Smart Corrosion

Inhibition Strategies:

Substrate, Coating,
and Inhibitors

byy Thomas P. Schuman OrFisioR 1S i fetsistent problzm for muckinery dod celiches eotslnocted out af metals,
in parsicuiar those comprised of steed or aliewtinuws alloys. Vhe design of wetal strucinres, as o
u“ivemil}f of the traterial and hows i inlerfas witil e environment, phips o lerge role i the dendenay to
Missouri-Rolla* oo sirce CoTrosion DG G0 SfRce rTCT. SnThire GosHpNTlind il smarpinlngy, thereture,
graatly affect the ability of metal fo Tematn passive or 1y becotie corrosfeely aulive. Muiterials
dasign showld dictate what wrface compasitfons or Forpholugfes are destred, and supplenient
tite mechapioa] it o sesimize corresion resilites. P ardive teal alloys, the our-
yertiby wnilized hulle allay speciffoations do net appear sufficient for ensuriyg o Ferrliebar CoTee-
stmt aetivity Surpece converiiot of the metal to sither @ lesy woiive or an actieely corvnsion-pre
Ventng coaling anly o mdy nat passfuale the resltiog syrfoce Phe applicatioe af g coating o
o regidive Wetal sutface i commuonly wiilizzd m veravd ar prevent cormosion of the nu i,
wftich catt provide either padite ar smart inkibition of corrosion proesses, FULLeD SERTHLS a-
tempt 1o wilize evvirontnental or behavioral (igyrs w induce & reponse i the coating or sub-
strale (hot clurnges surface compusiiiof o bettey ithibit corrosion. Dhesign of actile ciiking Sps-
teats aad their mechanisie are rfeed.

INTRGDUCTION

(lorrosion is an electrochemical reaction comprised of lwo separate
processes, called the anode and the cathode, where oxidation and reduction
of species ocour, respectively. The dissolution process of a metal occurs al the
anode resulting in the metal atoms being converted lrom unoxidized metal.
of zero oxidation state, to a posilive oxidalion state. Lach element has a cer-
fain number of protons and elecrrons; the number of protons minus te
number af electrons present is called oxidation swale. Valence slate is similar
10 oxidation siate except thal a fuelber sipulation of the energy levels of the
¢gleclrens in the othilals must be made, Oxidation is the increase in oxida-
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tion stawe of an atom coosed by a loss of elecrons,
Corosion is, theretore, the oxidation of elemental
metal resulting in cither dissolution of the elemental
metal, e @ conversion Into ons, o conversion of te
metal into an oxide with o conourrent reduction in the
oxiclation state of another chemical speciss, such ax
DRy BN

Al the cathade is arenction that consumes the elec-
trons liberated at the annde. Commen species that
congume electrons and thelr products upon consiming
the eleerrun{s) are: oxvgen, which produces oxide an-
ions in the absence of water or hydroxicde in the pres-
emce of water; Bronsted acids, including waler, which
can produce hydragen gas; or exidized noble melals.
Lach of these materials possesses an encergetc eed to
acguire elecirons and the magnitude of this emergetic
need is also o measure of their ability Lo induce cono:
sion ol a metal. Cathode spedes and the metal anode
siface are chemical reagents, ench possessing a chemi-
cal putential {energy) to consume of liberale electrans,
respeclively.

Like any chermical reaction, the corrosion reaction
direction is gosermed by an equilibeivom ised on the
relalive puetential energies of the products as compared
1o the wactants. Stability Tor a chernical state is con-
vevedl by valence state and interaction with the sur-
rounding enviromment, ey, by the presence or absence
of solvation. Yery low potential energy products and
Tigh enetgy, unstable reactants supporl cormesion
whereas the environment can atteo the relative stabil-
ity of the producis and/or reaciants andd influence cor-
rosion spontaneity, Noble metals are those metals thal
prefe, Lo meost cases, to remain in an unexidized, ele-
mental state, Tlre energy avadliahle: for reaction is quan-
tilted win 0 materials electromotive foece (el or E)
that is equated, ws an electrical potential. o reaction-
free energy by the equaton AL = —nFF, where A is
the Mree enenyry (Tfmele), nis the number of elecinens
(or equivalents = e)] wransferred per mole of reactant,
and [ is Faraday's constant (96,4383 coulombs) eg -
20,483 (foulesivolthfeq),

Aslandard referenee potental against which all
other elements are comnpared is the reduction of a liy-
drogen elecrvode, 2H + 2 e — L, defined as oceur-
rimg at 0.0 Y. Nobile materials are those possessing pos-
itive reduction potenlals while aciive metals are those
|remsessing a negative reduction petential. An oxidation
potential is e negalive of a rechaction potential, thein
heing fur veactions in oppesite direclions. Fxamples of
active metals inclode magmesinm, alwaninum, zinc and
iron. while thase ol noble mewls include gold, plat-
inumm, metallic carbon, and the somewhal less nobile
silver and copper,

