed by
testing in vanadate containing solutions produced the same trends in Ep;; for the 1 hour solution
exposed specimens. The increase in Ep; was related to a decrease in the cerium acetate
pretreatment and an increase in vanadate in solution for the cerium acetate-vanadate 50 mM total
of inhibitor. Also, similar to the 1 hour exposure, specimens pretreated in 50 mM Ce(C,H30,)3
and then tested in 50 mM NaCl lacked a passive potential range because pitting occurred at Ecor.
For these specimens in Ce-V inhibitor combinations, an ipass Of 10° A/cm? along with Erepass
value of -0.8 Vsce was observed. To determine the effect of vanadate concentration on raising
Epit, several experiments were completed with a 10 mM Ce(C,H302)3 2 hour pretreatment and
various concentrations of sodium vanadate in test solution. Figure 111 shows the resulting anodic
E-log(i) polarization behavior after 24 hours of solution exposure for AA2024-T3 given a
10 mM Ce(C,H302)s 2 hour pretreatment and various concentrations of sodium vanadate.
Increases in Epir and in the resulting passivation potential range were observed when the vanadate
concentration was increased at a constant total inhibitor concentration (Figure 111). No effect on
repassivation was demonstrated. It is likely that any increase in Ey; is due to vanadate
concentration and not to the increase in cerium acetate pretreatment concentration as Epi
appeared to be independent of cerium acetate pretreatment concentration (Figure 112).
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Figure 110. Typical anodic E-log(i) polarization behavior for AA2024-T3 specimens in
naturally aerated 50 mM NaCl solutions after a 24 hour open circuit period.
A pretreatment in various concentrations of Ce(C,H30;); was followed by testing in
various concentrations of NaVOs; in the 50 mM NacCl solution lead to each surface having
been exposed to a total of 50 mM of inhibitor between the two solutions.

130



0.0 0.0-

a) Test: 50 mM NaCl d) Pretreat: 10 mM Ce(C;H;0;); - 2
Test: 50 mM NaCl+ 25 mM NaVO
_ 024 0.2 o
> =" =
w -0.44 % 0.4 '\
3 s 7
< > -
= -0.6 w 0.6 "'
s -0.8 K -0.8-
1.0 . . . . . . . 1.0 . . . : . e
10° 10® 107 10* 10° 10“2 10°  10* 10° 10° 107 10° 10° 10* 10° 107
Current Density (Afem®) Current Density (A."cmz]
- 0.0- e) Pretreat: 10 mM Ce(C,H,0;),
™ b) Pretreat: 10 mM Ce(C,H,0,); | Test: 50 mM NaCl+ 40 mM NaVvo, .
Test: 50 mM NacCl ¢ !
-0.2 - ! -0.2- |
— 4 —
3 /3 ;
-0.4- s 0.4 I
0 0.4 - @ ]
= - = -
S i -
s -0.6- L7 I 06 T a2
1,
S -0.8- S 0.8+
-1.0 . ‘ ‘ . - y ' -1.0 v q T r : : !
10° 10° 107 10° 10° 10* 10° 10° 10° 10* 107 10° 10° 10"‘2 10° 10°?
Current Density (Alcm’) Current Density (Alcm’)
0.0 A 0.0+ '
. 5 Pretreat: 10 mM Ce(C;H,0,)
c) Pretreat: 10 mM Ce(C,H-0,); ‘}, f) ; 213213
-0.2 { Test: 50 mM NaCl+ 10 mM NaVo, " <.2] Test: 50 “"MINaC' *+ 50 mM NavO,
- -! B
2 yi=ie =i = - 3 '
> i > \
7 ~0.4- 5 n 0.4 \
> 7 > 4
a L ?—- _ rs
T 06 T s 06 -7
$ g
S -08- S -0.8-
-1.0 : : : - - : ) -1.0 r r r r : : ]
10° 10° 107 10° 10®° 10* 10° 107 10° 10° 107 10* 10° 10: 10° 107
Current Density (A/cm?) Current Density (Alcm®)

Figure 111. Typical anodic E-log(i) polarization behavior for AA2024-T3 specimens in
naturally aerated 50 mM NaCl solutions after a 24 hour open circuit period.
A pretreatment of 10 mM Ce(C,H30,)3 was followed by testing in various concentrations of
NaVOgs; in the 50 mM NacCl solution.
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Figure 112. Average Epit for AA2024-T3 specimens in aerated 50 mM NacCl solutions after
a 24 hour open circuit. A 2 hour Ce(C,03H,)3 pretreatment was followed by testing in
various concentration of NaVOj3 in the 50 mM NacCl solution.

The anodic polarization behavior for AA2024-T3 exposed to both 50 mM inhibitor (Na;MoO,
and NaVO3) mixtures and 50 mM NaCl is presented in Figure 113. E;; of AA2024-T3 increased
with increasing ratios of NaVO3; to Na;MoO,. The specimens exposed to Na,MoO, and NaVOs
solutions had E,;; values similar to those for exposure to the 50 mM NaVOs plus 50 mM NaCl
solution, and slightly above those for exposure to 50 mM Na,MoQO, plus 50 mM NaCl solutions.
However, the increase in Ep;t is not monotonic with NaVO3 additions. AA2024-T3 specimens
tested in 50 mM NaCl solutions with a 1 hour open circuit exhibited pitting near Ecor.
A passive current density range was observed when the addition of vanadate and molybdate
inhibitors to the solution raised Epi; above the open circuit potential, Ecor. 50 MM NaVOs in
solution was best at raising the average Ep.t value and 50 mM Na,MoQO, in solution ralsed the
average Ecor value. The average passive current, ips, Was approximately 10° Alcm?.
Erepass OF approximately -0.8 Vsce was not affected by vanadate or molybdate in solution.
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Figure 113. Typical anodic E-log(i) polarization behavior for AA2024-T3 specimens in
naturally aerated 50 mM NaCl solutions after a 1 hour open circuit. The test solution
contained a combined concentration of 50 mM of NaVO; and Na,MoO, inhibitors in
addition to 50 mM NacCl. The ratio of NaVO3 and Na,MoO, varied.
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Twenty-four hours of exposure to 50 mM inhibitor mixtures (Na;MoO, and NaVO3) and 50 mM
NaCl solutions raised Ep; of AA2024-T3, as presented in Figure 114.
These specimens behaved like the 1 hour anodic E-log(i) polarization specimens. In this case,
the increase in Epi and decreases in OCP correlated with increasing vanadate inhibitor
concentration in solution. However, the total range of passive current density was increased with
increase time at open circuit. After 24 hours of exposure to 50 mM inhibitor (Na,MoO, and
NaVO3) mixtures, an ipass of 10°® A/cm? was observed. Molybdate and vanadate concentration
and time of the open circuit exposure did not affect the observation of a -0.8 Vsce Erepass, NOr the
observation of an ipass of 10° Alcm?,

The cumulative probability plots afford the opportunity to compare vanadate to vanadate-
molybdate and vanadate-cerium average Epi.. Epir cumulative probability diagrams for high purity
aluminum exposed to sodium chloride solutions containing various amounts of sodium vanadate
after 1 hour and 24 hour open circuit exposures display monotonically increasing average Epi
with vanadate concentration. For the 1 hour open circuit exposures, significant improvement in
E,ir, for various concentrations of vanadate in 50 mM NaCl was observed at the 75™ percentile
but below the 20" percentile, the improvement is small (Figure 115). The average Epir values for
the Ce(C;H30,)s pretreatment also show a monotonic increase in Epi; with an increase in
vanadate concentration. These E,; values also show that the average Ep; for aluminum
specimens subjected to 50 mM Ce(C,H30,)3 2 hour pretreatment and then tested in 50 mM NaCl
was slightly lower than that for the specimens tested in 50 mM NaCl without any prior exposure
to inhibitors.

Likewise, for the 1 hour open circuit experiments using molybdate and vanadate mixtures with
aluminum specimens, 50 mM Na,MoO, underperformed 50 mM NaVOs in inhibiting Epi.
Only the 40 mM Na;MoO, plus 10 mM NaVO; combination of inhibitors in solution
outperformed the 50 mM NaVOs; in increasing the average Epi: for the 1 hour open circuit
experiments. This 40 mM Na;MoO, plus 10 mM NaVOjz combination of inhibitors had an
average Ep;; above the 50™ percentile of the 50 mM NaVOs Epit cumulative probability.
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Figure 114. Typical anodic E-log(i) polarization behavior for AA2024-T3 specimens in
naturally aerated 50 mM NacCl solutions after a 24 hour open circuit. The test solution
contained a combined concentration of 50 mM of NaVO; and Na,MoO, inhibitors in
addition to 50 mM NacCl. The ratio of NaVO3; and Na,MoQO, varied.
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Figure 115. Cumulative probability plot for Al (99.99%) after 1 hour in aerated 50 mM
NaCl solution plus various 50 mM inhibitor mixtures; a) a Ce(C,H30,); 2 hour
pretreatment then tested with the remainder of the inhibitor concentration as NaVO;
dissolved in the test solution; b) NaVO3; and Na,MoO, mixtures dissolved into the test
solution. Data points indicate cumulative probability of pitting before potential reversal.

After a 24 hour open circuit in 50 mM NacCl solutions containing vanadate, the strong effect of
different vanadate inhibitor concentrations on E,: was more obvious (Figure 116).
A significant increase in Ep;; below the 20™ percentile was seen with 150 mM NaVO; compared
to that in 50 mM NaCl without inhibitor. For this 150 mM NaVOs; concentration, the increase in
Epit at the 10™ percentile is similar to that for the 70™ percentile for the 10 and 50 mM NaVOs;
concentrations and is greater than those for 5 mM NaVOj3 concentration. This strong effect of
inhibition is not seen for anodic scans after the 1 hour open circuit exposure. Above the 30™
percentile, all vanadate concentrations above 5 mM NaVOs; in solution exhibited more than a
100 mV increase in Epi. As observed with the 1 hour open circuit exposures, aluminum
specimens subjected to the 50 mM Ce(C,H30,)3 2 hour pretreatment and then tested in 50 mM
NaCl had a similar average E,; value as that for the 50 mM NaCl solution without any exposure
to inhibitors. The increase in average Ep;; also correlates with a decrease in concentration of
Ce(C,H30,)3 for 2 hour pretreatment and an increase in concentration of vanadate in the test
solution.
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Figure 116. Cumulative probability plot for Al (99.99%) after 24 hours in aerated 50 mM
NaCl solution plus various 50 mM inhibitor mixtures; a) a Ce(C,H30,); 2 hour
pretreatment then tested with the remainder of the inhibitor concentration as NaVOj;
dissolved in the test solution; b) NaVO3; and Na,MoO, mixtures dissolved into the test
solution. Data points indicate cumulative probability of pitting before potential reversal.

The greatest change in effective inhibitor combinations is seen with molybdate and vanadate
combinations. Except for 40 mM Na;MoO, plus 10 mM NaVO3z combination of inhibitors, all
other combinations had a greater increase in Ep;; for the 24 hour exposures as compared to the 1
hour exposures of the AA2024-T3. For the 40 mM Na;MoO, plus 10 mM NaVO; combination
of inhibitors, the average Epi: value was approximately the same (Figure 115 and Figure 116).
Both the 40 mM Na;MoO, plus 10 mM NaVO; and 10 mM Na;MoO, plus 40 mM NaVOs
combination of inhibitors resulted in average E,i values comparable to those at the 50"
percentile for 50 mM NaVOs; alone. The greatest increase in average Epi; was seen for the 50 mM
Na;MoO, inhibitor solution, which changed order from being the least inhibiting concentration
to most inhibition concentration after the 24 hour in solution.

In summary, inhibitor combinations tested did not affect the ip.ss value for high purity aluminum,
but did affect Eyi; and the passive potential range. For vanadate alone, longer exposure times to

137



inhibitor concentrations or high inhibitor concentration for short exposure times resulted in an
overall increase in resistance to pit formation and stabilization.
Decreasing the ratio of Ce(C,H302); 2 hour pretreatment concentration to the NaVOs;
concentration in solution led to increased Epi:. This will be discussed further, but cerium
precipitates appears to block vanadate adsorption. The larger passive potential ranges were
obtained with the short open circuit exposure time of 1 hour. Increasing the ratio of NaVO;
concentration in solution to the Ce(C,Hs0,)s 2 hour pretreatment concentration increased Epi
similarly to that observed for increasing vanadate concentration in 50 mM NaCl.
As the open circuit exposure was increased from 1 to 24 hours, E,i; and the passive potential
range increased for the molybdate-vanadate inhibitor mixtures.

Cumulative probability plots of E,i; for AA2024-T3 specimens after one hour exposures in
vanadate containing solutions showed that the median Ep;; was greater than that in the absence of
NaVO; but did not increase monotonically  with inhibitor  concentration.
The improvement in E,; is statistically significant but the trend indicates that the upper
population (75" percentile) of specimens showed significantly improved performance and the
worst preforming AA2024-T3 specimens (below 20" percentile) showed only marginally
improvement over those tested in the absence of the NaVOs inhibitor (Figure 117). The greatest
increase in Epir was obtained, not at the higher concentrations of NaVOg, but at 5 mM NaVOs.

All inhibitor combinations increased the average E,i; value for AA2024-T3 above the average
Epit value for AA2024-T3 exposed to 50 mM NaCl for 1 hour prior to the anodic scan (Figure
117). Also, all of the specimens subjected to the 2 hour cerium acetate pretreatment followed by
testing in sodium vanadate and 50 mM sodium chloride had lower average Eg;: values than the
50™ percentile specimens tested in 50 mM NaVOs; + 50 mM NaCl. Specimens given the 50 mM
Ce(C,H30,); pretreatment had a lower average Ep;; value than the 50" percentile Epit values for
specimens tested at various concentration of sodium vanadate + 50 mM sodium chloride
solutions. The increase in Ep;; for specimens subjected to the cerium acetate and sodium vanadate
combinations correlated with a decreasing cerium acetate pretreatment concentration and an
increasing sodium vanadate concentration.

For the molybdate vanadate inhibitor mixtures, only one combination, 10 mM Na,MoQO, + 40
mM NaVO; + 50 mM NaCl, had an E,;; value higher than the 50™ percentile value for 50 mM
NaVO3; + 50 mM NacCl. 40 mM Na;MoO4 + 10 mM NaVO3; + 50 mM NacCl had an E;; value
that was equivalent to the 50" percentile value for 50 mM NaVO; + 50 mM NaCl.
The Epir values for both the 50 mM Na;MoO4 and 25 mM Na;MoO, + 25 mM NaVO3 were 100
mV below the average Epi: for 50 mM NaVOs. The two vanadate mixtures had limited efficacy at
increasing the average Ep;; above the 50™ percentile value for 50 mM NaVO3 + 50 mM NaCl.
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Figure 117. Cumulative probability plot for AA2024-T3 after 1 hour in aerated 50 mM
NaCl solution plus various concentrations of NaVOs. Average Ep;: values of AA2024-T3
after 1 hour in aerated 50 mM NacCl solution plus various 50 mM inhibitor mixtures; a) a
Ce(CzH302)3 2 hour pretreatment then tested with the remainder of the inhibitor
concentration as NaVOs3; dissolved in the test solution; b) NaVO3; and Na;,MoO, mixtures
dissolved into the test solution. Data points indicate cumulative probability of pitting before
potential reversal. Arrows indicate specimens that did not pit at the potential indicated.

Fifty percent of the AA2024-T3 specimens in 50 and 150 mM NaVO; plus 50 mM NaCl
solutions did not reach Ep;; as determined by a current density of 10 A/cm? during the upward
polarization scan, which was reversed at 0 Vsce. This was unlike thel hour anodic E-log(i)
polarization behavior for which 5 mM NaVO; plus 50 mM NaCl solution showed the largest
increase in Epi. As in the case of the 1 hour open circuit exposures, the increase in Eyi; was not
monotonic with inhibitor concentration after 24 hour open circuit exposures. Similar Ep
relationships were observed after both 1 hour and 24 hour exposure at low inhibitor
concentration. The 5 mM NaVOj; solution exhibited a higher average Epit as compared to the 10
mM NaVOs; solution, as shown in Figure 117 and Figure 118. Figure 118 presents Ep;
cumulative probability plot for AA2024-T3 exposed for 24 hours to 50 mM NaCl solution plus
various concentrations of NaVOa. Ep; for all specimens exposed to NaVOs; concentrations plus
50 mM NaCl solutions were increased above that for specimens exposed to uninhibited 50 mM
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NaCl. As shown in Figure 118, after 24 hours at open circuit, E,;; for specimens exposed to low
and high inhibitor concentrations diverged. AA2024-T3 specimens exposed to 50 or 150 mM
NaVOs3 plus 50 mM NaCl solutions have a higher E,;; range than the specimens exposed to 5 or
10 mM NaVO; plus 50 mM NaCl solutions. Such a strong relationship between inhibitor
concentration and E,;; was not observed after the 1 hour exposures.
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Figure 118. Cumulative probability plot for AA2024-T3 after 24 hours in aerated 50 mM
NaCl solution plus various concentrations of NaVOs. Average Egi: values of AA2024-T3
after 1 hour in aerated 50 mM NacCl solution plus various 50 mM inhibitor mixtures; a) a
Ce(CzH302); 2 hour pretreatment then tested with the remainder of the inhibitor
concentration as NaVOs3; dissolved in the test solution; b) NaVO3; and Na;,MoO, mixtures
dissolved into the test solution. Data points indicate cumulative probability of pitting before
potential reversal. Arrows indicate specimens that did not pit at the potential indicated.

The AA2024-T3 Ep: values for all of the vanadate inhibitor combinations were lower than that
for 50 mM NaVOs;. As with the 1 hour exposures, the cerium acetate pretreated specimens
showed average Epi that increased with increasing NaVOj concentration and decreasing
Ce(C,H30,)3 2 hour pretreatment concentration. 50 mM cerium acetate 2 hour pretreatment
specimens had an average E,j; value barely above that of the 50 mM NaCl tested specimens.
Specimens subjected to the 10 mM Ce(C,H30); 2 hour pretreatment followed by testing in
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40 mM NaVOs3 + 50 mM NaCl displayed the greatest increased E,; for all the cerium vanadate
combinations.

All specimens exposed to the various molybdate-vanadate combinations had Epi; values at least
100 mV above that of specimens given the 50 mM cerium acetate 2 hour pretreatment.
The specimens exposed to the molybdate-vanadate combinations had Ep;: values between those
of the 50 mM Na;MoO, and 50 mM NaVOs; single inhibitor specimens. Unlike the cerium
acetate pretreated specimens, the molybdate-vanadate combination specimens did not have an
Epit value that increased with increased vanadate concentration. The specimens tested in 25 mM
Na;MoO, + 25 mM NaVO; + 50 mM NaCl solution had the highest Ei; value among the
different molybdate-vanadate combinations.

Effect of Vanadate Inhibitor Combinations on Reducing the Oxygen Reduction and Hydrogen
Evolution Reactions

AA2024-T4 contains copper rich intermetallic particles, which can support ORR, in an
aluminum matrix. The effect of inhibitor combinations on the ORR on copper was evaluated for
comparison. For the high purity copper specimens, the addition of NaVO3 decreased the current
density during ORR (Figure 119). In the ORR dominant regime (below -0.2 Vscg), Cu tested in
vanadate containing solutions had a lower cathodic density than Cu subjected to cerium acetate
pretreatments and tested in vanadate containing solutions. For instance, the greatest reduction in
ORR cathodic current density for the cerium acetate 2 hour pretreated specimens, was one
magnitude order as compared to the uninhibited 50 mM NaCl solutions. In contrast, there was a
3-order of magnitude decrease in ORR dominated cathodic current density for the specimens
tested in vanadate containing solutions. Copper pretreated in 40 mM Ce(C,H30;); for 2 hours
and tested in 10 mM NaVOj3; plus 50 mM NaCl had two orders of magnitude larger cathodic
current density in the ORR dominated current range than copper tested in 10 mM NaVOs; plus
50 mM NaCl solutions. Therefore, in the ORR dominant regime, vanadate by itself was a better
cathodic inhibitor than the combination inhibition of pretreatment with cerium acetate and testing
in vanadate containing solutions. At large over potentials, where HER became the dominant
cathodic reaction, specimens, whether pretreated or not pretreated and evaluated in solution
containing or not containing vanadate showed similar behavior.
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Figure 119. Cathodic E-log(i) polarization behavior for high purity Cu in aerated 50 mM
NaCl solution with various concentrations of vanadate after a 2 hour cerium acetate
pretreatment. An electrode rotation speed of 2500 rpm was used. A 1 hour open circuit in
the test solution occurred prior to cathodic polarization. Data was not corrected for ohmic
resistance.

As shown in Figure 120, the 50 mM molybdate-vanadate inhibitor combinations were as
effective at reducing the ORR dominated cathodic current as vanadate only inhibitor of equal or
lower concentration. All specimens exposed to vanadate and vanadate-molybdate inhibitor
combination solutions had two orders of magnitude lower ORR cathodic current density
compared to the uninhibited Cu specimen tested in 50 mM NaCl solution. The Cu specimen
exposed to 50 mM Na,MoO, plus 50 mM NaCl had the same magnitude cathodic current density
as the specimen exposed to 50 mM NaCl only solutions. As all specimens exposed to 50 mM
vanadate-molybdate combinations had cathodic current densities similar to specimens exposed to
50 mM NaVOs; plus 50 mM NaCl and 10 mM NaVO; plus 50 mM NaCl, molybdate does not
appear to be an effective inhibitor to ORR dominated cathodic current density after an 1 hour
exposure.
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Figure 120. Cathodic E-log(i) polarization behavior for high purity Cu in aerated 50 mM
NaCl solution with various concentrations of vanadate and molybdate. An electrode
rotation speed of 2500 rpm was used. A 1 hour open circuit in the test solution occurred
prior to cathodic polarization. Data was not corrected for ohmic resistance.

AA2024-T4 displayed current densities that were strongly affected by vanadate inhibitors.
As for the copper specimens, the 50 mM cerium acetate 2 hour pretreated specimens had a
cathodic current density of the same magnitude as the uninhibited AA2024-T4 specimen (Figure
121). All specimens, with or without a cerium acetate pretreatment and tested in vanadate
containing solutions, had cathodic current densities of the same order of magnitude, which was
three orders of magnitude less than that for uninhibited AA2024-T4 specimens. Two of the
50 mM cerium-vanadate inhibitor combination specimens [10 mM Ce(C,H30,)s pretreatment
then tested in 40 mM NaVO; plus 50 mM NaCl and 25 mM Ce(C,H30,)3 pretreatment then
tested in 25 mM NaVO; plus 50 mM NaCl] had a slightly lower current density than the
specimen tested in 50 mM NaVOj3; plus 50 mM NaCl.
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Figure 121. Cathodic E-log(i) polarization behavior for AA2024-T4 in aerated 50 mM
NaCl solution with various concentrations of vanadate and a 2 hour cerium acetate
pretreatment. An electrode rotation speed of 2500 rpm was used. A 1 hour open circuit in
the test solution occurred prior to cathodic polarization. Data was not corrected for ohmic
resistance.

There was a strong correlation between the molybdate-vanadate concentration in 50 mM NaCl
solutions and the cathodic current density for AA2024-T4 specimens (Figure 122).
All specimens exposed to molybdate-vanadate combinations had ORR cathodic current densities
lower than those for specimens exposed to 50 mM (vanadate or molybdate) plus 50 mM NacCl
solutions. The specimens exposed to 50 mM Na;MoO, plus 50 mM NaCl had the highest
cathodic current densities of all the inhibitor solutions tested. While AA202-T4 specimens
exposed to molybdate-vanadate combinations inhibitors had a lower current density than 50 mM
NaV O3 specimens, the specimens’ current densities more closely followed the vanadate cathodic
current density trend rather than the much higher current density of the 50 mM Na;MoO,
exposed specimens. Molybdate, without vanadate additions, was an inferior inhibitor of the ORR
dominated cathodic current for AA2024-T4 specimens.
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Figure 122. Cathodic E-log(i) polarization behavior for AA2024-T4 in aerated 50 mM
NaCl solution with various concentrations of vanadate and a 2 hour cerium acetate
pretreatment. An electrode rotation speed of 2500 rpm was used. A 1 hour open circuit in
the test solution occurred prior to cathodic polarization. Data was not corrected for ohmic
resistance.

In general, for both AA2024-T4 and Cu, no effect of the inhibitor combinations was observed at
very negative potentials where proton reduction occurs at a similar or higher rate as the ORR.
For AA2024-T4 in 50 mM NaCl solution, high rotation rates and the resulting reduced oxygen
diffusion pathway led to greater current densities in the oxygen reduction region. However, only
a small portion of the cathodic scan occurred before the onset of HER. The magnitude of ORR
current, even below the HER start voltage, was sufficient to allow for the calculation of
Koutecky-Levich and Levich plots for Cu and AA2024-T4.

The Koutecky-Levich plot, shown in Figure 123, presents the data for Cu in aerated 50 mM
NaCl plus various combinations of 50 mM inhibitors at a potential of -0.8 Vscg, a potential in the
ORR region. The smallest cathodic current densities occurred on the Cu specimen exposed to 50
mM NaVO; plus 50 mM NaCl solution. Copper exposed to all other inhibitor combinations
exhibited an order of magnitude higher current density values. The cerium acetate pretreatment-
vanadate combinations [Figure 123 (a)] and the molybdate-vanadate combinations [Figure 123
(b)] were equally effective at reducing the cathodic current densities on the Cu specimens.
Cu specimens exposed to the 50 mM cerium acetate pretreatment followed by testing in 50 mM
NaCl solution and Cu specimens exposed to the 50 mM molybdate plus 50 mM sodium chloride
solution exhibited cathodic current densities similar to the Cu specimen in the uninhibited
solution.
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Figure 123. Koutecky-Levich plot for Cu in aerated 50 mM NaCl plus various 50 mM
inhibitor combinations at a potential of -0.8 Vsce after a 1 hour open circuit. a) Cu specimens
were pretreated for 2 hours in various Ce(C,03H,); followed by testing in various NaVOg; plus
50 mM NaCl solutions. b) Cu specimens were tested in various 50 mM combinations of
Na,MoO,/ NaVO; plus 50 mM NaCl. Data was not corrected for Ohmic resistance.

Figure 124 presents the Koutecky-Levich plot for AA2024-T4 in aerated 50 mM NaCl solutions
with various binary 50 mM vanadate inhibitor combinations at the potentials of -0.8 Vsce (ORR
dominant region). AA2024-T4 specimens tested in the presence of the binary inhibitor
combinations exhibited lower current densities as compared to specimens tested in 50 mM
molybdate, vanadate or exposed to the cerium acetate pretreatment. AA2024-T4 specimens
exposed to 50 mM molybdate or cerium acetate pretreatment exhibited similar current densities
as specimens exposed to the uninhibited sodium chloride solutions. The best reduction on ORR
was obtained from the 2 hour 25 mM cerium acetate pretreatment followed by testing in 25 mM
NaVOs. Also, that inhibition combination reduced the effect of rotation rate on current density
[Figure 124 (a)].
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Figure 124. Koutecky-Levich plot for AA2024-T4 in aerated 50 mM NaCl plus various 50 mM
inhibitor combinations at a potential of -0.8 Vsce after a 1 hour open circuit. a) AA2024-T4
specimens were pretreated for 2 hours in various Cerium followed by testing in various NaVOs3;
plus 50 mM NaCl solutions. b) AA2024-T4 specimens were tested in various 50 mM
combinations of Na,MoO,/ NaVO; plus 50 mM NaCl. Data was not corrected for Ohmic resistance.
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The usual Levich correlation between an increasing limiting current density for ORR and
rotation rate was not obtained for Cu with vanadate in solution with 50 mM NacCl.
Figure 125 (Koutecky-Levich plot shown in Figure 123) showing extracted i im versus o2
demonstrates the effect of NaVO3z; on ORR in the mass transport limited regime.
All Cu specimens exposed to the two different 50 mM binary NaVO3 containing solutions had an
ORR cathodic current densities which deviate from ideal behavior in the ORR regime.
In contrast, both the 50 mM Ce(C,H30,); pretreatment and the 50 mM Na;MoO, in solution
inhibitor specimens had cathodic current densities which were similar to both the uninhibited Cu
specimens and ideal Levich behavior at a normal oxygen concentration in water. Except for the
specimen exposed to 25 mM Na,MoO, plus 25 mM NaVOg; inhibitor concentration, all the
specimens exposed to binary inhibitor mixtures and the 50 mM NaVOj; plus 50 mM NaCl
solution exhibited ORR limiting current densities which were independent of rotation speed (i.e.,
oxygen diffusion path length).
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Figure 125. Levich plot (iim extracted from iteta) Of Cu using data from the ORR region
only (potential of -0.8 Vsce) shows a loss of ideal mass transport controlled behavior.
A 1 hour open circuit was used. Test preformed in aerated 50 mM NaCl plus NaVOs;
binary inhibitor combinations. a) Cu specimens were pretreated for 2 hours in various
Ce(C;H30,); followed by testing in various NaVO3; plus 50 mM NaCl solutions. b) Cu
specimens were tested in various 50 mM combinations of Na,MoO,/ NaVOg; plus 50 mM
NaCl. Data was not corrected for Ohmic resistance.

The ORR changed from ideal behavior on copper to non-ideal behavior on AA2024, as discussed
by Jakab. Figure 126 (Koutecky-Levich plot shown in Figure 124) demonstrates the effect of the
inhibitor mixtures on AA2024—T4. As shown in Figure 126 (extracted iLim versus ®*?), all of the
different binary combinations of NaVO; suppressed the ORR on AA2024-T4.
Inhibitor combinations with NaVO3; plus 50 mM NaCl further suppressed the ORR reaction on
AA2024-T4. The suppression of the ORR with a 2 hour Ce(C,H30,)3 pretreatment resulted in a
similar ORR limiting current density as that for the uninhibited AA2024-T4 specimen [Figure
126 (a)]. Fifty mM Na,MoO, was less effective at lowering the ORR limiting current density
than the Na;MoO, plus NaVOs inhibitor combinations; the AA2024—T4 limiting current density
remained rotation rate dependent [Figure 126 (b)]. The effect of oxygen diffusion path length on
the ORR limiting current density was eliminated only when NaVO3; was in solution as the single
inhibitor or as part of a binary mixture.
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Figure 126. Levich plot (i im extracted from itow) of AA2024-T4 using data from the ORR
region only (potential of -0.8 Vscg) shows a loss of ideal mass transport controlled behavior.
A 1 hour open circuit was used. Test preformed in aerated 50 mM NaCl plus NaVO3
binary inhibitor combinations. a) AA2024-T4 specimens were pretreated for 2 hours in
various Ce(C,H30,)3 followed by testing in various NaVO3; plus 50 mM NacCl solutions.
b) AA2024-T4 specimens were tested in various 50 mM combinations of Na;MoO,/ NaVO;
plus 50 mM NaCl. Data was not corrected for Ohmic resistance.

Effect of Molybdate on Repassivation of AA2024

The Inhibition of Pitting Potential

The selected potentials for scratch repassivation tests are referenced against potentiodynamic
scans showing the inhibitor effect on oxide stability in Figure 127. Molybdate and chromate
were chosen for this study because they have stabilizing effects on barrier oxides.
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Figure 127. Anodic inhibitors of interest for EFCP inhibition. Potentiodynamic scan of
AA2024-T351 in molybdate and chromate containing 0.05 M NaCl solution. Lines to the
left of polarization curves indicate scratch potentials investigated ranging from -0.8 V to
-0.3 V vs. SCE.
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The Inhibitor Buffer Capacity

The buffering capacity of several molybdate concentration are shown in Figure 12
At high concentrations of molybdate the buffer capacity below pH 6 is large. Chromate buffer
capacity is unknown. It is hypothesized to be similar to molybdate due to the existence of
protonated anions.”® The limited buffer capacity of the chloride solution is hypothesized to be the
result of carbonate.
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Figure 128. Molybdate buffer capacity.**! Initial pH was 9.3 for 0.1 M MoO4* solutions.
Solution pH from titration of (0.01 M, 0.05 M, and 0.1 M) sodium molybdate + 0.6 M NacCl
with 0.25 mL of 1 M HCI reported as HCI concentration in mM. Molybdate concentration
varied from 0.1 to 0.01 M and results are compared against uninhibited 0.6 M NaCl.
Molybdate chemical reactions are shown with relevant predominant species in the

measured pH range.
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The Inhibition of Net Current Density During Scratch Repassivation
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Figure 129 shows a typical repassivation event conducted on 99.999% pure aluminum.
The repassivation shows a plateau at early times before the first millisecond. After this an
expression for the current decay takes the form of Equation 25 where i is current density, i, is
peak bare surface current density, t is time elapsed for t > t, or t = t, for t < t,.** Both t, and m
are constants.

t -m
i=i, (t_> Equation 25
o

This decay expression is fit between 1 ms and 50 ms, after which the current decays into a region
of lower precision due to the high current scale of the potentiostat and the 2% of range limitation
on accuracy. Figure 130 shows the potential corrected for ohmic drop at the working electrode
relative to the reversible hydrogen potential (SCE scale) at pH 3, 6, and 10.
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Figure 129. Scratch of 99.999% Al in 1 M NaCl at pH 6.5 potentiostatically held at -0.8 V
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Figure 130. Scratch of 99.999% Al in 1 M NaCl at pH 6.5 potentiostatically held at -0.8 V
SCE. The ohmic potential drop at the working electrode is 0.2 V increasing the hydrogen
over-potential.
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Figure 131 shows repassivation transients for 99.999% aluminum in 1 M, 0.5 M, and 0.05 M
NaCl solution, indicating the effect of chloride concentration and potential on repassivation.
In Figure 131(a), increased potential leads to onset of depassivated anodic behavior. The time of
onset and the current density of the post-transient behavior are affected by the applied potential.
As the chloride level decreases the depassivated anodic behavior is suppressed revealing
repassivation transients of the form expressed by Equation 25.

Table 29 lists the fitting parameters for the scratch transients in Figure 131(d). General features
in addition to the behavior described by Equation 25 include sustained depassivation at a
threshold current density.

Table 29. Fitting parameters for 99.999% aluminum at -0.8 VSCE.
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m 0.69 0.67 0.51
a) b)
10% 5 10° 4
[ ;m
v
A
3 3 : : s
< %3 o.099% A = " Jos000%al
£ 4 M Nacl E 0.5 M NaCl
1 pH 6.5 Z pHB.5
01+ 05V (SCE) 104 » -0.5V(SCE) i
06V 06V
v 07V v 07V
. 08V A 08V
1o’ '. T T 10 5 i . " T o
10° 10° 10° 10° 10" 10° 10 10 10 10° 10 1
Time(sec) Time(sec)
c) d)
10°q 109
10° : :: B 10”4 ‘\ " "
€ £ 99.999% Al
& 190.999% Al y
£ {o0sMNaci z 08Y
E lHes = |eHes |
. | 107 |
"3 > -0.5V(SCE) =1 MNaCl
06V 4+ 0.5M NaCl
v 07V 0.05 M NaCl
Ja-08V o ‘ . ‘
10 T 107 10* 10° 107 10° 10°

10°

s
10° 10°
Time(sec)

™
10"

Figure 131. Current transients from 99.999%

to 1 M. The pH for all tests was 6.5.
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aluminum scratched electrodes.
Potentials from -0.5 to -0.8 V vs. SCE are shown at three chloride concentrations from 0.05



Chloride concentration clearly has an effect on the onset of depassivated behavior.
It also appears to have an effect on the maximum peak current at short times after the scratch.
Figure 132 relates the maximum current density observed for each chloride-potential
combination in relation to the theoretical ohmically limited current density for each solution,

calculated using Equations 26 and 27.1%3
B ( 1 ) In <@> Equation 26
S \2mkb a

Where R is the solution resistance (£2), k is the solution conductivity (Q2-cm), a is one half of the
bared areas width (cm), and b is one half of the bared areas length (cm). The ohmic current

density was calculated.

_ Eapp — Epareoce Equation 27

lohmic - (RS) (Area)

_ 99.999% Al
02 IR Limit (0.05 M NaCl) <
—v— IR Limit (0.5 M NaCl) T
1 —4— IR Limit (1 M NaCl) y ¢
-0.4 1 0.05 M NaCl (peak i) Y 1
1 —¥— 0.5 M NaCl (peak i) 7 <17 «
064 < 1MNaCl (peak ) Y /4/, 4
LUl
O 1 Y < 7; ff
L 08 Lo v 4
S 7 ]
~ 1.0 v o4
] y d
1.2 y 4
- . d
-1.4 v /
T T TTTTIg T LB | T TTTTTT g
10’ 10° 10° 10°

Current (mA/cmZ)

Figure 132. Calculated IR limit as compared to peak net current density of scratched
99.999% aluminum electrodes in various chloride concentrations at time zero after scratch.

In Equation 27, i is the theoretical ohmically limited current density, Eap, is the applied potential,
and  Epareoce IS OCP of the bare metal taken to be -1.8 Vsce.
The data suggests that at all chloride concentrations the peak current density is approaching the
theoretical ohmically limited current density as seen in Figure 132. This would suggest that at
very short times the ohmic influence on the current density might be substantial.

Figure 133 shows the scratched electrode current density transients for both AA2024-T351 and
AAT075-T6 at two chloride levels and over multiple potentials. There are two important
observations to be made in how these alloys differ from one another and from highly pure

153



aluminum. The first is that the peak current densities have some scatter which may result from
the disruption of intermetallic compound particles during mechanical scratching. The second is
that AA2024-T351 shows an onset of sustained depassivated current densities at higher
potentials than AA7075-T6. This may result from the higher copper content in the alloy.
A higher level of soluble copper in solid solution in the aluminum matrix has been shown to
have an effect on Eg;; and it is reasonable to believe the effect may also be seen in repassivation
behavior in scratched electrode experiments.'*#**3 AA7075 is richer in magnesium and zinc then
AA2024 which may contribute to the observed onset of high depassivated current densities.
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Figure 133. Net current transients from AA7075 (a) and AA2024 (b) in aqueous 1 M NaCl
with pH adjusted to 6.5 with NaOH. Scratch potentials vary from -0.5 to -0.8 V vs. SCE.
Current transients from AA7075 (c) and AA2024 (d) in aqueous 1 M NaCl with pH
adjusted to 6.5. Scratch potentials vary from -05 to -08 V vs. SCE for (c)
and -0.4 to -0.8 V vs. SCE for (d).