The potential lor corresion does not indicate the ki-
nelic tate of the comosion reaction. Kather ihan reac-
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Lion potential, transpart at the metal surface Is mosL ol
ten the enabling or limiting Gaclor As such, reactions at
interfaces such as corrosion are inhevently limired in
thias respect. Metal oxides andfor hvdrated oxides, as re-
action products of metal with oxvgen and,/or water, are
mostly inert and insuladng 1o additional effects of wa-
ter, oxyien, and clearic aurent. An oxide layer pro-
duced Dy wornomion thus aos as a protective coaling (or
the reactive metal beneady e prevent extensive contac
with water o adr in the environment; hence, the veac-
tivr rale of The cathodic reaction is reduced by prevent-
ing the wansier of elecirons from the metal,

It is the susceplibilivy of oxide Tavers to chemicals in-
cluding moisture, impurities in the air dissolved in the
meisture, or corrosion producs thar dissolve these bar
riers away, plipsical Maws withiin the oxide lavers thenm-
selves, and catemal corrosion forces thal can rnable
(sl corrasion rates. Visnal adds, such as the “Allas of
Llectrochemical Equililria in Aqueons Solutions, ™!
show potential to corrode as a function of an applied
elecirical ponential and pH, petals tend w show sensi-
Lviry toward being pusitively polavized wia removal of
electrons. Toward extemes in o L deliydronylation and
anization of the native oxides ocous at acidic aod Ta-
sic pll, respeclively. The dehwdroxyvlation produces
metal ions and lonizaton produces oxeanions that are
soluble, giving dissolution of the protective exide laver
and exposure of unoxidized metal beneath,

Cotrosion is an odd chemical reaction in that the re-
active equivalents ave elecrmons. Clven an electmical con-
necton belween the individual halt cells, corrosion can
occur, The cells can he considerably separared and can
be visualized, eg. br the scanning vibraling electrode
technigue (SVE1 A7 Localized corosion cells are re-
sponsible, for example, for galvanic anid oevice corro-
sion,® They are also responsible for the corrosion be-
bavior of alluws possesying multiple elements of
nonhomogenous reduclion piotentialy in a nonho-
mogenons Astribution throughout the solid. When the
dillerent metals are elecirically connected, comresion
curents will take the path of leasi resistance and the
sl easily oxidized metal will preferenlially corrode.
Aince the more noble metals prefer to remain unoxi-
dized, these metals will often present a clean, unhin-
tlered sile Tor the cathodic reaction at the expense of
more feactve metals. Such sacmificial comosion may be
utilized o predect metal struclures, ¥ called galvanic
[rrotection, whers a sacrificial metal supplies eleclrons
to the cathode instead of the siroctural metal,

Since anode and catlwde reactions are reguined to
be balanced i their electron transfers, a stuong driving
torce tor one of the individua] renctions can cause the
mher 1o pocun, A strongly spontaneous or prevalent ca-
thodic eeaction can pash a shygzish anode towards cor-
rosion or a verv slugeish cathodic reaction can be used
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Figure 1—5chemalic of the awide layers of homogencus compared Lo
nofhemodgenos metak alloys shavwing how defects in the axide film
provide access of axygen and waler to the bare metal alloy surface.
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1o hinder a very spontaneous anadic reaction. These
statements form the basis of corrosion inhibiton
stralegies. Hiwvever, theit reduction to practice 1% COTTL-
plicated by materials designs thal pennil localized cor-
1osion through nonhomogenous surface compositions
resulling in localized comosion currents,

alloy designy oflen sacrifice comrosion resistance [or
improved strength despite (he fact that corrosion can
catasrophically mitigate the improvemenns in smength
such as with the onsed of stress comosion cracking.” For
example, copper is often added 1o produce high-
strength aluminum alloys bur the corrosion sensiivity
of aluminurm alloy is directly proportionate to the cop-

per concentration, whose in-
termetallic compounds act as
sites e the cabhodic reaction
{Figure 1), Cartbon in sieel is a
sitnilarly active promoter of
conrosion activily, being
highly stable in its reduced
form, Graphitic commosion re-
aults it delloying of the inan
from the steel, leaving noble
carbom rewidite, Comsumpiion
ol a more active elemenl due
to a localized, noble cathode
is termed galvanic comosion.
wilh galvanic corrosion, ma
terial next to the cathodic do-
main s consumed meost Tap-
idly as there Is higher
glectrical resistance tor greater
dislances away ror the rath-
ode, Pitting and stress colto-
siom ¢Tacking can be initiated
as a yesult of galvanic cells

Tor some alloys, the sites
for anodic and cathodic veac-
tinns ate opclic and war en
and off as comasion products
and the localized environ-
ment around the anndes and
calhiodes changes.
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Table 1—Transport Rates of Dxygen, Carbon Dioxide. and Water
Vapor Through Passive Barrier Films,'” Measurements Were Made at
100%, Relative Humidity

Loviromments around anodes tend to become increas-
ingly acidic, increasing the tate of dissolunon of nearby
passive oxide coatings due w the commaon reactions:

M—=M"1ne . [L}
MM H = M{OH], + n i and (23
M7 OH o MQED (3}

where M is a comoding metal atom and i indicates the
aidation mumber of the corrosion product ion, Addiny
i enhanced via production of metal hydroxides or acid
protens of by consumption of hydroxide such as that
prochuced at a nearhy cathode. The localized ensivon-
menl around cathodes, on the oter bind, Tecomes n-
creasingly alkaline due to the reactions:

O+ 2TL0+ A e” =34 0H, and {1
?TI?CI+TE"_——¥]T?+?'::]H , (7]

The cammon cathodic reactions fonnd in the pres
ence of oxyeen andfol water, especlively, cause an in-
crease in the bocal hydroxide ion concentration
through reduction of axvgen and hydrogen iom, respec
tively. As the reactions progress, the active metals are
consummed and replaced by different active metal sites.
THe progression ol anode (o cathods and cathode 1o

Permeation Rates [tm® 100pm (m® d atm} ]

Qygen (23°C) Carbon digxide {23°L) Water Vapor (3870}
0.04 .12 FUdG
0.4 1.2 0.7
0.5 1.2 1400
12 3% 14

2 Ak m
Z0-39 47 78 E-1&
11-5% 19157 B-12

54 118 7

6} 157 AT

220 450 4241

VD 118D 315

433 1150 -2

30 1380 &0

90 1770 E

Bag 236 L

590 2165 5%
18450 48210 Al
1500 5000 B
15000 31000 67

i) Dger el el cioeide permeasilities measured at O relative h s midity.
{Reprinted For Frogress in Grgenz Coslings, 18, Thos, B 2 1he i Frppertics of Being Coalings,” - 108
(991] with secissias fina Elseterd

JCT Coatings Tech



anele can be visualized by SYE1#? and clectrochemical
nobse (L]0

MY inhibivors are designed to provide, protec,
andjor {re form a prowctive layer, especially a swelace
oxide laver, that can serve as a primary inhibitor of
metal coreosion. Prevention of corrosion processes by
coatings is obained through hindering the cathodic re-
aclion, called cathodic inhibilion, or by hindering the
anodic renction, called anodic inbibition. Cathodic in-
hibition involves preventing cagrgen and/or waler (tom
contacting the mertal suiface and, thus preventing oxy-
gen and)or water from acguiring the released electrons
and their consequent reduaion. Retention of a coma-
sicm bvproduct at the corrosion site also tends o re-
duce the spontaneity of the corrosion by perurbing the
reaction equililsrium. Rarmer films are a commom
method utilized 1o prevent commosion. ¢.2., surlace ox
ides or lnedrophobic coatings. Barriers are not consid-
ered @ “smarn” means wo coimbat corrosion hut passive
methods wo reduce the mansport of oxygen and/ior wa
ter'Vhe transport tates of oxygen, water, and carbon
dicaide trogh various films are shovwn in Talre 1,72
Nate, as general trends, thar the apolarn ydrophobic
aterials such as polvpropylene have low water trans-
mission rales bt high ovgen wansport rates while po-
lar, waygen containing miterials have high water rans
mission rates and relativelv lower exygen transport, The
presence of water greatly increases the wansport rate of
exygen through a barrier il In this way, a smart sys-
Lem can begin its deslgn through the comtrol of oxvpen
and water tranamission rates through choice of material
compesition and fitm tickness.