Figure 134 shows the effects of 0.1 M chromate and 0.1 M molybdate on the repassivation
behavior of AA7075-T6 in aqueous 0.05 M NaCl solution with pH 6.5. A relatively low
concentration of chloride and a large concentration of molybdate in a neutral solution result in no
inhibition of either peak current density or depassivated anodic behavior onset. However, the
onset of depassivated current behavior is increased from -0.7 V to -0.4 Vsce when chromate is
used. Even at -0.4 V the current density at 1 second is less than the uninhibited solution at
-0.6 Vsce. Peak current densities are summarized in Figure 134(b). Chromate and molybdate
both raise the theoretical ohmic limit due to increased conductivity of the solutions. Figure 135
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shows integration of the current density over several time periods for all investigated potentials.
Chromate shows inhibition of net anodic charge passed over all integration periods while
molybdate shows no inhibition of net anodic charge after scratching of AA7075.
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Figure 134. (a) Scratched electrode net anodic current densities for AA7075-T6 in 0.05 M
NaCl solution with pH 6.5. (b) Calculated IR limit as compared to peak current density of
scratched AA7075 electrodes at time zero after scratch. IR limit is calculated for an
aqueous 0.05 M NaCl solution, a 0.1 M CrO4* and 0.05 M NaCl solution, and 0.1 M MoO,*
and 0.05 M NacCl solution. (c) and (d) show scratched electrode current transients for
AAT7075-T6 with 0.1 M MoO,* and 0.1 M CrO,* additions, respectfully.
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Figure 135. (a) Scratched electrode charge passed for AA7075-T6 in 0.05 M NaCl solution
with a pH of 6.5 and 0.1 M CrO,* and 0.05 M NaCl solution. (b) Scratched electrode
charge passed for AA2024-T351 in 0.05 M NaCl solution with a pH of 6.5 and 0.1 M
Na;MoO, and 0.05 M NaCl solution. Integration of current over three periods from 0.05
milliseconds to 0.01 second, 0.01 to 0.1 second, and 0.1 to 1 second.

Figure 136 shows the effects of 0.1 M molybdate and 0.1 M chromate additions to aqueous 0.05
M NaCl, with a pH 6.5, on AA2024-T351. No inhibition of either peak current density or
depassivated anodic behavior onset is observed for molybdate additions. Chromate inhibits the
onset of depassivated current behavior, increasing onset from -0.7 V to -0.2 Vsce. Peak current
densities are summarized in Figure 136(b). Chromate and molybdate both raise the theoretical
ohmic limit due to increased conductivity of the solutions. Figure 137 shows integration of the
current density over several time periods for all investigated potentials. Chromate shows
inhibition in charge passed over all integration periods while molybdate shows no inhibition of
charge passed for AA2024-T351. The inhibition efficiency of chromate is greater for AA2024
then for AA7075.
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Figure 136. (a) Scratched electrode net anodic current densities for AA2024-T6 in 0.05 M
NaCl solution with pH 6.5. (b) Calculated IR limit as compared to peak current density of
scratched AA2024 electrodes at time zero after scratch. IR limit is calculated for an
aqueous 0.05 M NaCl solution, 0.1 M CrO4* and 0.05 M NaCl solution, and 0.1 M MoO,*
and 0.05 M NaCl solution. (c) and (d) show scratched electrode current transients for
AA2024-T351 with 0.1 M MoO,*and 0.1 M CrO,* additions, respectfully.
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Figure 137. (a) Scratched electrode charge passed for AA2024-T351 in 0.05 M NaCl
solution with a pH of 6.5 and 0.1 M CrO,* and 0.05 M NaCl solution. (b) Scratched
electrode charge passed for AA2024-T351 in 0.05 M NaCl solution with a pH of 6.5 and 0.1
M MoO,* and 0.05 M NaCl solution. Integration of current over three periods from 0.05
milliseconds to 0.01 second, 0.01 to 0.1 second, and 0.1 to 1 second.

The Oxide Film Capacitance

Using Equation 28, the capacitance can be calculated assuming that the frequency applied is in
the capacitance dominated region of frequency response.

C=1/2nf|Zmnagl Equation 28

Figure 138 demonstrates that this is an acceptable assumption for the electrical parameters
considered. Figure 138 (d) shows the calculated oxide barrier thickness in the presence of
molybdate. When molybdate is in solution the capacitance measured suggests the formation of a
thin film on the scratched surface over a large range of molybdate concentrations. Figure 139
shows the growth of a thick oxide when 5 mM chromate is present in aqueous 1 M NaCl
solution. A rise in impedance can be seen in the first 20 seconds of data. However, the
impedance has reached the limit of the instrument as seen in Figure 138 after 20 seconds have
passed. It is encouraging that this behavior is apparent at very low chromate concentrations even
in an aggressive 1 M chloride environment.
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Figure 138. (a) Single frequency impedance measurements on AA2024 taken at -0.8 Vgce in
aqueous 1 M NaCl with a range of MoO,* concentrations, all with adjusted pH of 6.5 at
frequency 1000 Hz. These are impedance values as collected by the frequency response
analyzer. (b) Single frequency impedance measurements from (a) corrected for scratched
electrode area. (c) Calculated capacitance values from area corrected impedance values. (d)
Oxide thickness calculated from film capacitance. The 1 M NaCl did not repassivate.
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Figure 139. (a) Single frequency impedance measurements taken at -0.8 Vsce in an aqueous
1 M NaCl and 5 mM CrO; solution corrected for scratched electrode area.
Instrument limitations prevent data acquisition at long times in the solution shown and at
all times at higher concentrations of chromate. This is due to small sample area and large
oxide thickness. (b) Calculated capacitance values from area corrected impedance values.
(c) Oxide thickness calculated from film capacitance. The 1 M NaCl solution did not
repassivate.
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Corrosion Inhibition of AA7075 and Carbon Steel 1018
Effect of Individual Inhibitors on AA7075

The effect of cerium, molybdate, vanadate and permanganate ions on the corrosion of AA7075 in
the presence of chloride ions was investigated in this task. Both anodic and cathodic inhibition
properties were elucidated in a series of screening tests. Correlations between the inhibitor
concentration and corrosion properties were sought in order to allow for the development of an
“intelligent” design tool that is capable of predicting corrosion inhibition efficiencies under
different environmental conditions.

Anodic Inhibition

Anodic potentiodynamic polarization scans were carried out under deaerated conditions at
various inhibitor levels to elucidate the anodic inhibitor efficiency of the proposed alternatives
for hexavalent chrome. Representative anodic potentiodynamic scans measured in various
inhibitor solutions containing 0.05 M NaCl and the corresponding inhibitor at different
concentrations are shown in Figure 140.

The vanadate, molybdate and cerium inhibitors all showed anodic inhibition, especially at higher
concentrations. Distinct passive ranges were observed in case of these inhibitors. In the presence
of permanganate ions, however, no passive range and current densities higher than those of
untreated AA7075 were observed, probably due to the strong oxidizing property of the
permanganate.

Cathodic Inhibition

The effect of the inhibitors on the dominant cathodic reaction, the ORR on AA7075 was also
investigated. Under non-deaerated conditions, in the presence of chloride ions, cathodic
potentiodynamic polatization scans were carried out after the addition of various inhibitors in
different concentrations. Representative scans are shown in Figure 141.
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Figure 140. Representative anodic potentiodynamic polarization scans measured in 0.05 M
NaCl solutions containing inhibitors at different concentrations.
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Figure 141. Cathodic potentiodynamic polarization scans of AA7075 in non-deaerated, 0.05
M NacCl solution containing various inhibitors at different concentrations.

Vanadate and cerium showed excellent cathodic inhibition of AA7075 by effectively reducing
the cathodic current density compared to the uninhibited case. No apparent concentration
dependence was found in either inhibitor. Molybdate slightly lowered the cathodic current
density at lower concentrations. This effect, however, diminished at higher molybdate levels.
The permanganate ions were found to increase the cathodic current density due to their highly
oxidizing nature.
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Chronoamperometric measurements were also carried out to further investigate the cathodic
inhibition of cerium and vanadate ions. Current density vs. time curves of AA7075 exposed to
0.05 M NaCl with and without cerium or vanadate ions are shown in Figure 142.
Significant reduction of the current density was found in case of both inhibitors confirming their
excellent cathodic inhibitor properties. Figure 143 summarizes the measured current densities as
a function of inhibitor concentration. No apparent concentration dependence was found.
It was observed that at the highest cerium ion concentration, the inhibitor property diminished.
This was probably due to the formation of thick cerium oxide precipitates, which do not possess
barrier properties due to the presence of cracks and pores in their microstructure.
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Figure 142. Chronoamperometric curves of AA7075 measured in non-deaerated, 0.05 M
NaCl solution with and without inhibitors.
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Figure 143. Cathodic current densities measured after 60 seconds of potentiostatic hold
during chronoamperometric tests as a function of inhibitor concentrations.
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Most of the inhibitors that were found to be effective in the case of AA2024 were also effective
in the case of AA7075. Molybdate ions were found to be good anodic inhibitors, increasing Ep;
with strong concentration dependence. Vanadate ions also were found to be good anodic
inhibitors, although they did not show any concentration dependence, similarly to the anodic
inhibition of AA2024. Cerium and vanadate ions are good cathodic inhibitors of both AA2024
and AA7075. Molybdate ions, however, were not as effective in inhibiting the ORR on AA7075
as in the case of AA2024. While the permanaganate ions were found to be good anodic and
cathodic inhibitors of AA2024 at low concentrations, they did not inhibit the corrosion of
AAT7075.

OCP decreased logarithmically with the concentration cerium acetate, as shown in Figure 144,
Epit however remained constant, based upon the measurements shown in Figure 140.

The open circuit potentials, Epii and ranges of passivity (i.e., AEpass = Epit — OCP) were
determined and plotted as a function of the inhibitor concentration on semilogarithmic plots as
shown in Figure 144, Figure 145 and Figure 146, for cerium, molybdate and vanadate,
respectively. No concentration dependence of the anodic properties was found in case of
vanadates. However, strong concentration dependences were found in case of the molybdate and
cerium ions. In the case of the molydate, Ep: of the AA7075 increased as the inhibitor
concentration (Cwo) increased according to Equation 29.

Epie = 0.23 X logcy, — 0.04 R? = 0.95 Equation 29

OCP did not show any concentration dependence. The range of passivity (AEpass), thus, was
directly dependent on the concentration, based on Equation 30.

AEpass = 0.27 X logcy, + 0.89 R? =0.93 Equation 30

OCP decreased logarithmically with the concentration cerium acetate, as shown in Figure 144,
Epit however remained constant, based upon the measurements shown in Figure 140.
Consequently, the passive range increased logarithmically as a function of the cerium acetate
concentration. The OCP and AEpass concentration dependence are obtained using equations
Equation 31 and Equation 32, respectively.

OCP = —0.42 X logce, — 1.64 R? = 0.99 Equation 31

AE,qss = 0.41 X logce, + 0.97 R? =0.97 Equation 32
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Based on the measured pH as a function of the inhibitor concentration (see Figure 16) and the
speciation diagrams for vanadate (Figure 17), cerium (Figure 18) and molybdate (Figure 19), the
predominant species can be found. The predominant cerium compound in 0.05 M cerium acetate
is Ce(CH3COO)*, while it is MoO4* and HMoO, for molybdenum. The solution chemistry of
vanadates is very complex and whil V,0;* and VO;0H? are the most plentiful compounds,
other are also present in large quantity and the type of vanadium-based ion is highly dependent
on the pH.
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Figure 144. Measured open circuit potential, Epi and resulting AEpass for AA7075 in non-
deaerated, 0.05 M NacCl solution containing cerium at different concentrations.
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Figure 145. Measured open circuit potential, Epit and resulting AEpass for AA7075 in non-
deaerated, 0.05 M NacCl solution containing vanadate at different concentrations.
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Figure 146. Measured open circuit potential, Epit and resulting AEpass for AA7075 in non-
deaerated, 0.05 M NacCl solution containing molybdate atdifferent concentrations.
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Effect of Individual Inhibitors on 1018 Carbon Steel

The effect of cerium, vanadate, molybdate and permanganate ions on the anodic and cathodic
behavior of 1018 carbon steel in the presence of chloride ions was investigated in this task.

Anodic Inhibition

Anodic potentiodynamic polarization scans were carried out in 0.05 M NaCl solution containing
various inhibitors at different concentrations to assess the effect of these ions on the barrier
properties of 1018 carbon steel. Representative polarization scans are shown in Figure 148.
Vanadate was found to only affect the anodic behavior of 1018 carbon steel at very high inhibitor
concentrations. Molybdate, on the other hand, had a significant effect on the barrier properties of
the alloy, essentially passivating the surface at all inhibitor concentrations. Cerium and
permanganate had no effect on the anodic behavior. In the case of molybdate, the passive current
density was found to be inversely proportional to the inhibitor concentration according to the
following logarithmic relationship (see Equation 33). The data points and logarithmic
extrapolation are represented in Figure 147. Thus, the passive current density decreased with
increasing inhibitor concentration.

logiyess = —0.779 X logcy,, — 5.622 Equation 33

y=-0.7795x - 5.6216
R?=0.9668

logipass
A
(5]

-2.5 -2 -1.5 -1 -0.5 0
log c(Na2Mo0O4)

Figure 147. Passive current density (A/cm?) of carbon steel 1018 in deaerated, 0.05 M NaCl
solution containing molybdate at different concentrations, as a function of the
concentration of sodium molybdate.
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Figure 148. Anodic potentiodynamic polarization scans of 1018 carbon steel in deaerated,
0.05 M NaCl solution containing various inhibitors at different concentrations.

Cathodic Inhibition

Cathodic polarization scans were measured in 0.05 M NaCl solutions containing various
inhibitors to assess the effect of the inhibitors on the ORR. Figure 151 shows examples of the
scans. Vanadate did not have a significant effect on the ORR kinetics. Cerium was found to be
an effective cathodic inhibitor at low concentrations, where a thinner, but more compact, pore-
free cerium hydroxide layer forms on the surface of the alloy. Molybdates significantly lowered
the cathodic current density throughout the investigated concentration range (0.005-0.5M). A
linear relationship was found between the logarithm of the measured cathodic current density
and the logarithm of the molybdate concentration (see Equation 34).

logicaen = —0.233 X logcy, Equation 34

Permanganates were found to increase the measured cathodic current density.
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Figure 149. Cathodic potentiodynamic polarization scans of 1018 carbon steel measured in
non-deaerated, 0.05 M NaCl solutions containing various inhibitors at different
concentrations.

Chronoamperometric measurements performed on 1018 carbon steel in molybdate containing
solutions did not confirm the cathodic inhibition provided by the molybdate ions that was seen in
the polarization scans. This is probably due to the interference of the molybdate reduction
reaction.

Effect of Inhibitor Combinations on AA7075 and 1018 Carbon Steel

The effect of selected inhibitor combinations on the electrochemical behavior of AA7075 and
1018 CS was investigated in this section. The inhibitor combinations were selected partly based
on results of the study of the effect of individual inhibitors and partly based on literature sources.

Cerium and Vanadate Combination

The effect of vanadate and cerium inhibitor combinations on the electrochemical behavior of
AA7075 and 1018 CS is described below.
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1018 Carbon Steel

No synergistic effects on the anodic kinetics was found (not shown). OCP was significantly
higher for V/Ce combinations than for single V and Ce inhibitors at the corresponding total
inhibitor concentrations as shown in Figure 150.
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Figure 150. OCP of 1018 CS in non-deaerated, 0.05 M NaCl with single Ce and V inhibitors
and V/Ce inhibitor combinations as a function of the total inhibitor concentration.

Figure 151 shows that the cathodic current densities were found to be significantly lower in the

case of inhibitor combinations indicating synergistic effect on the cathodic inhibition of 1018 CS
in Ce and V solutions.
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Figure 151. Cathodic current densities of 1018 CS at -0.2 V vs. OCP in 0.05 M NaCl with
single Ce and V inhibitors and V/Ce inhibitor combinations as a function of the total
inhibitor concentration.
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Aluminum Alloy 7075

OCP of AA 7075 was constant (approximately -0.7 V vs. SCE) for the single inhibitors as well
as for the Ce/V combinations, when the total concentration was 0.5 M as shown in Figure 152. It
was found to be significantly lower for the single inhibitors (approximately -0.9 V vs. SCE and -
1.1 V vs. SCE for V and Ce, respectively) than for the combinations (approximately -0.7 V vs.
SCE) when the total concentration was 0.05 mol/L. The cathodic current densities at -0.2 V vs.
OCP of AA 7075 for the inhibitor combinations were within the range of the single inhibitors for
a total concentration of 0.05 mol/L (presented in Figure 153). No cathodic measurement was
performed for Ce as a single inhibitor at a total concentration of 0.5 mol/L due to solubility
limitations. However, an extrapolation of the data existing for Ce at 0.005 mol/L and at 0.05
mol/L indicated that the cathodic current densities of the inhibitor combinations were within the
boundaries of those of the single inhibitors. E;; of the inhibitor combinations were found to be
higher than those of the single inhibitors as shown in Figure 154. The trend increased with the
increase of the total inhibitor concentration. This resulted in an increase of E,; of up to 0.2 V for
a total inhibitor concentration of 0.5 mol/L.

0.000 -
0.200 - Ce;"ll‘l."I:D.ES
o +Ce/V=1
(=) _ |
@ -0.400 4 4ce/v=4
2 eCe
Z 0600 |
=
= v ° * 3
& -0.800 -
o
o
-1.000 -
®
-1.200 . . |
1.00E-03 1.00E-02 1.00E-01 1.00E+00

Total inhibitor concentration (mol/L)

Figure 152. OCP of AA 7075 in non-deaerated, 0.05 M NaCl with single Ce and V inhibitor
and V/Ce inhibitor combinations as a function of the total inhibitor concentration.
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Figure 153. Cathodic current densities of AA 7075 at -0.2 V vs. OCP in 0.05 M NaCl with

single Ce and V inhibitors and V/Ce inhibitor combinations as a function of the total
inhibitor concentration.
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Figure 154. E,i: of AA 7075 in 0.05 M NaCl with single Ce and V inhibitors and V/Ce
inhibitor combinations as a function of the total inhibitor concentration.
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Cerium and Molybdate Combination

The effect of cerium and molybdate inhibitor combinations on the electrochemical behavior of
1018 CS and AA70Q75 is described below.

1018 Carbon Steel

OCP of 1018 CS for the individual inhibitors and the combinations are shown in Figure 155.
The OCP of the Ce and Mo inhibitor combinations was found to be within the range of those
measured in single inhibitor solutions.

Epir of 1018 CS measured in solution containing Mo alone were higher than those found in
Mo/Ce solution (not shown). E,ir measured in Ce solutions were the lowest. The cathodic current
densities measured at -0.2 V vs. OCP were up to two orders of magnitude lower for the inhibitor
combinations than for the single inhibitors as shown in Figure 156. The synergistic effect
increased with increasing total inhibitor concentration.
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Figure 155. OCP of 1018 CS in 0.05 M NacCl with single Ce and Mo inhibitors and Ce/Mo
inhibitor combinations as a function of the total inhibitor concentration.
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Figure 156. Cathodic currents of 1018 CS at -0.2 V vs. OCP in 0.05 M NaCl with single Ce
and Mo inhibitors and Ce/Mo inhibitor combinations as a function of the total inhibitor

concentration.

Aluminum Alloy 7075

The open circuit potentials, the cathodic current densities and Epi; of AA 7075 in inhibitor
combinations solutions were all within the boundaries of those measured in the case of the
individual inhibitors as shown in Figure 157, Figure 158 and Figure 159.
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Figure 157. OCP of AA 7075 in 0.05 M NacCl with single Ce and Mo inhibitors and Ce/Mo
inhibitor combinations as a function of the total inhibitor concentration.
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Figure 158. Cathodic currents of AA 7075 at -0.2 V vs. OCP in 0.05 M NaCl with single Ce
and Mo inhibitors and Ce/Mo inhibitor combinations as a function of the total inhibitor
concentration.
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Figure 159. Ei: of AA 7075 in 0.05 M NaCl with single Ce and Mo inhibitors and Ce/Mo
inhibitor combinations as a function of the total inhibitor concentration.