Anndic inhibitors are Intended 1o inhibit the anodic
reaciion, Le, the metal dissolution process, and may be
classified as highly oxidizing and weakly oxidizing, 'The
typical means that an anodic inhibiwre vrilizes is w ac-
celerate corrosion within the anode to build up corroe-
sion procucts at the anode suace and thereby hinder
the activity of the anode, Another way anodic in-
hikitors help passivate the corrosion site is achieved by
precipilalion of corwosion products, which butfer the
local acidity and perhaps allow alkalinity fram a nearby
cathode 1o further increase pH. An increase [0 Local pil
deactivales the anodic site by siabilizing the native ox-
ide at the meal surface. Anodic Inhibitors may aise
cormyplex with the bare metal surface 1o stabilize the
surtace aLons and retard their lonbzation. Anodic in-
hibitors can themselves 1end to be comosive and hence
are deemedd *dangerous inhibilo s since too little in-
hibitor accelerates corrosion but does nol produce suf-
Mebent ¢OTTOSHON fates 10 Cawse passivaton, loo much
of the inhibiwer, on the other hand, can hielp dissolve
the oxide layer and prevent passivation,

Frurn this discussion, the basios of how a corrosion
inhibition system ix designed have been presented, as

www coatiingstech.org

Technology Today

Figure 2—0C polaizativn measurements of chremate {OrCy and
cevium {Leli]) coated AbVO7S-T6 alloy, which shaws the cotrosion cur-
rent density (71 as a funclion of potential for cach aluminum swurce
lot.** Measumnment was performed in prohesion test selution al 35°C
at a 1 mi-sec * scan rate® {Cogprighl Wellimm Andraw Prass, )
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well as inhibitor design variables and pittalls, and how
vorrosion inhibitor systems can e responsive to the
colrnainn enviromment, While corrosion is Loo com-
plex a subject to treat in one monograph, insight inw
corrosion prevention mav be oliained through exam-
ples and how cormosion performance was aflected by
materials limitations or a system design,

BISCUSSION

The substrare, either through composition or pretreat-
ment, can drasiically affect the tendency of the metal o
cormode. Tollowing are two studies that discuss how the

Figqure 3-- Bode plot of elecliochemical impedance (ET5) measurements
for taped 1 cm? area of aluminun aloy (A&) PO76-T6 panels (rom dif-
ferent suppliers immrersed in 35T prahesion solution. The panels were
acekone degreased only but shaveed signilicant differences n Low fre-
quancy potanzation vesistance as a funclion of the alley sauree®
Famerght Williant Ao Press. )
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Figure £—DC. polarization of sulfuric-hydrofluaric acid-elehed AA3xx
surfaces as a function of test location. Locations correspord to KPS
test lpcations found in Toble 2, Tests were conducied at 35°C in a pH
2 clnctrotyte.
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sutfare compositon has been observed to affect reac-
Uivity and paths for remediation of the metal surface
recduce CoTTosion sensilivity.

Substrate Composition

ln examining the effect of inhilitons on the cormo-
sion properties of alumimon aerospace alloys AA2024-
T3 ancd AATO73-L6, the influence of the alloy low and
its composition were investigated. These allovs are of-
ten subjected to removil and eeconstroaction of their
axiele layer Lo provide a uniform and cheanically
durable cxide laver, replacing the: native oxide of the
allov. The ohiained resulis were related o the initial
corrasion sensitivity ot the starong alloy and their abil-
ity to be passivated with an applied oxide. In this case,
chromate and cerium-based conversion coatings were
each applied to the AAT075-T6 alloys in yueslion The
corrosion rates before and aller surlace comversion Lo d
chromiam or cerium oxlde, respectively, were meas-
teed by a divect current {720 podarization.

In Pigire 2 are shewn the DG polarizaton scans of
comversion-coled AATOTS- 1% panels where the alu-
minwm allovs were obtained fom twe dilferent source
lots, A DC polarization method measures the commo.
gion currant densily, equivalent to cotvosion rale par
surlace area, as a fundctiom of the applied electrical po-
tential in volts. The Source 1 atuminum alloy, alter
conversion coalng via either method, was olserved 1o
have a nearly linear trend of higher corrosion arren|
as a functios ol an inceasingly anodic poteniial.
Anodic potentials, increasingly positive surface charge,
accentuate the anodic reaclion theouglh removal of
elecirons Mrom the surtace, Source 1 alloy was feund to
theretore remain cotromion sensilive even atter comwver
siom coaliog wikh either chromate or cerinm-based

&4 February 2007

methods, Source 2, on the other hamd, passivied o a
constant, lower corromion rate indicated by the constam
corrosion curren| 1 above +0.2 ¥V versus standard
calomel electrode (SCE) for the chromate conversion
codling and +0.7 Y for a cerale conversion coaring,
some that the bare Source 1 alloy initially appeared
{Figure 3y the least corrosion resistant, showing the
levevest impedance via slecirichemical impedance spec-
Leoscopy [FI5).