Investigation of the Effect of the Inhibitors on the Microstructural Heterogeneity of
AA2024

Rotating Disc Arrays

The cathodic scans at 1000 rpm rotation rate in V, Ce and borate buffer solutions of arrays 1
through 4 are shown in Figure 160, Figure 161, Figure 162 and Figure 163. The cathodic
inhibition effect of Ce on larger electrodes (500 microns, in arrays 1 and 2) was found to be less
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significant than that of V (see Figure 160 and Figure 161). Furthermore, Ce appeared to be
detrimental in the case of array 1, when compared to borate buffer (see Figure 160).
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Figure 160. Cathodic polarization scans of array 1 at 1000 rpm with and without the
presence of inhibitors.
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Figure 161. Cathodic polarization scans of array 2 at 1000 rpm.

Smaller electrodes in arrays 3 and 4 resulted in cathodic current densities lower in Ce and V
inhibitor solutions than in borate buffer as shown in Figure 162 and Figure 163. The cathodic
inhibition effect of V was found to improve as the electrode area increased and the distance
between the electrodes decreased, when compared to borate buffer. The cathodic inhibition effect
of Ce was more significant for smaller electrodes, independently from the distance between
them.
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Figure 162. Cathodic polarization scans of array 3 at 1000 rpm.
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Figure 163. Cathodic polarization scans of array 4 at 1000 rpm.

Figure 164 and Figure 165 show the cathodic potentiodynamic polarization scans of all arrays
measured at 1000 rpm in V and Ce solutions, respectively. As the distance between electrodes
L increased (from array 1 to array 2, and from array 3 to array 4), with a constant electrode
diameter, the cathodic current in V solution was found to decrease for small electrodes and to
increase for large electrodes (see Figure 164). Correspondingly, the cathodic current in
V solution decreased for a small L value (array 1 and 3) and increased for large L value (array 2
and 4), when the diameter of the electrodes increased. Consequently, the cathodic inhibition
effect of V is more pronounced for a higher density of larger copper electrodes. As the distance
between the electrodes, L, increased, the cathodic current in Ce solution decreased for large
electrodes and increased for small electrodes (see Figure 165). The cathodic current in
Ce solution increased for both small and large L value when the diameter of the electrodes
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increased. Consequently, the cathodic inhibition effect of Ce was found to increase when the
density of small electrodes increased. The opposite was observed for large electrodes, i.e. the
cathodic current decreased when the distance between electrodes increased.
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Figure 164. Cathodic polarization scans of all arrays in V solution at 1000 rpm.
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Figure 165. Cathodic polarization scans of all arrays in Ce solution at 1000 rpm.
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Aluminum/Copper Multi-Electrode Array Study of Inhibitor

An aluminum/copper MEA was used in order to measure the individual anodic and cathodic
current of an array that replicated Al-Cu alloys. The electrodes from the 100 wires array are
galvanically connected through individual ZRAs. The currents are measured at — 0.8 V vs. OCP
for two hours. The average anodic and cathodic current sums are plotted in order to assess the
effect of the inhibitors based on their type, their concentration and their exposure process.
All measurements were performed in a solution containing 0.05 M NacCl.

Figure 166 shows the effect of 0.05 M vanadate, cerium or molybdate combined in solution with
0.05 M NaCl compared to measurements performed in bare 0.05 M NaCl. Only vanadate
resulted in a significant decrease of the anodic and cathodic current over time. The currents
measured in cerium and molybdate treated solutions were similar to those found in untreated
NaCl solution.
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Figure 166. Effect of the type of inhibitors combined to 0.05 M NaCl on the measured
anodic (Al in red) and cathodic (Cu, in blue) total current as a function of time.

Figure 167 shows the effect of the concentration of vanadate when combined with 0.05 M NaCl.
Vanadate was chosen because it was the only inhibitor that reduced the anodic and cathodic
current. The measured currents are lower when the amount of vanadate in solution is lower.
Based upon the measured pH as a function of the concentration, presented in Figure 16, and the
speciation of vanadate in 0.01 M and 0.05 M sodium vanadate solutions (see Figure 17), the pH
of vanadate/NaCl solution and the resulting vanadate speciation can be predicted. For the 0.005
M vanadate, the pH is expected to be just under 8 and it will be over 8.5 when the concentration
is 0.05 M. Consequently, the predominant species (V4O1,", V30s> and VOs;0H?) will be
independent from the vanadate solution concentration and is not the cause for the decrease in the
measured currents.
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Figure 167. Effect of the concentration of vanadate combined to 0.05 M NaCl on the
measured anodic (Al, in red) and cathodic (Cu, in blue) total current as a function of time.

Figure 168 and Figure 169 show the impact of the exposure process (combined vs. pre-exposed)
for cerium and molybdate, respectively. It is obvious that pre-exposure to the inhibitor results in
a significant drop of anodic and cathodic current by one order of magnitude.
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Figure 168. Comparison between pre-exposure and combination with cerium on the
measured anodic (Al, in red) and cathodic (Cu, in blue) total current as a function of time.
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Figure 169. Comparison between pre-exposure and combination with molybdate on the
measured anodic (Al, in red) and cathodic (Cu, in blue) total current as a function of time.

Figure 170 shows the effect of the concentration of vanadium and the impact of the exposure
process. Higher currents were measured when the MEA was pre-exposed to 0.05 M vanadate
than when the vanadate was combined with NaCl. But as, the concentration of vanadate was
decreased to 0.005 M, lower currents were measured even after pre-exposure. The currents after
pre-exposure to 0.005 M vanadate were lower than those measured in combined 0.05 M vanadate
solution, but higher than in combined 0.005 M vanadate solution (see Figure 167).
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Figure 170. Effect of the concentration of pre-exposure vanadate on the measured anodic
(Al, in red) and cathodic (Cu, in blue) total current as a function of time.
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Inhibitor Interaction with AA7075

Auger electron spectroscopy was performed on AA7075 specimens after being exposed for
24 hours to 0.05 mol/L and 0.005 mol/L of cerium, vanadate and molybdate. The scans were
performed on the fresh specimens after exposure as well as after 10 seconds sputtering and
30 seconds sputtering at 400 A/min. The resulting scans of the bare specimens treated with
cerium, vanadate and molybdate are shown in Figure 171, Figure 174 and Figure 177,
respectively. The scans of the specimens sputtered for 10 seconds after being treated with
cerium, vanadate and molybdate are shown in Figure 172, Figure 175 and Figure 178.
The scans of the specimens sputtered for 10 seconds after being treated with cerium, vanadate
and molybdate are shown in Figure 173, Figure 176 and Figure 179. The cerium, vanadium and
molybdenum are indicated on each scans. The quantity of inhibitor measured was found to be
independent of the inhibitor concentration at any measured depth.

EDS analysis of similarly treated specimens was performed in order to measure the quantity of
inhibitor present on the surface. The results are presented in Figure 180, Figure 181 and Figure
182, for cerium, molybdate and vanadate, respectively. Cel, Mol and V1 represent 0.05 mol/L
of inhibitors and Ce2, Mo2 and V2 represent 0.005 mol/L. Semi-Quantitative results are
summarized in

Figure 183. The inhibitors are proven to be present on the surface of the material and the quantity
adsorbed is significantly dependent on the inhibitor solution concentration for cerium only.
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Figure 171. Auger electron Spectroscopy Scans of AA7075 after exposure to (a) 0.05 mol/L
and (b) 0.005 mol/L cerium for 24 hours.
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Figure 172. Auger electron Spectroscopy Scans of AA7075 after exposure to (a) 0.05 mol/L
and (b) 0.005 mol/L cerium for 24 hours and 10 seconds at 400 A/min sputtering.
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Figure 173. Auger electron Spectroscopy Scans of AA7075 after exposure to (a) 0.05 mol/L
and (b) 0.005 mol/L cerium for 24 hours and 30 seconds at 400 A/min sputtering.
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Figure 174. Auger electron Spectroscopy Scans of AA7075 after exposure to (a) 0.05 mol/L
and (b) 0.005 mol/L vanadate for 24 hours.
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Figure 175. Auger electron Spectroscopy Scans of AA7075 after exposure to (a) 0.05 mol/L
and (b) 0.005 mol/L vanadate for 24 hours and 10 seconds at 400 A/min sputtering.
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Figure 176. Auger electron Spectroscopy Scans of AA7075 after exposure to (a) 0.05 mol/L
and (b) 0.005 mol/L vanadate for 24 hours and 30 seconds at 400 A/min sputtering.
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Figure 177. Auger electron Spectroscopy Scans of AA7075 after exposure to (a) 0.05 mol/L
and (b) 0.005 mol/L molybdate for 24 hours.
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Figure 178. Auger electron Spectroscopy Scans of AA7075 after exposure to (a) 0.05 mol/L
and (b) 0.005 mol/L molybdate for 24 hours and 10 seconds at 400 A/min sputtering.
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Figure 179. Auger electron Spectroscopy Scans of AA7075 after exposure to (a) 0.05 mol/L
and (b) 0.005 mol/L molybdate for 24 hours and 30 seconds at 400 A/min sputtering.
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Figure 180. EDS of AA7075 after exposure to (a) 0.05 mol/L and (b) 0.005 mol/L cerium for
24 hours.
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Figure 181. EDS of AA7075 after exposure to (a) 0.05 mol/L and (b) 0.005 mol/L molybdate

for 24 hours.
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Figure 182. EDS of AA7075 after exposure to (a) 0.05 mol/L and (b) 0.005 mol/L vanadate

for 24 hours.
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Figure 183. Surface analysis performed using EDS on AA7075 after 24 hours exposure to 0.05
mol/L (inh1) and 0.005 mol/L (inh2) molybdate, cerium and vanadate.
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EDS mapping was performed on large area of AA7075 containing multiple intermetallic
particles as well as on single particles. The specimens were exposed to 0.05 mol/L of inhibitor
solution (cerium, molybdate or vanadate). EDS mapping was performed before and after
exposure on the same or similar area. The mapping was performed for aluminum, iron and
copper, in order to identify the type of IMC, as well as for the type of inhibitor used.
The EDS maps before exposure are shown in Figure 184, Figure 187 and Figure 190.
The large (approximately 200 um?) and small frames(approximately 25 um?) after exposure to
the inhibitors are shown in Figure 185 and Figure 186, Figure 188 and Figure 189, and Figure
191 and Figure 192, for cerium, vanadate and molybdate, respectively.

In the case of cerium and molybdate, a very small number of precipitated particles were observed
on the surface. The size of those precipitates was too small to allow for identification using EDS
mapping, however, it may be hypothesized that they are inhibitors precipitates. It can also be
assumed that the inhibitor precipitated homogeneously over the surface of the AA7075
specimens. Vanadate precipitates as vanadium-rich particles in large quantity over the surface
independently form the presence of intermetallic particles.

Figure 184. EDS mapping of AA 7075 before 24 hours immersion in 0.05 mol/L cerium
acetate. 200 pm’ frame.
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Figure 185. EDS mapping of AA 7075 after 24 hours immersion in 0.05 mol/L cerium
acetate. 200 pm? frame. The hypothesized inhibitor precipitates are indicated with the red

arrows.
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Figure 186. EDS mapping of AA 7075 after 24 hours immersion in 0.05 mol/L cerium

acetate. 25 pm? frame.
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Figure 187. EDS mapping of AA 7075 before 24 hours immersion in 0.05 mol/L sodium
vanadate. 200 pm? frame.
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Figure 188. EDS mapping of AA 7075 after 24 hours immersion in 0.05 mol/L sodium
vanadate. 200 pm? frame.
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Figure 189. EDS mapping of AA 7075 after 24 hours immersion in 0.05 mol/L sodium
vanadate. 25 pm? frame.

Figure 190. EDS mapping of AA 7075 before 24 hours immersion in 0.05 mol/L sodium
molybdate. 200 pm? frame.
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Figure 191. EDS mapping of AA 7075 after 24 hours immersion in 0.05 mol/L sodium
molybdate. 200 pm? frame. The hypothesized inhibitor precipitates are indicated with the
red arrows.
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Figure 192. EDS mapping of AA 7075 after 24 hours immersion in 0.05 mol/L sodium
molybdate. 25 pm? frame.
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The presence of vanadium precipitates can be related to what has been observed on AA2024-T3
specimens (see Figure 57). Vanadate was found to result in vanadium-rich precipitate on the
surface for both AA2024-T3 and AA7075. It was found that that the vanadium-rich particles
precipitated preferentially on intermetallic particles in the case of AA2024-T3. However, in the
case of AA7075, no preferential precipitation was observed. The density of vanadium-rich
precipitates is much higher on AA7075 than for AA2024-T3, as can be observed by comparing
Figure 54 with Figure 188.

Scanning Kelvin Probe (SKP)

Topographic and work function scans of copper before and after exposure to inhibitors and
controlled relative humidity environment were performed using a SKP. The scans for a pure
copper specimen before and after exposure to sodium molybdate are shown in Figure 193 and
Figure 194, respectively. The scans for a specimen before and after exposure to sodium vanadate
are shown in Figure 195 and Figure 196, respectively. It is possible to survey the surface
morphology of the specimens using the topography scans. However the work function scans did
not show any difference between the before and after state for either of the inhibitors.
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Figure 193. (a) topographic scan and (b) work function scan of a pure copper specimen
before being exposed to 0.05 M sodium molybdate.
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Figure 194. (a) topographic scan and (b) work function scan of a pure copper specimen
after being exposed to 0.05 M sodium molybdate.
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Figure 195. (a) topographic scan and (b) work function scan of a pure copper specimen
before being exposed to 0.05 M sodium vanadate.
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Figure 196. (a) topographic scan and (b) work function scan of a pure copper specimen
after being exposed to 0.05 M sodium vanadate.

Mott-Schottky (M-S)

M-S experiments were used in order to determine the prevalent corrosion inhibition mechanism
of the individual inhibitors in order to understand why they are effective in inhibiting corrosion
of certain alloys. M-S analysis allowed the determination of the adsorption properties of chosen
inhibitors onto oxide surface as a function of surface properties. M-S measurements can be
performed on oxide films formed on the surface of alloys in solution as shown in Figure 18.
M-S data provides information regarding the charge carrier density and the Egg which is closely
related to the surface energy of the solid. The flat band potential is taken as the point where the
extrapolated line crosses the x-axis. A positive shift in flatband potential is accompanied by an
increase in the localized Ecor. The inverse of the capacitance squared can be plotted against the
potential, according to Equation 35. [Csc, the capacitance of the space charge region; e, the
dielectric constant of the passive film; ey, the permittivity of free space; N, the donor density
(electron donor concentration for an n-type semi-conductor or hole acceptor concentration for a
p-type semi-conductor); E, the applied potential and Egg, the flatband potential].
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The results of Mott-Schottky analysis in 0.05 M cerium acetate are shown in Figure 197.
The slope of 1/C? vs. potential is positive for both borate buffer (control) and Ce-acetate.
Consequently, it can be concluded that the cerium treated oxide layer has the properties of a
n-type semiconductor. The flatband potential measured on a passive film grown in cerium
acetate is approximately 600 mV lower than that measured for a passive film grown in borate
buffer. Consequently, cathodic inhibition by cerium is predicted to occur.

The effects of the type and concentration of inhibitor are shown in Figure 198: 0.05 M of
vanadate results in a significant negative shift of the flatband potential. Consequently, it is
expected that Ep; may increase based upon the semiconductor properties resulting from the
interaction of the vanadate with the specimens oxide film layer. Addition of lower amount of
inhibition (0.005 M) results in lower flatband potential for both cerium and vanadate.
Furthermore, a lower flatband potential is still observed for vanadate than for cerium. Therefore,
it is expected that cerium and vanadate will be more successful inhibitors at 0.005 M than 0.05
M, and vanadate will be a more successful inhibitor than cerium, independently from the
concentration.
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Figure 197. Mott-Schottky analysis results in 0.05 M cerium acetate. (a) Evolution of 1/C?
as a function of the applied potential at various frequencies. (b) Flatband potential (V vs.
HgSO,) as a function of the frequency.
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Figure 198. Donor density and flatband potential for 0.05 M and 0.005 M cerium acetate
and vanadate.

Atmospheric MEA

MEAs (80% aluminum/20% copper) were exposed to controlled atmospheric environments after
being treated with inhibitors. This was performed to assess the effect of cerium acetate, sodium
vanadate and sodium molybdate during atmospheric corrosion.

The current was measured as the MEA was exposed to a high relative humidity for 3 hours
followed by 2.5 hours at 45% relative humidity. Figure 199 shows the evolution of the total
anodic and cathodic currents measured on a cerium-treated MEA with high level of relative
humidity of 60%, 70%, 80% and 90%. Figure 200 and Figure 201 show the same measurements
for a vanadate and a molybdate treated MEA, respectively. It can be noticed that the total current
decreases overall as the value of the high relative humidity increases. The current drops
drastically when the relative humidity is decreased to 45%. Figure 202 shows the evolution of
the total current measured on an untreated MEA with high level of relative humidity of 60%,
70%, 80% and 90%. The total current measured on the untreated MEA decreases as the first part
of the test is performed at a higher relative humidity. The current decreases when the relative
humidity is shifted to 45%. However, the total current is not zero, unlike for the treated MEA.
Furthermore, overall, the total current measured in the case of the untreated MEA is higher than
for the cerium-treated MEA.
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Figure 199. Total current measured on Al/Cu MEA treated with 0.05 M cerium acetate for
24 hours. The current are measured during (a) 3 hours at 60% RH and 2.5 hours at 45%
RH, (b) 3 hours at 70% RH and 2.5 hours at 45% RH, (c) 3 hours at 80% RH and 2.5
hours at 45% RH, and (d) 3 hours at 90% RH and 2.5 hours at 45% RH. The test chamber
relative humidity and temperature, and room temperature are also plotted.
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Figure 200. Total current measured on Al/Cu MEA treated with 0.05 M sodium vanadate
for 24 hours. The current are measured during (a) 3 hours at 60% RH and 2.5 hours at
45% RH, (b) 3 hours at 70% RH and 2.5 hours at 45% RH, (c) 3 hours at 80% RH and 2.5
hours at 45% RH, and (d) 3 hours at 90% RH and 2.5 hours at 45% RH. The test chamber
relative humidity and temperature, and room temperature are also plotted.

198



Test 1 Set 2 Melybdate 60% RH Test 2 Set 1 Molybdate 70% RH
5.F-03 700 5.E-03 80.0
| Ja) 1
‘leﬁr‘(\‘-""\ﬁ‘f'\f'l\' \Iq."(?n'w'vMJ‘I 500 70.0
3E03 | o 3E03 o
| & 60.0 £
500 ¢ 4
\ : £
NN T~ e 50.0
T 1E03 e é < 1603 : é
: 400 g = £
g = g =
H S H 400 £
5] 3
g B I R e e T 00 g Zﬂ 1E03 fg
= E e 300
............................... 3 3
w02 | | 00000 fAeeeeeemem e e e - 4 E
5 200 8
e L e :
— —Chamber Humidity (%] 100 — -Chamber Humidity [%] 10.0
~ — Lab Temperature (1) [C] - - Lab Temperature (1} [*C]
- - Chamber Temparature {int) [*C] - - Chamber Temperature {int) [°C]
S.E03 00 SE03 00
50 100 150 200 250 300 0 50 100 150 200 250 300
Time (minutes) a Time [minutes)
Test 3 Set 2 Molybdate 80% RH Test 4 Set 1 Molybdate 90% RH
5.F-03 90.0 5.E-03 100.0
X" I A wﬂ\.’fy\\mﬂmhh\\l 400 et e ot e o o A ey s00
|
|
3E-03 | 00 g 3E-03 || 80.0 o
| g 700 &
| 600 § \‘ H
= 1E03 | ‘é < 1E03 60.0 ;‘
£ 500 g £ £
H 400 £ 2 £
8 -1E-03 E 8 -1E-03 E
H H
. 300 f :
__________________________________ E ;
r03 —Total an | (A) 200 & se0s | &
: ——Total eat | (A) i ——Total cat | (A)
— ~Chamber Humidity [%] 100 — -Chamber Humidity [%] 100
~ — Lab Temperature (1) [*C] — — LabTemperature (1) [*C] :
— - Chamber Temperature {int) [°C] ~ = Chamber Temperature (int) [*C]
S.E03 00 SE03 0.0
50 100 150 200 250 300 0 50 100 150 200 250 300
Time (minutes) C Time (minutes)

d.