The allows were examined for their lot composition
and texted by X-rav energy dispersive speciroscopy
{ELS) o contino the Lot compaosition information, Mo
distinct differences in Lhe lot compositions were found
upon comparing the alloys of Source 1, 2, or 3. While
composition of the alloy material has a distne effect
o1 the corrosion sensilivily, these differences are nol
necessarily ohbserved In bulk compositional measuce-
ments Instead, assessment of corrosion eesistance for
an alloy kot seemns lest made by elearochemical analy
sis, Remediation of te incoming lot, including ihe ap-
plication ol a conversion coating, may not be successtul
in attaining a corrosion resistant surface. Inhibiting a
COTTas oM -sensitive surtace (Tom conTasion is vel more
cliliculL.

Figure 5 —£15 ftop) and OC peladzation {battom) znalysis of alkaine-
Ansed sulfuric-hydrefloorss acfd-atched AATwoe alloy, Testy were con-
ducted 22 35°C in Lhe same oH 2 clectrolyte Ctilized for the Lesting of
L—
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Table 2—x-+

Concentrations of E

Etch Pretreatod AA
Respective Element

ntaetectyan Spectr
nents at the Surfaces of Sulfuric-Rydrofluoric Acid
Surfaces as Atomic Percent Concentration of the
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py (XPS} Measured

fverege Tomposition —-

Atom Percent C 1] Al
Inside

Tep sidevall 3330 37,03 ZH.60
tid sidewzll 2a T 30033 T4
Bol sideveall .05 k.50 20,28
Battom 4326 AnTT 22,52
Gutside

Tap & dewal 31,23 3E.L3 30.13
g sidewall 2976 ITAR 30,44
Bol sidewal: | 3551 J2.21
Eotzom 34,25 ICAR 23407
Washed

Hcid wash El Rl 40,94 23./8
Neutral wash AR fL 3456 25.99
Alkalire wash 4. 76 41,68 e

Surfoce Pretreagtment

An erching lechnology was being used 1o provide
achesion of a thin proteciive epoxy coating to an alu-
minum 3000 series allov, The surface wis steamed to
degrease, [ol-etchedl with o mixture of sulfuric and hy
drofuonic acids and surlactant, rinsed, dred, and the
organic coating applied and baked. The organic coating
was found to have a near-NC polarization resistance of
~1 w109 €Y via EIS, demonsiraling a highly tesistant
barrier o charge cammier transpott. | Lowever, a coating
defect would promole pinhole corrasion, requiring a
recall ol significant amounts ol produet, and it was de-
sived thal the pinhiole corrosion be reduced.

Lpon analysis of the alloy surface betore and alier
the eich treatment, it was tound that nearly a mono-
layer ol sullue and Muorine were residual on the metal
surface after erching and after rinying, even swith hol or
acidic water [Table 7). In general, the highest corosion
rates were abserved with high residual concenmtivons of
sulfur and fluoxine on the alloy surface {Figure 1), There
was dillicully taling measuremenis of the more reactive
sarnpies due o their tendency to vigoreusly pit corrode:
Ancallaline finse of the etchead surfaces was found effec-
tive al reducing the surface sultur and Nuotine concen-
trafions {Table 2], which resulted i3 an increased LIS
corrosion resistance and a decrease in comosion rate as
measured by DO poliarizarion in the identical, acidic
elecimlyte (Figwe 3). One should be smart about select-
ing a pretreatment process that conleols serface come-
sition 1o achieve boh good adhesion and corrosion re-
sislance. To do go, it is then advisable 1o understand
what the prelreatment prowess changes in wrms of
chemiral compaosiion and reactivity.

W coatingstech. o
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Emort Inhibitors

Lhe use of inhilxitors in coatings can pose a series of
challenges, including response ol an inhibitor to
changes i the environment around the inhibirr,
Clromate is an examle of an inhibitor thal responds
tor its envirenment through the precipitation, complex-
aticnn, amdl releayse of chromium oxides. ' & schematic
of the chromale sell-healing crcle is shown in Fere 6.
Lipan exposure to water or salt solution conditions,
hexaviden! chromium anion is released from complexa-
tion to mixed-valenee chrommium TV exide via a
Langmuinan- type isetherm relalionship ™ [pon con-
tacting a low pH enviranment, a reduced C07, e, R4,
oxoarion precipitiles and can then adserb addidomnal
Crloxoanions from solution.

Figuee A—Corrosion proleclion, transport, and feedback mechanisn o
chiomate. The cycle 5 enabled by the reversal in elacirochemical po-
tential, complexation, and solubilily of chromium oxide as a functian
of valence state and pH.=* (Topsaighy Williem Andrew Press, )

Crf 430w O AV [HEE0,)
—DAZY (I HaOLT]

B o § B Oy HO

45 + 307 = (e
Gy
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R et A Rl

Croygen reduction rele 1= anasiaratadrby ohromne oxides
Chrome ooty ms both a oathodic and snadic inkibitor
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Fiqure 7—Revised electiechemical equilibria phase diagram for cerum
in aqueous sokution.® (Reprodvesd with persrssion of The Elechio-
clietmical Sodety. Ing )
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As shown in Figure 6, conversion between Cr*7 anel
Cr'"' ran sponlaneausly oceur due o change in the local
pH. as suggested by the standand electromantive foree
{redudtion) polentals in acidic compared wo alkaline
conditdons, which would resupply the surface of a €'
hydragel coating with lresh Cr¥ for an alkalinityr-in-
daced deserpiion, Clontact of the G with an scidic en-
vironment, Le, an active anode, would induce a change
in the oxidation potential of the T Lo beroime oxidiz
ing. Tn eftect, the chromium is tarned on by low pH w
become a sleong nxddant of alyminum as a typical an-
olic inhibitor,'* becoming insaluble as Cri at the an-
adic side.

Figure 8—The corasian protection, transport feedback mechanism of
cerum is analogous to Agure 6 fur chromate, While the electrachsami-
ral potentials are quite similar, even advantageous, to the chinmate
cycle, nole an apparent break in the conversion cecle due Lo the poor
selubility of a rerium (1Y) oxide, Nancenaterials may provide an alber-
native by fmprawving the dissobution rale.™ (Copydght William dndnes
FPress.)
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Bare earth, o1 lanthanide, elemnenty are churacterized
b Yarge alomic radiy: o diversity of allowable eleclionic
configuoralions; lormation of multiple oxidarion states,
typically +3 and +4 with occasional +2 valence staie';
reactivity with waler to foon newiral oxddes; tormation
of srable, insoluble exides ol mmixed valence stales'®;
complex coordination chemistry™ 2 instability of
tower valence salls in alkaling concilions with a ten-
dency to hydrolyze and precipitate as the lwdrited ox-
1de®; and an extremely low reduction poteniial, An ad-
ditional elemeni that has been loosely grouped with
the rare eauthy, though rechnically a daransition ele-

Table 3-—Waterhorme £ wxy Polyamide Coating Formulation
pol & )

Hillhase Welgit (kg) plg/mt?)  Walume (1) Y, Solids  Solid wk (kg) p Salid (g/mL?) Selid mak (L)

Palyamide ... ... .. 0440 1,950 0,500 01,70d 1350 roza L3377

Texaphar 963 ... ... 0.00% 0305 G006 0541 0003 0527 0,002

-Bulanal , . ..., .. 0,004 Q807 q.11& 0000 D000 1.000 0.900

Tl (R-980% ... ..., 0,200 &.100 0,049 1.0 0200 A.100 0,049

E-White 140M0 , ., .. 0200 2.5{10 (0B 1.0 a.200 750D 0,080

Mistrom 600, .. ..., 0.250 2.7 (IR LI 0,250 2,700 0.023
Tolal milihase 1.258 0355 1003 Q.E0E

Latdowmn

Nitroalkane epmay

resin salution, heETY 0,480 1,128 0.425 0,677 0.283 1.173 1.245

Water ..., ...... 1.'33()_ 1R 1,030 SR BN Qo080 L0000 [eRui]4]
lolal |etdewn 2,410 2,355 0.238 0.24A
fatal formtiation 2,645 3.210 129 0545

P {dny Aling 10,120
PV E-ihits (dry o) 9.43%
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ment, Is ytriam (Y], due W its large, negadve reduction
potential and similar chemical properties,

Ussentially ronstant properties across the lanthanide
serics dictate consistent corrosion inhibiting merha-
nisms and properties over Lhe rare carth elements. OF
the lanthanide series, lanthanum, cerium, praseody-
minm, and yviierbium have been most often examined.
Drata lor ceriumm are presenled here, while e discus-
sions regarding other rare canth elements that possess
mixed valences are expected 1o behave in a similar lash-
Lo,

Mixed valence oxides result for rare earth oxides due
tera mismatch of the atomic rmdil of the rare eartl ele-
ments compared with oxygen and the gpical oxide swr-
lace defect. Crystal lattice oxygen vacancies resuli and
exira non-honded electrons are present within cerum
atoms of the crvstal latlice, which are shared among
neighboring cerium atoms. A localized, reduced valence
of verlum is observed rather than a strict cerium 1V,
Theretore, lattice: mismalch and aystal site vacancies re-
skt in locally reduced cerinm formal valence through-
out the crystal from +4 toward +3. where (he average
villence is between +3 and +4. The partial valence stales
give the potental for unusual redox praperiies, oxvgen
transport ax observed in fuel cell lechoology, and hy-
dration and ion complexation properties, Each of these
contributes towards the cerium sorface chemistry.