Figure 201. Total current measured on Al/Cu MEA treated with 0.05 M sodium molybdate
for 24 hours. The current are measured during (a) 3 hours at 60% RH and 2.5 hours at
45% RH, (b) 3 hours at 70% RH and 2.5 hours at 45% RH, (c) 3 hours at 80% RH and 2.5
hours at 45% RH, and (d) 3 hours at 90% RH and 2.5 hours at 45% RH. The test chamber
relative humidity and temperature, and room temperature are also plotted.
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Figure 202. Total current measured on Al/Cu MEA untreated. The current are measured
during (a) 3 hours at 60% RH and 2.5 hours at 45% RH, (b) 3 hours at 70% RH and 2.5
hours at 45% RH, (c) 3 hours at 80% RH and 2.5 hours at 45% RH, and (d) 3 hours at
90% RH and 2.5 hours at 45% RH. The test chamber relative humidity and temperature,
and room temperature are also plotted.

In order to accurately compare the effect of the various inhibitors and relative humidity values,
the total anodic charge was plotted at the end of the first relative humidity step (after 150
minutes (see Figure 203) and at the end of the test (after 330 minutes (see Figure 204)).
The total anodic charge plots were also linearly fitted.

Both vanadate and cerium act as an inhibitor based upon the total anodic exchanged after 150
minutes exposure (Figure 203) and 330 minutes exposure (Figure 204) at lower relative humidity
(60% and 70%). The total anodic charge measured on a molybdate treated MEA implies that it
does not behave as an inhibitor on the AI/Cu MEA. At higher relative humidity (80% and 90%),
vanadate and cerium lose their inhibitive capability. This is thought to be due to the fact that
droplets of very high chloride concentration deliquesce, under which conditions the inhibitors
cannot retain the inhibitor properties.
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Figure 203. Total anodic charge as a function of the relative humidity and inhibitor

treatment after 150 minutes exposure at high relative humidity.
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Figure 204. Total anodic charge as a function of the relative humidity and inhibitor
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Discussion
Corrosion Inhibition of AA2024 using Permanganate and Vanadate

Oxidation States of Manganese

The oxidation state of the manganese oxide deposits is critical to the understanding of this
inhibitor system. If the oxidation state has a high valence state the E-pH diagrams in Figure 2
suggest that the oxide deposits may be electrochemically active and eligible for further reduction
at the open circuit of AA2024. This activity can manifest itself as the reduction of the oxide
deposits to lower valence state oxides accompanied by aluminum oxidation. These oxide
reactions may have some impact on the corrosion inhibition. It is useful for the discussion to give
a brief example of our understanding of these manganese deposits. A galvanostatic reduction
at -20 pA/cm?, conducted in pH 10 borate buffer is shown in Figure 51. The multiple potential
waves indicate that the oxide is reduced from a high valence state.®” Evidence of this is also
shown in Figure 31 at OCP and 49 upon downward scan. The reversible potentials of several
likely reactions are indicated in Figure 51. The reversible potential of MnO, + 4H + +3e~ &
MnO, + 2H,0 at 0.54 V vs. SCE is shown by the (- . ) line. The reversible potential for Mn0O, +

H,0 + e~ & MnOOH + OH~ at 0.187 V vs. SCE is shown by the (--) line.

The reversible potential for MnOOH + H,0 + e~ & Mn(OH), + OH™ at -0.385 V vs. SCE is
shown by the (='=) line. This reduction path is supported in literature concerning the reduction
of manganese oxides.?*®"** Raman spectroscopy (Figure 52) shows that the manganese species
present on the Cu and analyzed by galvanostatic reduction is the same as that reduced onto
AA2024-T351 at open circuit. It is sufficient to state that the manganese oxide present on the
surface of the AA2024 has a high valence state and the potential to be reduced. The reduction of
the oxide may play a role in understanding all of the activity of the inhibitor in a corrosive
environment. The reduction of Mn(111) to Mn(Il) has been shown to involve an aqueous pathway
which may enable a manganese oxide deposit to selfheal over active cathodic sites through a
homogeneous chemical reaction. The speciation of this aqueous reaction pathway has not been
proposed in the literature.**

Active Corrosion Inhibition

Galvanostatic reductions (Figure 51), cathodic polarizations (Figure 49), and open circuit
potentials (Figure 31) all indicate the presence of a high valence manganese species present on
the surface of the AA2024-T351. The reduction of these species after their deposition has been
made clear and can occur spontaneously coupled to Al, Mg oxidation. Manganese oxide
literature shows that the reaction mechanism between the Mn(lll) and Mn(ll) valence states
occurs through an aqueous pathway.***** Evidence includes visible color changes to filter paper
surrounding manganese oxide electrodes as they are reduced between the (111) and (II) valence
states as well as from the standard half-cell potential of the Mn(lI)-Mn(lll) system.
This reaction suggests soluble aqueous Mn(I11) species are released in when deposited oxides are
further reduced. This leads to the possibility of the release and utilization of manganese species
on AA2024 located adjacent to a manganese deposit. Details on the potential of manganese
oxide deposits to protect remote AA2024 electrodes will be examined in further investigations.
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Modes of MnOy Inhibition: Anodic

While the ORR is inhibited by the presence of Mn-oxides that result from permanganate
reduction, elevation of E, is speculated to require the presence of a manganese oxide film-
barrier formed over the aluminum matrix as seen in Figure 39.

Figure 42 shows the trends in the extent of the passive region (AE where AE =E , —E, ) as a

function of inhibitor concentration. In both pretreatment and solution phase tests, the inhibitor
raises AE as the inhibitor concentration was decreased. This is an interesting and somewhat
counter-intuitive observation. The interpretation of this behavior is that various amounts of
KMnQ, are reduced onto Cu-rich sites during pretreatment. Lower KMnO, levels may deposit
with less residual/unreduced Mn(VII). This can lower the OCP and increase AE by lowering
Ecor. Higher levels may induce pitting prior to blockage. This speculation is supported by Figure
30. In-situ inhibitor at low concentrations in the presence of an activating ion such as CI
produces a statistical increase in Eyir. The principle reason for this increase is speculatively
believed to be the protective manganese oxide covering the S-phase as seen in Figure 38.
We have shown that both MnO, and Mn”** do not inhibit when they are in solution.
The inhibition is not seen on AA2024-T351 samples that have been exposed to the
permanganate-chloride solution for 1 hour. Speculatively, the 24 hour exposure prior to the
anodic polarization allows for the growth of the manganese oxide film covering and protecting
the aluminum matrix and the S-phase. This is supported by the lack of manganese species in
pitted areas examined via EDS.

Modes of MnOy Inhibition: Cathodic

Permanganate functions as a cathodic inhibitor by growing Mn oxide caps over copper-rich
intermetallic particles (Figure 24 and 29). This process occurs quickly at the natural pH of the
permanganate solution and does not require any CI activation. The oxide growth by direct
electrochemical reduction of permanganate over the copper-rich intermetallics greatly reduces
the total cathodic current density ity as well as the diffusion limited current density ip when used
as a pretreatment (Figure 45(a)). The MnQOy ion is reduced providing an additional cathodic
reactant that increases the cathodic current density when present in solution (Figure 45(b)).
We will now examine the pretreatment case in more detail.

Using a model first utilized by Jakab 2*?*® that combines the Gueshi and Membrane models,

we can examine the controlling variables that limit the reduction of dissolved oxygen on a planar
electrode. Where the diffusion limited current density ip on a homogeneous planar electrode is
given by Equation 36.

ip =nFDC/6 Equation 36

were n is the number of electrons in the electrochemical reaction, D is the diffusion coefficient of
the reactant, C is the bulk concentration of the reactant, and ¢ is the diffusion-affected zone.
In a RDE experiment ¢ is proportional to o2 where ® is the rotation rate of the planar
electrode.'* The Gueshi and Membrane models enable the extension of the description of ip to
heterogeneous electrodes. Two effects can occur when oxide caps are grown over the
intermetallic particle. The first is a change in the geometry and spacing of active regions in the
inactive matrix as described by Gueshi in Equation 37.
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Equation 37

In Equation 37, | is a geometric term describing the active-inactive array, and ¢ is a term that
relates to the coverage of aluminum matrix (shown in Figure 205), by active sites or the coverage
of active intermetallic sites (erf is the Gauss error function). As the caps grow one effect is the
exposure of the effective active region or IMCs is decreased. This can be seen in the SEM
microscopy of the pretreated AA2024, Figure 26, as well as by examining the activation
controlled current density, Figure 50.
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Figure 205. (a) Gueshi model showing effect of IMC special geometry in AA2024-T351 on
modeled ORR Kinetics and actual data values. (b) A schematic showing effect of decreasing
active area in an inactive matrix.

The decrease in copper “surface coverage” decreases the size of the active sites and increases the
spacing of the active sites in the Gueshi model. By examining Figure 205 the effect of copper
coverage on ORR can be clearly seen. The coverage of the copper intermetallics by manganese
oxides accounts for some of the ORR decrease seen on pretreated samples.

The second possible effect is the decreased rate of oxygen diffusion through the oxide barrier as
opposed to through the electrolytic solution to the heterogeneous active sites.
The membrane model treats the situation of two phase diffusion involving the oxygen diffusion
boundary layer and the oxide. The model is described by Equation 38 and used by Ilevbare,**®

; 1
i, =nFc’ .
i ((1.61D“3v“6 /D02 )+ (10, /Dox)] Equation 38

sol
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where yox IS the oxide thickness, D is the diffusion of O, in solution, Doy is the diffusion of O,
in the oxide, and v is the kinematic viscosity of water. To examine the diffusion of oxygen
through a porous manganese oxide film, manganese oxide films were grown over a highly pure
copper RDE at a potential of -0.5 V vs. SCE. This potential was chosen to replicate the
environment of the Cu-rich intermetallics on AA2024 which are held at the OCP of AA2024.
Optical and scanning electron microscopy of the film can be seen in Figure 206 and the film was
shown to be homogeneous in thickness and coverage. A cross-section of the film was taken to
determine its thickness. Rotation-rate-ramp experiments were performed at a potential of -1 V
vs. SCE on the sample in borate buffer and ip from i were extracted. The result can be seen in
Figure 207 compared to the model results for of the system. High-purity copper with a uniform
manganese oxide film grown over the surface exhibits a large reduction in the ORR after the
MnQO, is reduced. A potentiodynamic scan of high-purity copper with a manganese film
electrodeposited over its surface (Figure 49) shows that at -1 V the ORR has been suppressed to
a level approaching the HER reaction. The diffusion coefficient through the oxide film was
estimated to be 1x108cm?/sec using Equation 38, the rotation rate dependent mass limited
current densities collected from the manganese oxide coated high-purity copper samples, the film
thickness, and reasonable values for the remaining parameters.

a) b)

Figure 206. Optical (left) and scanning electron microscopy (right) of manganese oxide film
grown over high-purity copper.
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Figure 207. Membrane modeling of cathodic reaction kinetics in mass transport and mixed
ORR regime for high-purity copper with a manganese oxide film grown on its surface from
0.1 M KMnOQOq solution at -0.5 V vs. SCE.

The combined model incorporates Gueshi™®* and membrane**® analysis detailed above.

The former handles the array of heterogeneous Cu sites while the latter treats the membrane over
these sites. Equation 39 is the result of combining the two models and the description of reactant
delivery to the face of a RDE (Equation 16).%

| _ AnFDc°w’/2D3 1
D™ 161(c2-1) 11
1.61D3 v6  y
T T\D
Dsolm2 ox
2.592 1 v \1/3 2.592 1 v \1/3
2.592 1 —_— | -
xre_l(w)(ﬁ)m—1+ o2 X moz(?sfl) exp moz(?sfl)
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Equation 39
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The effect of a number of controlling factors can be ascertained by exercising this model
including the coverage of copper containing intermetallic particles (proportional to c), the
diffusion coefficient of O, through a '** barrier oxide (Do), the thickness of the barrier oxide
(xox), the thickness of the Nernst diffusion layer (proportional to w, the angular frequency of
rotation), and the geometry and spacing of active regions in the inactive matrix (proportional to
). In equation 39 n is the number of electrons involved in the reaction, F is faradays constant, c°
is the bulk concentration of oxygen, and Dy is the diffusion coefficient of O, in solution, and t is
time at a fixed potential in the mass transport- limited regime.’®*3 This model accounts for the
trends on permanganate treated 2024- T351 using reasonable values of these parameters.

Vanadate Speciation

There were discrepancies among the major species of the vanadate solutions identified using
NMR and those were predicted by the thermodynamic software, Medusa.*®" Table 20 lists the
five highest concentrations of vanadate species in solution with 50 mM NaCl as determined by
Medusa between pH 6 and 8. At -577 ppm, the major peak identified experimentally by NMR
corresponded to the V4O1,* species. This species was present at all concentrations of sodium
vanadate in solution with 50 mM sodium chloride from pH 6.5 to 8.7, as identified by NMR
spectrum (Table 21). However, the predicted hydroxyl vanadate species were not identified.
Other researchers have also found V,O,* as a dominant peak in chloride vanadates
solutions™*% in the metavanadate range. The use of Medusa software without improving the
chemical database for vanadate species’ pKa should be avoided in favor of experimental
determination of speciation.

While some minor species were unidentified, two identified species, V401,* and Vs0i5>, were
present in all solutions except that VsO15> was not present in 1 mM NaVO; plus 50 mM NaCl
solution. These known species did not demonstrate pH sensitivity between pH 7 and 9.
Of the unknown species, only one is likely to be of the Vi family (only 1 vanadium atom per
molecule)® of vanadium aqueous species due to its ppm reading.”* This is the unknown peak
detected in 150 mM NaV O3 plus 50 mM NaCl (pH of 8.9) at -544 ppm. At a pH value below 9, a
10 ppm chemical shift occurs where the stable monomer of HVO,* is protonated to H,VO,.%*
Likewise, the species listed for -568 + 1 ppm represents a V, species whose presence as
HV,013” or protonated V4043% is strongly pH dependent.'31%°

From the chemical literature, there are a few facets of aqueous chemistry that are usually ignored
in corrosion science, but must be considered for the speciation of vanadate inhibitors.
Namely, all ions in solution including spectator ions such as Na* from NaCl dissociation have
been suspected of affecting vanadate speciation.®>***3® While the amount of Na* in solution
may not affect Epi; of AA2024, it will have an effect on the stability of different vanadate
species.®***13 Three molar Na" concentration stabilizes the higher charged polyatom ions
(6-, 4-), which increases the stability of decavanadate ion V1gO,5>.*® A similar effect was seen
with increasing the KCI dissolved in a vanadate solution.** There is also a change in speciation
related to CI” concentration. Chloride ions are more likely to complex with vanadate species than
with OH" or H,0, so that the total CI" concentration will also have an effect on the final vanadate
speciation.”

Decavanadates, which form in acid conditions, were shown by lannuzzi to be weak inhibitors
and to be slow to transform back into metavanadate species, which were found to be strong
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inhibitors.* Moreover, in solutions with pH above 9, a Na" concentration greater than 100 mM
will lead to ion pairing of HVO,* and V,0;* to create NaHVO,4 and NaV,0;>.* At a pH of 8.9
and a total Na® concentration of 200 mM, such as in 150 mM NaVO; plus 50 mM NaCl
solutions, tests were performed in the Na* ion pairing region. In this environment, the sodium
vanadate solutions would perform as well as non Na* ion paired vanadate cathodic inhibitors in
lower Na" concentrations solutions and would perform better that non Na* ion paired anodic
inhibitors in lower Na* concentrations solutions. In fact, the 150 mM NaVOs plus 50 mM NaCl
solution performed the best during anodic inhibition tests of AA2024-T3 (Figure 63). It is
unlikely that the ion paring effect itself resulted in inhibition. However, ion paring may have
affected speciation stability. The dominant species in tested solutions with vanadate
concentrations greater than 1 mM NaVOs, V401,", does not change with increasing NaVOs
concentration, but the quantity present does increase. As the total amount of all the other types of
species is less than 30% (at the most) of the vanadate species in solution and the minor species
vary in concentration, it is likely that the dominant species, V401", is the responsible molecule
or one of the responsible molecules leading to anodic inhibition. However, reduction in ORR
occurred when V,01,* was not the main aqueous species providing for cathodic inhibition.

There are differences in Na* and CI" concentrations between the lannuzzi, Young and Frankel,”

Ralston et al.,®” and Ralston, Young and Buchheit,”* and lannuzzi and Frankel®™ work and the
concentrations used in the current work. As a result of these differences, a different set of
vanadate species will be present in the present work with different effects on inhibition.

Different vanadate species have been cited as effective inhibitors. However, in many of these
studies, speciation was determined in the absence of sodium chloride. lannuzzi and Frankel,*
who evaluated speciation (monovanadate species, a single vanadium atom in the molecule, were
dominant) in low concentration (0.001 to 5 mM) sodium vanadate solutions in the absence of
sodium chloride, reported reductions in the cathodic current with increasing vanadate
concentration up to 5 mM sodium vanadate in sodium chloride solution. lannuzzi also reported
increased inhibition of cathodic current in sodium chloride solutions containing monovanadate
species (evaluation of speciation performed in the absence of sodium chloride).3!%%
While these inhibiting tetrahedrally coordinated vanadate solutions had monovanadate, as a
minority species, there were present divanadate (2 vanadium atoms per molecule), tetravanadate
(4 vanadium atoms per molecule), and pentavanadate (5 vanadium atoms per molecule)
species.®*™%% |n the present study, monovanadate species were not identified in the presence of
sodium chloride. An unknown peak at -544 ppm may be a monovanadate species, but it was
found only for the high vanadate concentration of 150 mM NaV O3 plus 50 mM NacCl. It seems
unlikely that monovanadates are wholly responsible for inhibition effect. Ralston, based on
evaluation of speciation in the absence of sodium chloride, separated the inhibiting and
noninhibiting vanadate species by the type of coordination that was associated with the
vanadium atom.®”"* Lack of inhibition in sodium chloride solutions was associated by lannuzzi
and Ralston with decavanadates, which have octahedral coordination.*"3¢""%™9 Decavanadate
species were not found nor specifically created for this present study. Inhibition in sodium
chloride solutions was associated by lannuzzi and Ralston with tetrahedrally coordinate
vanadates, which exist within the subgroups: monovanadate, divanadate, tetravanadate, and
pentavanadate. As all identified vanadates species in the presence of sodium chloride in the
present study had tetrahedral coordination, this work supports the view that inhibition arises from
tetrahedrally coordinated vanadate species.
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Open Circuit Potential Inhibition with Coupled Anodic and Cathodic Reactions

The surface of AA2024 has local cathodes of copper intermetallic particles in an aluminum
matrix. Missert et al.,**’ studied the change in surface acidity due to corrosion of S—phase
intermetallics on AA2024-T3 in pH 6.5, 100 mM NacCl solutions. The pH only increased locally
at S—phase undergoing dealloying. Localized alkaline regions, believed to be affiliated with
IMPs, developed in response to the more acidic pitting sites.