Cerium conversion coatings have generally been ob-
served 1o [unction as barrier coatings, providing sup-
pression of the cathodic halfreaction. " #54¢ Cemmn
salts have been examined as solution inhibitors of alu-
minum coreosion and e been louned effective at ca-
thodic reaction suppression bl at effective concentra-
tions grearer ian chromale 23 1n addition, blends

Technology Today

Table 4—cades Appliea for Rating

Corresion of Drganic Primer-Coated Panels
Upun Exposure to Meutral Salt Spray

Rating  Scribe Line Description

1 Seribe ling baginning 1e darken or chiny scribe

2 Serihe lines = 50% Darkened

3 Seribe Yime dark

4 Soyeyal lucalized siles of while salt in seribe nss
5 Muny localized sites ol white sall in soribe lines

B White sakt filling scrive lnes

7 Dark corrosion sites in scribe lines

& Faw blisters under primer along seribe line (<12]
9 Many blisters under primet along swiibe tne

] Skight llt along seribe lines

11 Coating curling up along scdbe

12 Pin point sites/pits of comosion on emanic eoating
surface [LA16" tn 1,/8" dia)

13 Gne ar more bifsters v surfare away from scribe

14 Fary blisters under primer away from scribs

15 Blisters ower surfuce

Cenosioh creepage heyond scribe

Mo meepage
0t 1/84
1764 w1532
1732 Lo 116
1416 to 1,8
1/8 to 316
316 to LfG
144 to 378

L

of rare earth compounds have been found o give syn-
ergistic protection when the nilrate salls were applied
as a surlace freatment.™?

Figure 9—The SYET measurement of surface conosion activity Far a drilled cerium comversian coated AAYD75-T6 pancl after {a} 15 min and {b) 17
bir exposure to SmM agueaus NaCl. In SVET analyses of a cerium canversion coating surface in the absence of co-inhibitars, the two cathodic ferecn
neqipns were inlhibited and passivated al prolonged exposure while Lhe anodic (redfwhite) reaion remained aclive. Also note the (pcalized cathode

adjacent ta the active anade™ {Copyeight William Andrew Press )
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Table 5——Corresion Rating for Epo;

o of Coating Fermulalion Conditions. Results Reported

Waterborne Epoxy Polyamide

Inhibitor

Caatings pH Time (hr} CelL

Lorum oidde
pH=12 LM 5h

Cerun uxide
{heetc acid) pH= 7.7 k] 4

Carium ouitdr
0.2 wl% I'f\'l""ll'll'.:l,I
pH~12 S 48

Cerium nxide
1.2 wt¥ KMni,
{hoetic acid) pH=- 7.7 BT b

Mo rare earth el
02wt KMnd,
pH-13 500 A

Mo rare eefLh metal
112wt KMnD,
pH=T.7 500 B

Cerium nilrale
pH~12 L0 Sh

Cerium nitrate
0. 2wt KMnd,
pH-12 SO0 By

Carum nitrate
0.2 wite KMna,
[Aretic acid} pH-7.7 S0 SA

Talc contral
pH~12 00 B

Cerium, 97wt KM,
TH ~7 15K A

A sigmificomt finding ol this worle was the predicove
correlalion between a convenient, shotl 3-day soak ELS
tesl and 3-weels salt fog performance for conversion
coatings, Conversion coatings on a subsirale that retain
a final impedance higher than 10° G-cm® results
{ preferably over 10° £-cm?) are most likely to pass
MIL-C-5541 neulral salt fog testing.#"** "The procedure:
has been quite useful for screening chernistries as likely
Lo pass a 336-hour neutral galt spray MTT-C-5541 spea-
ficatiom.

Sitnilar Lo chromate treammenis, &7 rare earth ele-
ments do fomn durable aluminum alloy surlace conver-
sions bt do nol appear to passivate anodic corrosion
reactions. ™% The chemistry of a rave earth comver-
sion coating may he elucidated based on the elecro-
chemisity and selubility of the species livolved in cor-
rosion inhibition {Figure 7). Cerlum (HLTV) redox

68 February 2007

yamide {oatings as a

7075=T6 Alloy

potentials as @ fuoction of pll
are sinilar Lo the chrominm
(1LY lon couple. However,
ceriumm is inscluble in i higher
orxiclation state as Lhe ceric/oo-
s miked oxide but soluble in
its lower valence salt slale sueh
a5 cerous nifraie, i coltrast o

2024-T3 Alloy choominm that can be soluble
Lett ) .
in e CrY oxidation stale and
o insoluble as o G oxide

Sohille ceriurn species can be
adh synlhesized at the acidic anode
and insoluble ceric oxide at the
allzaline cathode, whose
it schemaltic is shoswn In Figure &,
inversely analogous te thal
shon for chromate While the