In this study, exposure to vanadate plus sodium chloride solutions, led to a decrease in optically
visible pitting sites with increasing vanadate concentration. Low concentration vanadate
solutions (1, 5 and 10 mM NaVO3) had yellow vanadate precipitates at and covering the pitting
sites (Figure 56). As the local pH on the surface decreased during pitting, it is likely that
metavanadates underwent a polymerization precipitation reaction due to the pH change. Both the
matrix and intermetallic particles away from the pitting site did not show an increase in
vanadium on the surface (Figure 57), as determined by EDS line scans. At higher vanadate
concentrations, vanadium levels above background were seen on copper intermetallics inside
pitting sites although no yellow precipitate was observed. The vanadium concentration at the
aluminum matrix adjacent to pits did not increase. Nor did it increase at intermetallic particles
away from the pitting sites. Adsorption of vanadate onto the surface likely occurred on both
intermetallic compounds and the aluminum matrix. It is possible that during pit growth, vanadate
molecules are chemically bonded to the intermetallic particles at the pitting sites and unless there
is a localized decrease in surface pH elsewhere, it will not be found elsewhere on the surface.
The yellow vanadate precipitates that attached to the surface during pit formation cannot be
washed off with running water. However, the precipitation is not regarded to be the source of
corrosion protection.

Anodic Inhibition Upon Anodic Polarization

For Al 99.99 %, there was a monotonic relationship between dissolved vanadate and increased
Epit, Which is especially apparent after the 24 hour open circuit (Figure 60). There was a
difference in E,ji; due to the length of time at the open circuit before polarization for Al 99.99%.
After only 1 hour, Eg; for specimens in 5 mM NaVO; and 10 mM NaVOs; plus 50 mM NacCl are
grouped together (Figure 59). A second group was formed for specimens in 50 mM NaVOj3; and
150 mM NaVOj; plus 50 mM NaCl (Figure 60). Increasing the time at OCP from 1 to 24 hours
led to a greater increase in Epi for the specimens in different concentrations of vanadate in
solution with 50 mM NaCl. The fact that E;; increased on aluminum with vanadate suggests that
the vanadate anion species compete with chloride in acidic pits and may not be exclusively
associated with intermetallic compounds.

AA2024-T3 exhibited increased Ep;; with increased vanadate concentration. AA2024-T3 did not
exhibit the same monotonic relationship as aluminum during the anodic tests. The 1 hour open
circuit behavior was different from the 24 hour open circuit behavior. For the 1 hour open circuit
experiments, all vanadate concentrations were grouped together at the 80™ percentile (Figure 62).
The specimens in 5 mM NaVO;3; plus 50 mM NaCl solution had hi%her Epit than specimens in
solutions with the other vanadate concentrations at above the 40" percentile. This was not
associated with a change in the majority vanadate species in solution. After a 24 hour open
circuit exposure before the anodic testing, specimens in higher concentrations of vanadate in
solution exhibited higher E,i; than specimens in the lower vanadate concentration solutions,
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which formed a group (1, 5 and 10 mM NaVOs). This is in contrast to the pitting behavior of
pure aluminum specimens (Figure 63) in vanadate containing solutions, which showed a
monotonic behavior after either a 1 hour or 24 hour open circuit exposure prior to anodic scans.
As for aluminum, the average Ep;: increased with 24 hour compared 1 hour at OCP for all
vanadate concentrations. Half of the anodic tests performed in 50 or 150 mM NaVO; plus 50
mM NaCl, with a 24 hour open circuit, did not reach the pitting criteria when polarized to 0
Vsce. The 24 hour exposure experiments of AA2024 in 50 mM NaCl plus various vanadate
concentrations closely followed the Egi; results after a 24 hour open circuit where higher
vanadate  concentration greatly reduced pitting at open circuit potential.
No pits were seen using the optical microscope for the 150 mM NaVOj3; plus 50 mM NacCl.
Pits on AA2024 specimens were found at (Al-Cu-Mg) or adjacent to (Al-Cu-Mn-Fe) copper
containing intermetallic particles. The fact that pit initiation on aluminum and AA2024-T3 is
inhibited suggests that vanadate anion species inhibit both the pitting of aluminum matrix and
intermetallic compounds of AA2024-T3.

The ipass and Erepass Were similar for AA2024-T3 and aluminum. While ipass and Erepass Were
unrelated to inhibitor concentration, the passive potential range was related to vanadate inhibitor
concentration and exposure time. The constant ipass Suggests that vanadate is not incorporated in
the passive film or, if incorporated, that it does not affect ipass. The low value of Ejepass Suggests
that vanadate species in deep acidic pits, which may contain AICl;, are ineffective anodic
inhibitors (Figure 61).

Vanadate pretreatments are ineffective in reducing the pitting corrosion of AA2024-T3 when the
inhibitor is absent from solution at the time of pit formation. After 24 hour vanadate solution
pretreatments on AA2024-T3 before testing in 50 mM NacCl, no statistical significant increase in
Epit was achieved. The average increase was approximately the same for all vanadate
pretreatment concentrations and less than the lowest 1 hour open circuit average Ep;: value for
NaVOs; plus 50 mM NacCl solutions. It is likely that vanadate must be in solution to increase the
Epi. The anion vanadate species present may compete with chloride anions during absorption.
A physical absorption model rather than a chemical absorption model would explain this
phenomenon.

Cathodic Inhibition due to Vanadate Solutions

The cathodic current density for ORR is either mass transport or charge transfer controlled.”?*%

In the mass transport limited regime, the rate of the electrochemical reaction is normally limited
by the transport of molecules to or from the surface. In the charge transfer limited case, the
regulation of the ORR is due to the passage of charge at the interface between the electrolyte
solution and the electrode.*?® The cathodic polarizations in this study fall in the mixed or purely
mass transport limited regime for ORR controlled reactions and the charge transfer regime for
the HER controlled reactions. Vanadate may affect both regimes. Classical Koutecky-Levich and
Levich studies shed light on these processes.

Koutecky-Levich plots were used to extract the effect of the inhibition in both the charge and
mass transport ORR regimes. Levich plots for both the AA2024-T4 and Cu demonstrated that
1 mM NaVOgs in 50 mM NaCl suppressed the ORR. The total cathodic current density was
below the current density associated with the oxygen diffusion limit. It is possible that 1 mM of
NaVOs or less is the critical vanadate concentration needed to reduce the effect of the ORR on
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AA2024-T4% Ralston® and lannuzzi* both found a reduction in the ORR when tetrahedrally
coordinated vanadates were in solution during cathodic testing of AA2024. However, the kinetic
regime was not elucidated. In this study, the vanadate inhibitors also affected the charge
transport control regime. Other than using the Levich model, the AA2024-T4 electrode surface
can be considered a large anode with cathodic sites.

One way to model an array of available cathodic sites on an alloy surface is to use the Gueshi
model.****°13 |n the Gueshi model, the copper intermetallic particles are treated as the only sites
on which the cathodic reaction occurs in a benign or inert aluminum matrix. The placement of
these cathodic sites in an inert matrix is used to determine the limiting current density as function
of cathodic site coverage. The areas of each site and the distance between sites are also variables
in the model.*® In Figure 208 is presented the theoretical limiting current density for various
coverage of copper intermetallic sites on the aluminum matrix. As shown in Figure 208,
AA2024-T3 in 50 mM NaCl had a low level of copper coverage in comparison to a pure copper
surface represented by the black ideal Levich line. The addition of vanadate to the 50 mM NacCl,
further reduced the approximate copper intermetallic coverage by a factor of 10 on AA2024-T4.
In this model, all inhibitor concentrations gave the same result. The interpretation within the
framework of this model was that vanadate adsorption blocks copper-rich ORR sites making it
appear as if the array of copper-rich intermetallic compounds has a lower surface area.
Such a reduction in effective copper coverage, 0, would produce a reduction in current density
for both the mass transport and charge transfer controlled regimes. This interpretation is also
consistent with Figure 75 because a charge transfer process would also be limited by a blocking
agent. The charge transfer controlled cathodic current density, i, is given by Equation 40.

I =10, Equation 40

lact 1S the current density on the active cathodic sites, and @, is the surface area of active
cathodic sites. In addition, the diffusion concentration gradient dependance was removed, as seen
in the Levich plot of this data (Figure 74). The limit of the rotation rate dependence occurred
when the spacing between intermetallic compounds, L, equaled 20 um. This model does not
relate the reduction in copper intermetallic coverage, 0, directly to the solution’s vanadate
concentration.
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Figure 208. The limiting current density extracted from the total current for AA2024-T4 in
open to the air 50 mM NaCl plus (0, 1, 5, 10, 50, 150 mM NaVO3). & is the O, diffusion
boundary layer thickness perpendicular to the planer surface. L is the spacing between
intermetallic compounds. The copper coverage 0 is determined by the difference in current
for the inhibited vs. uninhibited specimen divided by the current of the uninhibited
specimen at a single potential in the ORR dominated potential range. Data place on top of
theoretical limiting current density generated using the Gueshi model.”

An adsorption isotherm may be useful in modeling the change in coverage over the cathodic site.
The use of an adsorption isotherm to model the effect of vanadate inhibition on the cathodic
current density of AA2024-T3 was first proposed by lannuzzi.*® A Langmuir isotherm, which
models the surface coverage, assuming no interactions between molecules on the surface, and the
effect of surface charge on the absorption of molecules to the surface, was first employed.”
The coverage of cathodic sites was determined by the current density at a given potential using
the Equation 41 where 0 is the coverage, isee represents the current density for the inhibitor free
experiment, and iinnibitor 1S the current density for the AA2024-T3 specimens tested in inhibitor
bearing solutions®

Iinhibitor

0=1- Equation 41

Ifree
The copper coverage, 0, is related to the concentration of the vanadate concentration, Cnavos, by
the Equation 42 in the Langmuir isotherm: *

0
—9 Vs CNavo3

Equation 42

These plots were constructed at a potential where icorr > iner aNd Eapplied < Ecorr- 0 increased with
concentration. It is also potential dependant, which was not seen previously.
As seen in Figure 209, there is a decrease in coverage due to an increase in cathodic polarization
potential. Potential dependance implies coulombic repulsion of negatively charged vanadate
anions such as V4O1,* at negative potentials. Hurley et al., had seen a similar potential
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dependance coverage phenomenon with ammonia vanadate in solution on copper surfaces.*®
An alternative explanation is that CuO and/or V°* reduction limited vanadate adsorption.'*®
The Temkin isotherm should be considered to model this behavior because a clear potential
dependence is seen (Figure 209).
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Figure 209. Plot of 6/(1-0) versus Cnavos: (a) AA2024-T4 or (b) Cu in open to the air 50 mM
NaCl plus various (1, 5, 10, 50, 150 mM) NaVOs; solutions at different potentials. 0 is the
vanadate coverage on the surface. The rotation rate was 2,500 rpm.

The Temkin isotherm, which relates coverage to the relevant ion concentration and the heat of
adsorption of the ion near zero coverage and ion absorption due to surface charge, was also used
to model vanadate concentration to surface coverage. The Temkin isotherm relationship is given
by Equation 43.

2.303RT 2.303RT :
0= TlogC’,\,avo3 + TlogK Equation 43

r is the Temkin parameter related to the heat of adsorption near zero coverage, K’ is a constant, R
is the Universal gas constant, and T is temperature. Instead of a constant heat of adsorption
modeled by the Langmuir isotherm, the heat of absorption decreases as the coverage of the
surface increases for the Temkin isotherm. For coverage values between 0.3 and 0.7, a linear
relationship has been reported when this isotherm is obeyed.™®® As shown in Figure 210, the
calculated coverage values were greater than 0.7, which is the upper limit for a linear
relationship between coverage and vanadate concentration using the Temkin isotherm.

The Levich plot of Cu in various NaVO3; plus 50 mM NaCl solutions (Figure 21) showed that
higher vanadate concentrations had less of an effect than lower concentrations at reducing the
ORR after a one hour open circuit. This may be due to a physical adsorption of large slow-
moving vanadate molecules to the rotating surface and/or absence of the simple noncompetitive
adsorption case of the Langmuir adsorption isotherm. At higher concentrations, it would be more
difficult for the larger molecules to move to the electrode surface and displace small molecules
such as OH and CI. This same phenomenon of a one hour open circuit leading to better
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inhibition for lower vanadate concentration was also apparent for AA2024-T3 anodic scans.
An inhibition mechanism of molecule adsorption that is kinetically limited by molecular weight
would explain why the AA2024-T4 Levich plots did not exhibit concentration dependance.
AA2024-T4 has fewer cathodic sites to be covered and would thus need fewer molecules to
reach the surface. Apparently, a concentration of 1 mM NaVO; plus 50 mM NaCl solutions is
adequate for cathodic inhibition.
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Figure 210. Plot of 0 versus Log Cnavos: (2) AA2024-T4 or (b) Cu in open to the air 50 mM
NaCl plus various (1, 5, 10, 50, 150 mM) NaVOs; solutions at different potentials.
The rotation rate was 2,500 rpm.

Corrosion Inhibition of AA2024 with Inhibitors Combination

Cerium-Permanganate Combinations
Open circuit and Anodic Inhibition by Cerium Permanganate Pretreatments

All inhibitor combinations show some decrease in current densities attributed to copper
reduction. The suppression of copper replating as indicated by CV (Figure 89) correlates with the
reduced damage observed in our OCP microscopy experiments when the cerium deposits are
removed compared to untreated samples (Figure 84, 85, and 86). However, when permanganate
is not used in the pretreatment, pitting attack through a cerium oxide layer occurs resulting in
only a small reduction in current during the surface copper assay. The attack of the substrate
through the observed cerium film appears to be mitigated by manganese deposits when dual
inhibitor pretreatments are used and this is reflected in the CV data (Figure 89).
When permanganate is used alone the reduction in current during the surface copper assay is
almost an order of magnitude lower than when cerium is used alone. The greatest reduction in
AE,sss is for permanganate or cerium-permanganate combinations. Cerium alone is less effective
than permanganate possibly due to homogeneous chemical precipitation vs. direct permanganate
reduction which effectively blocks IMC electrochemical MnO," deposition. The oxidation state
of the cerium oxide/hydroxide is unclear and further study needs to be done to determine if
permanganate has oxidize the cerium deposits from cerium hydroxide to cerium oxide.
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Diffusion Limited Current Density Inhibition by Cerium-Permanganate Pretreatments

Figure 94 (a) shows the true total cathodic current density on single inhibitor pretreatments of
cerium and permanganate as well as combinations of the two. Cerium clearly shows a higher
cathodic current density. This may result from the chemical precipitation reaction which can’t be
site specific that leads to the observed irregular cerium rich oxide or hydroxide film seen in
Figure 80 (d). The cerium-permanganate combination pretreatments and the permanganate single
inhibitor pretreatment have lower total cathodic current densities. The rotation rate dependence
of the cathodic current density is not immediately obvious as it is in the cerium pretreatment.
The reduction of manganese has a linear relationship with time and when subtracted out, reveals
the rotation rate dependence seen in Figure 95 (a). The manganese reduction is removed from the
diffusion limited current density analysis so that a better understanding of the ORR can be
obtained leading to more information about the blockage of cathodic reaction sites.
In Figure 95(a) 1/itora IS plotted against one over the square root of rotation rate (w).
Here itota 1S the total current seen in Figure 94(a) minus the cathodic current due to manganese
reduction. High rotation rates are on the left of the graph. The permanganate pretreated sample
shows the lowest current density while the cerium pretreated samples shows the highest cathodic
current density. The two step inhibitor pretreatments also show strong cathodic current
inhibition. However, it is not as strong as permanganate pretreatment as a single inhibitor.

When the K-L correction is applied to the data, seen in Figure 95(b), the inhibition of diffusion
limited cathodic current density due to permanganate pretreatment shows the highest inhibition,
while cerium shows the lowest levels of inhibition. The homogeneous chemical reaction that
leads to cerium deposition cannot be site specific and may leave gaps in coverage of constituent
particles, the primary cathodic reaction sites. In contrast, the reduction reaction that leads to
manganese oXide coverage is targeted to fast reacting cathodic sites and complete as it is the
result of a cathodic reaction (Figure 211). Sites where cathodic reactions happen quickly will be
sites were permanganate is reduced quickly, leading to blockage and deactivation of the cathodic
reaction site. When cerium-permanganate dual inhibitor pretreatments are conducted the cerium
may act to block this direct, targeted deposition leading to a slight decrease in the permanganate
cathodic current inhibition efficiency.

Fast ORR Ce(OH), Chemical Precipitate MnO, Reduction Product ~Combined Blockage
o, o 0, ok o OH o, OH-
" aa e S
IMC IMC IMC IMC

AA2024 Matrix
Figure 211. Schematic of different cathodic reaction inhibition mechanisms for the

reduction of permanganate, the chemical precipitation of cerium hydroxide, and the effect
of dual inhibitor pretreatment.

215



Vanadate-Cerium and Vanadate-Molybdate Combinations
Vanadate Speciation

Similar vanadate speciation results were obtained between the different vanadate-molybdate
solution combinations. The major peak at -577 ppm identified experimentally by NMR
corresponded to the V4O1,* species. This species was present at all concentrations of sodium
vanadate and sodium vanadate-sodium molybdate combinations in solution with 50 mM sodium
chloride from pH 7.9 to 8.4 (Table 25). Other researchers have also found V,01,* as a dominant
or majority species in chloride solutions containing vanadates*****° in the metavanadate range
(approximately pH 6-9). As the total amount of all the other types of species (see Table 26) was
less than 30% (at the most) of the vanadate species in solution and the minor species varied in
concentration, it is likely that the dominant species, V401", is one of the responsible molecules
leading to inhibition.

NMR spectra peaks representing minority species were also similar between all vanadate and
vanadate-molybdate combinations in 50 mM NaCl solutions. The ratio between the minor
species present changed among the different vanadate-molybdate mixtures. It is expected that as
the pH of the solution is increased, smaller vanadate molecules would become more numerous.**
H,V,0*, HV,0;%, and V,0;* are usually in a three way equilibrium in basic solutions with the
majority species changing from H,V,0;* to V,0;* as alkalinity is increased and dissolved
vanadium salt concentration is decreased.’*® Due to line-broadening of the peaks, peaks for
HV,0;%, and V,0;* may have overlapped as there is only a | ppm separation between the peaks
cited in the literature; thus, HV,0-> may not have been visible as a separate peak in the NMR
spectra obtained.** The minimal increase in pH and much larger increase in dissolved NaVOs;
resulted in the vanadate and molybdate-vanadate mixtures having a decrease in the V,0;* and
H,V,07% species concentration, while the concentration of larger molecular weight molecules
(V401" and Vs015”) increased. The 10 mM NaVOs; plus 40 mM Na,MoO, in 50 mM NaCl
solution had a larger percentage of the smaller molecule weight V, species as compared to the 40
mM NaVOj3; plus 10 mM Na;MoO, plus 50 mM solution (Table 26). This occurred, even though
the alkalinity of the solution slightly increased, which should have resulted in a high ratio of V,
to Vs species in solution.** A comparison of the species in the1l0 mM NaVOs plus 50 mM NaCl
solution to those in the 10 mM NaVOg; plus 40 mM Na;MoO, plus 50 mM NaCl solution
demonstrates that molybdate concentration has little effect on final pH of the solution, but it does
increase the amount of higher molecular weight species in solution. It is important to note that no
V-Mo compounds were found in the as made solution.

As vanadate and molybdate can react to form V-Mo compounds, the chemical mixtures have
interactions that need to be considered in addition to the different chemical conditions which
effect vanadate species. Vanadate speciation is affected by solution pH, cation type and
concentration, chloride concentration and the total concentration of dissolved vanadium salt in
solution. 92136138139 giarting at pH values as high as 7, acidification of V—Mo mixed solutions
can lead to the formation of V—Mo compounds in solution.”® There is disagreement as to what
species exist, but these compounds (whose exact formulae have not been agreed upon) are
usually large molecules.?*** When the V:Mo ratio is high, Mo substitutes for two V atoms in
decavanadate structures (octahedrally coordinated).®*%"% When the V:Mo ratio is low, Keggin
species (tetrahedrally coordinated vanadium atom with octahedral clusters) and other
isopolymolybdate structures with \VV atoms substitute for as much as two Mo atoms.”**"% At a
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V:Mo ratio almost equal to one, asymmetrical (Mo,Vs0,;)> was found. However, analog
chemical groups that form with only vanadium cations are not effective inhibitors,33¢7.70.7193
Additionally, solid crystals of a V-Mo compound were found to precipitate out of solution during
acidification.’”*® No mixed species were found in the **VNMR analyses of the as prepared test
solutions, but they may have formed during anodic polarization of the test surface during pitting
experiments due to the decrease in solution pH during testing.

Decavanadates, which form in acid conditions, were shown by lannuzzi to be weak inhibitors
and to be slow to transform back into metavanadate species, which were found to be strong
inhibitors.3 Ralston correlated the lack of inhibition to the octahedral coordination of
decavanadate species.**2°"7%71%3 Decavanadate species were not found nor specifically created
for this present study. Inhibition by vanadate in sodium chloride solutions was associated by
lannuzzi and Ralston with tetrahedrally coordinated vanadates, which exist within the subgroups:
monovanadate, divanadate, tetravanadate, and pentavanadate. This work supports the view that
inhibition arises from tetrahedrally coordinated vanadate species, because all identified vanadate
species in the presence of sodium chloride in the present study had tetrahedral coordination.

Open Circuit Potential Inhibition with Coupled Anodic and Cathodic Reactions

In this study, exposure to vanadate inhibitor combinations plus sodium chloride solutions, led to
a decrease in optically visible pitting sites with increasing vanadate concentration (see Figure
100). Pits on AA2024-T3 specimens were found at (Al-Cu-Mg) or adjacent to (Al-Cu-Mn-Fe)
copper containing intermetallic particles. When AA2024-T3 specimens were exposed to 50 mM
NaCl solutions containing 50 mM total inhibitor concentration, only the specimens exposed to
the solution containing 50 mM NaVOj3; exhibited a reduction in the size and number of pits, and
in the number of entrenched intermetallic particles. The 50 mM Ce(C,H30,); pretreated surface
showed similar discoloration by the entrenched particles as that of the 50 mM NaCl exposed
surface. Cerium compounds were found to selectively deposit over Al-Cu-Mg intermetallic
particles. However, the underlying Al-Cu-Mg particles were still attacked during the 24 hour
exposure to chloride containing solutions (Figure 102). For the combination cerium pretreatment
and vanadate in solution, vanadate at or higher than 25 mM NaVOjs in solution resulted in no pits
visible to the unaided eye on AA2024-T3 specimens. There was corrosion of parts of the
intermetallic particle [Figure 100 (c), (d), (h), and (j)]. A yellow vanadium rich precipitate was
only found on AA2024-T3 specimen that was pretreated in 40 mM Ce(C,H30,); and evaluated
in 10 mM NaVOj; plus 50 mM NaCl solution. The reduction in visible pits correlates to an
increase in vanadate in the test solution and not to the concentration of Ce(C,H30,); used in the
2 hour pretreatment, for AA2024-T3 specimens exposed at open circuit potential.

As the local pH on the surface decreased during pitting, it is likely that metavanadates and
molybdate underwent a polymerization precipitation reaction due to the pH change (Figure 100).
The specimen exposed to 50 mM Na;MoO, plus 50 mM NaCl had a white—orange Mo rich
precipitate at pitting sites. Both the matrix and intermetallic particles away from the pitting site
did not show an increase in vanadium or molybdenum on the surface (Figure 104), as determined
by EDS line scans. AA2024-T3 specimens exposed to solutions containing a combination of
vanadate-molybdate, both V and Mo are found at the pitting sites [Figure 103 (b)].
For specimens exposed to solutions containing 50mM vanadate, vanadium levels above
background were seen on copper intermetallics inside pitting sites, although no yellow
precipitate was observed. For specimens exposed to solutions containing both vanadate and
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molybdate, vanadium and molybdenum concentrations did not increase at the aluminum matrix
adjacent to pits nor at intermetallic particles away from the pitting sites. It is possible that during
pit growth, vanadate and or molybdate molecules are bonded to the intermetallic particles at the
pitting sites and unless there is a localized decrease in surface pH elsewhere, they will not be
found elsewhere on the surface. Molybdenum was detected closer to the attacked intermetallic
particle than V rich precipitates [Figure 103 (b)]. As in the case of the yellow vanadium
precipitates attached to the surface during pit formation, molybdenum rich precipitates cannot be
washed off with running water. However, the precipitation is not regarded to be the source of
corrosion protection.

Anodic Inhibition Upon Anodic Polarization

Epit increased for cerium pretreated Al 99.99 % specimens with increasing vanadate in solution
[Figure 212 (a)]. Most Al specimens subjected to the combination cerium pretreatment and
testing in vanadate containing solutions had equivalent or reduced average Ep: values after
twenty-four hours of exposure as compared to 1 hour exposure. The fact that Ep;: increased on
aluminum with vanadate concentration but not with cerium pretreatment concentration suggests:
1) the 2 hour cerium pretreatment was ineffective as an anodic inhibitor; and 2) Ce precipitation
blocks IMC from interaction with vanadate in solution.

Vanadate-molybdate inhibitor combinations increased the average Epi to or above the values
found on Al 99.99% specimens tested in 50 mM NaVOs; plus 50 mM NaCl [Figure 212 (b)].
Similar to the specimens exposed to solution containing vanadate only, specimens exposed to
solutions containing vanadate-molybdate mixtures had an increase in Ep and Ecor as the open
circuit exposure time increased. The highest average Epi; observed after a 1 hour open circuit
exposures occurred on Al specimens exposed to solutions containing 40 mM Na,MoQO, plus 10
mM NaVOs. Aluminum specimens had the highest E;: after 24 hour open circuit exposures to
solutions containing 50 mM Na;MoO,.

AA2024-T3 specimens with cerium acetate pretreatment and tested in 50 mM sodium chloride
solutions with or without sodium vanadate did not display Epi: greater than those for specimens
exposed to solutions containing 50 mM sodium vanadate [Figure 213 (a)].
Epit increased and Ecor decreased with increasing vanadate concentration in the test solution for
the specimens given a cerium pretreatment. This change in average Epi was not associated with a
change in the dominant vanadate species in solution. Additional testing of AA2024-T3
specimens at constant cerium pretreatment level and varying vanadate concentrations proved that
1) the increase in E,i; value was due to the amount of vanadate in solution; and, 2) higher cerium
pretreatment concentration resulted in lower Eg;; values for the same concentration of vanadate in
solution (Figure 212).
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Figure 212. Plots of Epir and Ecorr for Al (99.99%) exposed to 50 mM of inhibitor plus 50
mM NaCl and with a 1 or 24 hour open circuit prior to an anodic polarization scan. a) A
pretreatment in various concentrations of Ce(C,H3;0O3) followed by testing in various
concentrations of NaVOs; in the 50 mM NaCl solution lead to each surface having been
exposed to a total of 50 mM of inhibitor between the two solutions. b) The test solution
contained 50 mM of NaVO3; and Na,MoO, inhibitors in addition to 50 mM NaCl. The ratio
of NaVO3; and Na;MoQO, varied, but the total inhibitor concentration was kept constant at
50 mM.
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Figure 213. Plots of Ei: and Ecor for AA2024-T3 exposed to 50 mM of inhibitor plus 50
mM NaCl and with a 1 or 24 hour open circuit prior to an anodic polarization scan. a) A
pretreatment in various concentrations of Ce(C,H3;0O3) followed by testing in various
concentrations of NaVOs; in the 50 mM NaCl solution lead to each surface having been
exposed to a total of 50 mM of inhibitor between the two solutions. b) The test solution
contained 50 mM of NaVO3; and Na,MoO, inhibitors in addition to 50 mM NaCl. The ratio
of NaVO3; and Na;MoQO, varied, but the total inhibitor concentration was kept constant at
50 mM.
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The AA2024-T3 surfaces exposed to vanadate and/or molybdate inhibitors had average Eit
which increased with open circuit exposure time [Figure 213 (b)]. After 24 hours of exposure in
50 mM NaCl plus various inhibitor combinations, AA2024-T3 specimens showed increased Ep;
values as compared to specimens after 1 hour open circuit exposures in the same solutions
[Figure 110 (b)]. Unlike aluminum, AA2024-T3 specimens in solutions containing 50 mM
Na;MoO; inhibitor exhibited the lowest average Epix and highest average Ecor values for all
twenty-four hour open circuit test in solutions containing molybdate-vanadate combinations.
The fact that pit initiation on aluminum and AA2024-T3 is inhibited suggests that vanadate anion
species inhibit both the pitting of aluminum matrix and intermetallic compounds of AA2024-T3.

The ipass and Erepass Were similar regardless of material (AA2024-T3 or aluminum) or inhibitor
combination. While ipss and Eyepass Were unrelated to inhibitor concentration, the passive
potential range was related to vanadate and/or inhibitor concentration and exposure time.
The constant ipass Suggests that the inhibitors are not incorporated into the passive film or, if
incorporated, that it does not affect inss. The low value of Erepass Suggests that vanadate,
molybdate, or cerium cation species in deep acidic pits, which may contain AIClj, are ineffective
anodic inhibitors under acidic conditions (Figure 109, Figure 110, Figure 105, and Figure 106).

Cathodic Inhibition due to Vanadate Binary Combinations Solutions

The cathodic current density for ORR is either mass transport or charge transfer controlled.”?*%

In the mass transport limited regime, the rate of the electrochemical reaction is normally limited
by the transport of molecules to or from the surface. In the charge transfer limited case, the
regulation of the ORR is due to the passage of charge between the electrolyte solution and the
electrode.’” The cathodic polarization data in this study lies in the mixed or purely mass
transport limited regime for ORR controlled reactions and the charge transfer regime for the
HER controlled reactions. Vanadate inhibitor combinations my impact either control mechanism
by altering existing rate limiting processes. Classical Koutecky-Levich and Levich studies shed
light on these processes.

Koutecky-Levich plots were used to extract the effect of the inhibitor in both the charge and
mass transport ORR regimes. Cu and AA2024-T4 specimens, in the same test solutions,
exhibited dissimilar behavior. Fifty mM NaVO; was the best inhibitor of the cathodic current
density on Cu at -0.8 Vsce (Figure 123). The resulting cathodic current densities on Cu
specimens for the inhibitor combinations evaluated were less than those for AA2024-T4
specimens evaluated in 50 mM NaVOs; plus 50 mM NaCl solutions (Figure 123 and Figure 124).
Levich plots for both AA2024-T4 and Cu demonstrated that both binary vanadate inhibitor
combinations suppressed the oxygen reduction reaction. The total cathodic current was less than
the current associated with the oxygen diffusion limit. These binary vanadate combinations
removed the oxygen diffusion path length dependence for ORR dominated current for all 50 mM
binary vanadate combinations as well as for 50 mM NaVOj3; exposed samples (Figure 125 and
Figure 126). The lack of ORR inhibition from the use of 50 mM Ce(C,H30,); pretreatment or 50
mM Na,MoO, in 50 mM NaCl solutions was unexpected as prior researchers had found that
exposure to these chemicals led to a reduction in the ORR current.?® The prior experiments were
completed in a CI" free borate buffer (Na,B,O; and H3BOs) at pH 8.2.%° The dissociation of
sodium tetraborate and boric acid in water resulted in the formation of BH,Os", 4[B(OH).]", 3 H”,
2Na’, and 3 H,O molecules. The borate and molybdate molecules are much larger than CI
molecules, and can effectively compete with vanadate molecules and each other to cover the
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copper intermetallic particles in the absence of chloride molecules. It is also possible that the
metal surface selectively bonds to molybdate rather than borate ions. The increased competition
from the solvent anions is hypothesized to result in an order of magnitude lower inverse total
current density than found by Jakab et al.?® Figure 214 presents the competition between anions
for the Cu intermetallic particles on the surface of AA2024-T3.
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Figure 214. The competition of anions on a positively charged AA2024 surface. The cerium
precipitate blocks anions from reaching the surface.

As presented in Figure 214, there are different anions attempting to adsorb onto the surface.
The potential of zero charge, Epzc, is the potential at which the surface has a net zero charge.™
At potentials anodic to the Epzc, anions will be attached to the positively charged surface.
Voltages of -1248 mVsce and -1090 mVsce have been reported as the Epzc for Al and Al 8 wt%
Cu supersaturated alloy, respectively.™®* These two materials were also reported to have a pHzc,
the pH when there is a net zero charge at the surface with no applied charge, of 8.6 and 8.61 for
Al and Al 8 wt% Cu supersaturated alloy, respectively.™®°> AA2024-T4, with 4.4 wt% copper,
has a pHzc of 8. It is reasonable to expect the Epzc of AA2024 to also be at a potential lower than
the OCP and should lead to a positively charged AA2024 surface to which anions will be
adsorbed at open potential. Epzc correlates with the Epi of aluminum alloys.™ Thus, molybdate
and vanadate must have successfully competed with chloride to adsorb onto the positively
charged surface at open circuit as demonstrated by the increase in Ep; with time [Figure 109 (b)
and Figure 110 (b)]. The theory of zero charge potential does not consider competition of anions
(the selective adsorption of ion species over another nor the differences in molecular weight and
resulting ionic mobility in solution).*** All of the mentioned effects could lead to a change in the
anion population at the surface with time.

Physical blockage of intermetallic particles could change the anion population at the surface of
the material. Cerium precipitates act as a physical block to anions adsorption onto S-phase Al-
Cu-Mg intermetallic particles. The removal of the cerium caps will allow vanadate anions to
complete for occupancy on the S-phase. However, vanadate has no effect on Eepass and cannot
stop the ongoing pitting.**

A possible mechanism for the reduction of availability cathodic sites for ORR is the adsorption
of inhibitor anions to the surface. An adsorption isotherm can be used to model the change in
coverage over the cathodic site. The use of an adsorption isotherm to model the effect of
vanadate inhibition on the cathodic current density of AA2024-T3 was first proposed by
lannuzzi.® A Langmuir isotherm, which models the surface coverage, assuming no interactions
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between molecules on the surface, and the effect of surface charge on the absorption of
molecules to the surface, was employed.” The coverage of cathodic sites was determined by the
current density at a given potential using Equation 44 where 0 is the coverage, isee represents the
current density for the inhibitor free experiment, and iinnibitor IS the current density over a 1 hour
time period for the AA2024-T3 specimens tested in inhibitor bearing solutions.*

iin ibitor
0 = 1 — -nhibitor. Equation 44

I free

The copper coverage, 0, is related to the concentration of the vanadate, Cnavos, Dy Equation 45 if
the Langmuir isotherm is operative.*

m VS CNaVO3 Equation 45
These plots were constructed in this study at a potential where iorr > ingr and Eapplied < Ecorr
The total inhibitor concentration in solution was kept constant at 50 mM (Na,MoO, + NaVOs).
As 0 coverage values were very high, the graphs in Figure 215 a) show asymptotic behavior and
can provide useful information. As shown in Figure 215 a) and b), there is a decrease in coverage
due to an increase in cathodic polarization potential. Potential dependence implies coulombic
repulsion of negatively charged vanadate anions such as V.O:,* at negative potentials.
Hurley et al., had seen a similar potential dependence coverage phenomenon with ammonia
vanadate in solution on copper surfaces.!*® The Temkin isotherm was also considered to model
this behavior.
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Figure 215. Coverage versus concentration of NaVOj3; at various cathodic potentials. Total
inhibitor concentration of vanadate and molybdate equals 50 mM in 50 mM sodium
chloride. a) AA2024-T4 and b) Cu.

The Temkin isotherm, which relates coverage to the relevant ion concentration and the heat of
adsorption of the ion near zero coverage and ion absorption due to surface charge, also was used
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to model vanadate concentration to surface coverage. The Temkin isotherm relationship is given
by Equation 46.

2..303RT 2.303RT
= ﬂlog Chavo, + %Iog K' Equation 46

0
where r is the Temkin parameter related to the heat of adsorption near zero coverage, K’ is a
constant, R is the Universal gas constant, and T is temperature. Instead of a constant heat of
adsorption modeled by the Langmuir isotherm, the heat of absorption decreases as the coverage
of the surface increases for the Temkin isotherm. For coverage values between 0.3 and 0.7, a
linear relationship has been reported.**
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Figure 216. Coverage versus Log Cnavos at various cathodic potentials. Metals exposed to
50 mM sodium chloride with increasing vanadate concentration: a) AA2024-T4; and c) Cu.
Total inhibitor concentration of vanadate and molybdate equals 50 mM in 50 mM sodium
chloride: b) AA2024-T4 and d) Cu.
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As shown in Figure 216, the calculated coverage values with greater than 1 mM vanadate in
solution were greater than 0.7, which is the upper limit for a linear relationship between coverage
and vanadate concentration using the Temkin isotherm. At these high coverage values (above
0.9), the coverage on AA2024-T4 specimens do not appear to be strongly potential dependent
whereas that on Cu specimens is still potential dependent. Low concentrations of vanadate
provide for better surface coverage of AA2024-T4 than the combination of vanadate and
molybdate.

On AA2024-T4, the high surface coverage and lack of vanadate concentration dependence at
different overpotentials may be due to the high 50 mM inhibitor concentration used in all tests
and the absence of the simple noncompetitive adsorption case of the Langmuir adsorption
isotherm. The physical adsorption of large slow-moving vanadate and molybdate molecules to
the rotating surface and displacement of multiple smaller molecules such as OH™ and CI', could
be more difficult for the larger molecules. The increase in inhibition of vanadate-molybdate
combinations as observed for the 24 hour versus the 1 hour anodic scans (Figure 117 and Figure
118) for AA2024-T3 may be associated with an inhibition mechanism of molecule adsorption
that is slow or time dependent. As Epi increased with time, there may also be adsorption
selectivity with preference given to vanadate and molybdate anions once they reach the surface.
Surface coverage did not follow the Langmuir isotherm and showed a strong dependence on the
applied potential (Figure 215). This dependence of surface coverage on applied potential may be
due to the surface having a higher positive charge and a stronger electric field as a result of the
difference between the applied potential and Epzc.

Effect of Molybdate on Repassivation AA2024 Using Scratch Repassivation Experiments

Under the chosen experimental conditions no inhibition of current density or total anodic charge
after repassivation is observed in molybdate containing solutions. One explanation is that the
chosen conditions for inhibition are not relevant to the actual scratch environment.
There are other possibilities that can account for the benefit by molybdate. The first is that
molybdate acts as a buffer in the scratch. The buffer properties of molybdate in reducing acid are
shown in Figure 128. It is possible that the pH of the solution in the scratch is higher than was
tested in these experiments. This could change the stability of the native aluminum oxide leading
to decreases in current density. Another possibility is that the buffer capacity is overwhelmed by
hydrolysis of aluminum cations resulting in a much lower pH in the scratch. At this lower pH,
the stability of molybdate oxides increases to much higher potentials as shown in Figure 217.
The result of a more stable molybdate oxide could be the growth of a more protective mixed
aluminum-molybdate oxide barrier. A third possibility is that the charge must be assessed over a
longer time period to observe inhibition of anodic charge.
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Figure 217. (a) E-pH diagram for 0.1 M molybdate and 1 M chloride solution showing the
stability of molybdenum oxide over a large region of potential and pH with high potential
stability in the low pH region. (b) Speciation of molybdate-chloride system at previously
stated concentrations at -0.8 V vs. SCE.

There is a third mechanism through which molybdate might promote scratch repassivation.
An oxide barrier may be present in the case of molybdate. The defective state of the oxide may
result in high current densities. Figure 138 (a) shows the results of capacitance measurements for
molybdate inhibited solutions. In the uninhibited solution the impedance magnitude was
approximately 0.3 Q-cm? When molybdate was added to solution at a range of concentrations
from 1 mM to 1 M the impedance magnitude was shown to increase anywhere from 1.5 Q-cm?to
3.0 Q-cm? It is possible that the presence of an oxide results in a permeation barrier despite the
large anodic dissolution rate.

Corrosion Inhibition of AA7075 and Carbon Steel 1018

Corrosion Inhibition with Single Inhibitors

Single corrosion inhibitors that have been considered as replacement for chromate for AA2024
were successfully transferred to AA7075 and carbon steel 1018. Cerium acetate, sodium
molybdate and sodium vanadate behaved as anodic and/or cathodic inhibitor for AA7075 (see
Figure 144, Figure 145 and Figure 146, respectively). Only E; increased with the concentration
of molybdate, making it only an anodic inhibitor. The open circuit decreased, resulting in an
increase of the passive range, with the concentration of cerium and vanadate. Furthermore, the
presence of cerium and vanadate resulted in decrease of the cathodic current. Consequently,
cerium and vanadate are both successful anodic and cathodic inhibitors.

The corrosion inhibitors had less of an effect on carbon steel 1018. Cerium and vanadate were
failed as either anodic or cathodic inhibitors. Only molybdate was successful. It resulted in
decreasing the passive current (see Figure 147) as well as the cathodic current making it both an
anodic and cathodic inhibitor.

225



Corrosion Inhibition with Inhibitor Combinations

Inhibitors were combined in order to identify any possible synergistic behavior between them.
Two combinations were studied, cerium acetate combined with sodium vanadate, and cerium
acetate with sodium molybdate.

Only cerium/vanadate was partially successfully synergistic with AA7075. Eg; was found to be
higher for cerium/vanadate than for either of its individual compounds. Both combinations were
more successful with carbon steel 1018. Eyix measured in cerium/molybdate was higher than for
cerium and lower than for molybdate. This is in accord with the single inhibitor measurements
since cerium did not behave as an inhibitor for carbon steel 1018. However, the combination of
cerium and molybdate resulted in a higher level of cathodic inhibition than either cerium (which
did not behave as a single cathodic inhibitor) or molybdate. Cathodic inhibition synergy was also
observed with cerium/vanadate for carbon steel 1018. Neither cerium nor vanadate acted as
single cathodic inhibitor. It is therefore noticeable that both inhibitor combinations are more
favorable inhibiting compounds than their single counterparts.

Synergistic behaviors have been proven to be occurring in certain cases and were especially
successful for carbon steel 1018. However they were not accurately predicted during this project.
Consequently, further studies to better understand how multi-compounds treatment may affect
the speciation of either inhibitor should be pursued.

Investigation of the Effect of the Inhibitors on the Microstructural Heterogeneity of
AA2024

Rotating Disc Arrays

Rotating disc arrays were used to study the impact of the density and size of copper intermetallic
particles on the cathodic behavior. The arrays contained copper electrodes of various diameters
and at various distances from each other. It was found that the cathodic inhibitor effects of
vanadate increased as the density and diameter of the copper electrodes increased.
This is consistent with the comparison between AA2024 and AA7075, Vanadate has been
proven to be good cathodic inhibitor for AA2024, based upon the work that was performed at
UVA (see Figure 75), and was more effective than for AA7075 (see Figure 141).
AA2024 contains more copper than AA7075, and SEM analysis (such as Figure 54 for AA2024
and Figure 184 for AA7075) shows clearly that larger copper-rich intermetallic particles can be
found in larger quantity in AA2024, resulting in vanadate being a better cathodic inhibitor for
AA2024. Cerium cathodic inhibitive properties only increased when the density increased and
the size of the intermetallic properties decreased.

Aluminum/Copper Multi-Electrode Array Study of Inhibitor

The aluminum/copper MEA was used to simulate copper-rich intermetallic particles in an
aluminum-rich matrix. The comparison was more relevant to AA2024 than to AA7075 since it
contains more copper and copper-rich precipitates. When the vanadate was combined with NaCl,
it was found that better results were observed at lower concentration, 0.001 mol/L and 0.005
mol/L, rather than at 0.05 mol/L. This was consistent with the Levich analysis performed on
AA2024 (see Figure 73 and Figure 70(d)), which concluded that the critical inhibitor
concentration needed to suppress ORR is below 0.005 mol/L sodium vanadate.
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Cerium and molybdate did not behave cathodic inhibitor when combined at 0.05 mol/L with
NaCl. However, it was found that pretreatment resulted in a cathodic inhibition for both
compounds at the same concentration. Pretreatment was only found to be effective for vanadate
at lower concentration (0.005 mol/L compared to 0.05 mol/L), following the AA2024 Levich
prediction. The effect of vanadate pretreatment on anodic behavior of AA2024 was also studied.
It was found that it had no impact on Ei; (see Figure 65). Consequently, while pretreatment does
not affect the anodic behavior, it will improve the cathodic behavior when vanadate
concentration is below 0.005 mol/L.

It was mentioned above that vanadate speciation is also dependent on the presence of cations,
which do not affect the corrosion mechanism otherwise. It may be postulated that preexposure in
the absence of NaCl had an impact on the type of vanadate species adsorbed on the MEA
surface.

Inhibitor Interaction with AA7075

EDS and Auger electron spectrometry have shown that cerium, molybdate and vanadate are all
present on the surface of AA7075. However, only cerium was found to be dependent on the
quantity of the inhibitor (0.05 and 0.005 mol/L) using surface EDS (see

Figure 183). When measuring the cathodic inhibition of these inhibitors using the Al/Cu MEA,
the inhibitors concentration was found to have a significant effect when the MEA was pretreated.
Based upon the surface EDS, it appears that the concentration role is not due to the amount of
inhibitor on the surface but may be due to the species of inhibitors. This would be due to the fact
that the pH of the solution is dependent on the concentration of the inhibitor (see Figure 16) and
the inhibitor speciation is directly related to the pH (see Figure 17, Figure 18 and Figure 19).

Mott-Schottky

Mott-Schottky was performed on AA7075 specimens and the flatband potential can be derived
from the results of the measurement. The flat band potential is taken as the point where the
extrapolated line crosses the x-axis. The flatband potential is closely related to the surface energy
of the solid. A positive shift in flatband potential is usually accompanied by an increase in
localized corrosion. A negative shift such as the one measured on AA7075 (see Figure 198) in
the presence of inhibitor and also when the concentration of the inhibitors decrease may be due
to competitive adsorption of the inhibitor with the chloride. The effect of the inhibitor
concentration is similar to that measured using the Al/Cu. It is also noteworthy that neither
cerium nor molybdate were found to have an effect on anodic measurements. Consequently, the
flatband potential shifts observed for AA7075 are more likely to be relevant to cathodic
inhibiton.

Atmospheric MEA

Atmospheric test using the Al/Cu MEA were performed in order to assess the ability of the
various inhibitor to perform at various relative humidity. Only vanadate and cerium were found
to perform successfully at lower relative humidity (60 and 70%). At higher relative humidity,
vanadate and cerium were not able to maintain inhibition, based upon the total charge
exchanged. This was due to the fact that at higher relative humidity, the concentration of
vanadate and cerium in solution is high and therefore they cannot perform as cathodic inhibitors.
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Conclusions and Implications for Future
Research/Implementation

Conclusions

Permanganate leads to an increase in the Eyi; of AA2024 when partially oxidized manganese
oxides were electrochemically deposited over the AA2024 aluminum matrix. Increases in OCP
accompanied the elevated Epi. Permanganate increased cathodic reaction rates when it was
present in solution owing to the addition of this oxidizing cathodic reactant.
However, when permanganate was used as a pretreatment and was electrochemically deposited
as a lower valence state oxide on the IMCs, it decreased cathodic reaction rates.
OCP was greatly reduced after pretreatment as copper-rich sites were covered with manganese
oxides. The reduction of high valence manganese oxides may account for the slow decrease in
the OCP. Copper replating was decreased after pretreatments. However, this effect did not occur
to the same extent as when permanganate was added as a solution phase inhibitor.
The manganese oxide has been shown to be present initially in a high valence state, most likely
MnO,. The reduction of this oxide to lower valence compounds has a number of effects
including acting as an additional cathodic reactant which has the effect of complicating the
cathodic reaction kinetics. The high valence oxide also provides a mechanism for the release of
Mn(111) into solution.

The dominant species for almost all vanadate concentrations in 50 mM NaCl was VO,
However, there may also be a change in speciation due to chloride concentration.

Vanadate in 50 mM NaCl solutions increased the average E; values for both AA2024-T3 and
99.99% Al. While aluminum had a monotonic relationship with vanadate concentration after
only 1 hour at open circuit, it took 24 hours for a similar correlation to occur on AA2024-T3.
Epit and the passive potential range increased with open circuit exposure time and with increasing
vanadate concentration in the test solution. Vanadate increased Ep;; for both pure aluminum and
AA2024-T3, suggesting that vanadate species do more than protect intermetallic compounds in
the aluminum matrix of alloys like AA2024. A lower limit of 5 mM NaVOs; in the 50 mM NaCl
solution was needed to elevate Eyir on AA2024-T3. Vanadate pretreatments of the surface of
AA2024-T3 followed by rinsing in high-purity water did not have any benefit toward raising Ejit
values during anodic polarization in 50 mM NacCl solution. The anionic vanadate inhibitor must
be in solution during corrosion. This implies that the vanadate anions compete with chloride ions
at pit sites but vanadate is not permanently enriched at surface sites by pretreatment.

Cathodic polarization tests indicated that the ORR was suppressed by vanadate for both Cu and
AA2024-T4. The effective inhibitor concentration needed to suppress the ORR is at or below
1 mM NaVOgs in solution with 50 mM NaCl.

An analysis using the Gueshi model demonstrated the effective area on which the ORR could
occur on AA2024-T4 for all vanadate concentrations in 50 mM NaCl was reduced by a factor of
10 as compared to that for AA2024-T4 in 50 mM NaCl. ORR and, possibly, pitting are
dependant on an inhibitor molecule adsorption mechanism. This mechanism is potential
dependant but does not show the linear relationship between the coverage and log of
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concentration of the Temkin isotherm. The relationship between vanadate concentration in
solution, vanadate anion surface coverage, and inhibition is complex.

The effects of cerium-permanganate, vanadate-molybdate and vanadate-cerium combinations on
corrosion inhibition of AA2024 were studied. High concentrations of cerium in the pretreatment
package can lead to a homogeneous cerium enriched oxide surface. However, such a treatment
shows little indication of being passive or suppressing corrosion. Cerium-permanganate
pretreatments show insignificant anodic inhibition in pitting scans but reduced copper replating
during open circuit corrosion. Permanganate pretreatments are effective at increasing AE (Epir-
OCP) mainly through reducing the OCP. Permanganate pretreatments are shown to have strong
cathodic inhibition properties. Cerium-permanganate pretreatments show promise as cathodic
inhibitors, in some cases reducing cathodic current density two and a half orders of magnitude
when compared to AA2024-T351. However, no indication of a combined species was found and
there is no reference to such a species in the literature. Cerium can act detrimentally to block
permanganate oxide formation over copper rich intermetallic particles.

The dominant species for vanadate and molybdate in 50 mM NaCl were V,40:," and MoO42.
The addition of molybdate in vanadate solutions increased the percentage of V4O1," present in
solution.

Vanadate and molybdate solutions in 50 mM NaCl solutions increased the average E,;; for both
AA2024-T3 and 99.99% Al. Vanadate and molybdate in solution increased E,i; for both pure
aluminum and AA2024-T3 and decreased the pitting of the aluminum matrix of alloys like
AA2024. This implies that the vanadate and molybdate anions compete with chloride ions at pit
sites. This competition may be impacted by the molecular weight of the anions and selectivity of
the surface to anion adsorption. The cerium pretreatments covered the Al-Cu-Mg particles with
cerium and as a result, vanadate molecules could not reach the particles.
When the coverage was degraded, lower Eg;; occurred for specimens with higher pretreatment
concentrations but the same vanadate concentration in solution. This also indicates that vanadate
may need to be present at the surface before pitting initiates to be effective.

Cathodic polarization tests indicated that the ORR was most suppressed by vanadate for both Cu
and AA2024-T4. ORR and, possibly, pitting are dependent on an inhibitor molecule adsorption
mechanism. This mechanism is not potential dependent at high inhibitor concentrations and may
not follow the Temkin isotherm. Surface coverage did not follow the Langmuir isotherm and
showed a strong dependency on applied potential, which could result from the surface having a
higher positive charge and a stronger electric field as the applied potential is increase above Epzc.
The relationship between vanadate and molybdate anion surface coverage and inhibition is
complex.

The effect of inhibitor concentration and chloride concentration on the repassivation of AA2024,
AAT7075, and high purity aluminum has been investigated. Chromate is an inhibitor of net anodic
scratch current densities as well as total charge after depassivation. This result is evident for both
AA2024 and AAT7075 at a neutral pH of 6.5. The net anodic charge passed in the presence of
chromate is two orders of magnitude lower than uninhibited solution for AA2024 and one order
of magnitude for AA7075. A thick oxide barrier is observed through a variation on the scratched
electrode technique that exploits high frequency capacitance measurements to observe oxide
regrowth. Scratch current density reduction by molybdate of either AA2024 or AA7075 was not
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observed. However, the enhanced regrowth of an oxide has been observed through the
capacitance measurements. Buffering is also operative. This suggests that there are multiple
mechanisms through which inhibition occurs as both chromate and molybdate promote scratch
repassivation.

Cerium acetate, sodium vanadate and sodium molybdate have been shown to have the potential
to be applied to aluminum alloy 7075 and carbon steel 1018. Cerium and vanadate acted as
anodic inhibitors for AA7075 by decreasing the OCP while molybdate increased E;.
Furthermore, cerium and vanadate acted as cathodic inhibitor as the passive current was found to
decrease. Molybdate alone was both an anodic and cathodic inhibitor for carbon steel 1018.
The combination of cerium with vanadate, and cerium with molybdate resulted in synergistic
effect for the anodic and cathodic inhibition with carbon steel. Synergy was only measured for
AAT075 for cerium and vanadate, and it only impacted Ej;.

The cathodic effectiveness of the inhibitor has been found to increase for vanadate and cerium
with the density of copper intermetallics particles. This was confirmed when comparing the ORR
studies for AA2024 and AA7075, with AA2024 having a higher IMC density (as measured with
SEM). Additional cathodic inhibition studies using 100 electrodes Al/Cu array revealed that the
concentration and the pretreatment had an effect on the inhibitor properties. Lower concentration
and pretreatment resulted in better cathodic inhibition. Pretreatment was found to also result in
inhibitor-rich precipitates for vanadate and molybdate, as well as homogeneous precipitation for
all inhibitors, using SEM and EDS mapping. It is suggested that lower concentration may result
in a better homogeneous covering without precipitates. Consequently, the various compounds
would be more useful when pretreated at low concentration. Cathodic studies on AA2024
predicted a critical inhibitor concentration of 0.05 M for vanadate which was confirmed with the
Al/Cu MEA. Pretreatment was not effective for AA2024 during anodic testing due to
competitive adsorption mechanism between vanadate and chloride. This is not the mechanism
observed during cathodic inhibition.

During atmospheric testing, only vanadate and cerium behaved as inhibitor at lower relative
humidity. It may be postulated that since molybdate did not act as an inhibitor, the prominent
inhibition mechanism under those conditions would be cathodic (since molybdate was not found
to act as a cathodic inhibitor for AA7075). When the relative humidity increases above 80%,
cerium and vanadate stop acting as inhibitors. This is due to the higher inhibitor and chloride
concentration that are expected on the surface after deliquescence as the relative humidity comes
close to 100%. The local environment becomes more aggressive and the inhibitor concentration
increases above the critical concentration.

Implications for Future Research/Implementation
Transfer of technology to other metallic alloys

Cerium, vanadate and molybdate, which had been successfully applied to AA2024, were shown
to be partially transferable to AA7075 and carbon steel 1018. It was also shown that other
permanganate acted as an anodic inhibitor by being deposited on AA2024 matrix which is very
similar to that of other aluminum alloys such as AA7075. Furthermore, MEA studies
successfully mimicked copper-rich intermetallic particles in an aluminum-rich matrix, which was
applicable to AA2024 due to the localized corrosion mechanisms. The corrosion mechanisms on
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AA7075 and carbon steel are different due to different  microstructures
(the copper-rich intermetallics particles present AA2024 do not exist in such large size and
quantity in AA7075). It is suggested to continue the inhibitor technology transfer between
aluminum alloys as well as to carbon steels (for which it was partly successful). Furthermore, it
is recommended to focus on the corrosion mechanisms and microstructures using MEA that
mimic new materials of interest.

Development of application techniques with combination of inhibitors

It was shown during this project that different inhibitors behaved in various ways depending on
the type of treatment, e.g. in solution vs. pretreatment. Permanganate acted as a better cathodic
inhibitor when AA2024 was pretreated, while vanadate was a better anodic inhibitor when in
solution with NaCl. The overall corrosion protection of AA2024 can potentially be greatly
improved by combining those two inhibitors. It was shown that combination of inhibitors with
various behaviors can result in synergistic properties. It is therefore recommended to combine
vanadate to permanganate in order to improve corrosion inhibition of AA2024.

However, practical application of the combination of vanadate and permanganate will require the
development of application techniques to retain the cathodic properties of pretreated
permanganate as well as the anodic behavior of vanadate in solution. This issue may not be
limited to the combination of vanadate and permanganate. Any practical application of
combination of corrosion inhibitors may lead to issues. It has been shown that the environmental
conditions, such as concentration and pH, will impact drastically the speciation of the inhibitors
and their efficiency. Therefore, when combining inhibitors, it is important to take into
consideration the development of potentially detrimental competitive environmental conditions.
This makes better designed, more advanced and fully tested application techniques a very
important requirement for the practical development of combination of corrosion inhibitors.

It is therefore suggested that future work should 1) focus on developing advanced coating
techniques that can help maintain the efficiency of the inhibitor species over long period of time;
2) confirm the synergistic properties of vanadate and permanganate when applied to AA2024,
resulting in an improved inhibition of corrosion; 3) improve single inhibitor application
techniques so that they can be applied to a combination of inhibitors requiring different
treatments; and 4) use vanadate and permanganate to confirm that the improved application
techniques can be used successfully to maintain the efficiency of two inhibitors.

Study of inhibitor combinations for aggressive atmospheric conditions

Cerium and vanadate have been shown to efficiently inhibit corrosion under atmospheric
corrosion at lower relative humidity. However, their efficiency decreased as the relative humidity
increased above 80%. This was due to two mechanisms: the increase in chloride concentration
and the inhibitor quantity reaching the critical maximum concentration. Consequently, it was not
possible to rely on a single compound to inhibit corrosion throughout the entire range of relative
humidity that may exist in atmospheric conditions. Since synergistic corrosion inhibition
behaviors have been observed, it is suggested that a combination of corrosion inhibition may
result in a better protection over a wider range of environment.
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Pretreatment with cerium and vanadate have already been shown to be successful solutions at
lower relative humidity, therefore it is suggested that those two compounds are to be used as a
basis for combination of inhibitors. The second inhibitor must be able to inhibit corrosion in high
chloride environment and when present in high concentration. It was shown that vanadate acts as
an anodic inhibitor without a maximum critical concentration when present in solution with
NaCl, and should therefore be used as a potential secondary inhibitor.
Permanganate pretreatment also resulted in anodic inhibition. This was due to oxidized
manganese oxides being deposited over the aluminum-based matrix. Therefore, this is not a
competitive mechanism against chloride adsorption and therefore, it may not be hindered by high
chloride concentrations. Consequently, it is suggested to perform synergistic studies of
combination of inhibitors under atmospheric conditions for AA2024 using either cerium or
vanadate pretreatment as a first inhibitor, and vanadate in solution, or permanganate pretreatment
as a second inhibitor.
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