& erxiele can inbibil oxygen redue-
Lion reactions as a barrier, as an
o insoluble coating it cannod be

readily Iransported Lo an active
anode.'Lhe stable rave earth ox-
Bh ide is not as strong an oxidant
as the chrommate anion and can-
nuol elfectively accelerate alu
minum oxidation, e, quickdy
cxidive the aluminum surface ro
ah produce a passive bayer, Fven il
ceric species near the anode can
be transponed in low concentra-

L]

5A tion o the anode. upon redue-
tion and in the presence of chlo-

6h nde they may become soluble
cerols species to be washedl

) away fromm the anode by adventi-

ous water and cannot preapi-

lale as an insaluble salt to M-
ther passivate the corrosion site, Lack of triunsport fox
the cerium oxides is good for durable barrier properties
Tt 2 detriment 1 4 simarl inhibitor response.

SYET measureinents of ceriuim conmversion coating
corrosion aclivily in atificial, drilled pits show a simi-
Tar early distribution of anodes and cathodes as drilled
chromate conversion coatings, However, usually only
cathelic reglons were affected Ty the cerlum conver-
sion coating {Fignre 2] while anodic regions conlinued
Ltheir activity unabawed. The anode develops a more lo-
calized cathode to support conlinued cotrosion activily
al rales preater than those observed for chromate coat-
ings but significany inhibited more than the bare al-
loy. These combined data and olhers™ 7330293537 -
pert the inhibiton mechanisms presented here

Thus, limitations inherent in the solulility of rave
earih species seem to prevent full use of othersise su-

JCT CoatingsTech



perb slectrochemical properies, However, more Te-
cenlly, inliibitors thal e leen Tound 1o alter their
solubility based on pll indluence have heen uiiliced 1o
procduce extended salt fog cxposures wiih shiny or pas-
sive: seriles. Anamalogens inhibition mechanism for
cerium comparable (o thal of chromate hias heen pro
posed, ™ though there remain technical issues Lo be
EVETCDITIE.

For instance, ceroas salts ave hydrobytically sensitive
Loward alkalinily. While wseful in preventing corrosion
of aluminum allovs, alkaline sensitvit makes the cer-
ams salts only marginally compatible with common
codlings sysleons, such as epoxies, thal have significant
alkalinite. ™ 'Lhe alkalinity o an epoxy polvamide svs
tem {(Talde 3] was nentralized by adjusting the pll of
e amiing porticn ol the system with acetic acid prior
to mixing with the rare earth inbibilor dispersed e
the epoyvy portion, The cerous inhibitor was then dis-
[rerses] intor dhe ey prorlion of the system, Tnthis
procedure cerium was found o retain a cerony siule de
spite the presence of amine, and produced a siorage
stable coaiing. Thosphate pigments, as a co-inlbbitor,
must be simifarly avoided w prevert precipitation of
the active cerivm inhibitor as an inactve ceriutn phos-
rhate

Vhe comosion raling sysiem that was applicd to
coated test panels is shwmen o dable 4. Perlormance ral
ingm that demonstrate the ctfect of coating paramerers
ot the corrosion resistance of AA2024.T3 and AATU7SE-
To alloys are shown o Table 5. Passive sorilws have
heen abtained. retaining shing appearance without
stribe creepage aller wp Lo 7RO hr of neatal salt spray
for AATU7S-T6 and up to L2060 hr for AAZ024 13, Lack
of coating pH conmol, an anodic comoston co-in-
hilsitor, o solulilily of the cerivm inhibitor componnd
in the coating formuiation permiced alumimam alloy
corrrasion similar 1o that coated with an uninhibited
epoxy polvamide Ghim [ale comaining control coating),
Conirol coatings lacking cerinm showed no deteclible
vhanges in perfommance regardless of pll adjustment or
presence ol the co-inhibitor Testing is undemvay to ex-
praned smart use of the cerium inhibilors.

SUMMARY

Clormewion inhibition is a comples process where all
conponenls sl work [ogether is a team to prevent
tle corrosion reaction at the anode andfor cathesde
Combination of incompatible agents. which can induce
poor product slability, premalure predpitation of in-
hibiting components, and poor comosion perflonmance
s e prevented through coaring design, A comosion
inhibiticn system design beging with selection of the
metal alloy for a desived comosion and physical
sitenglh perlermance. 'Lhe pretreatient chemistry

W, coatingstech. org

Technology Today

alome will not induce comosive elements at the surface
of the alliwy 1 enhance corrosion sensitivity, Selecion
ol a smart inhibitor spstemy, eg., wilh pl 1 stimuli-re-
sponsive agents, contrals the release of the agents (o
prowide lomgesity and localived, officent perfonmance.
1he srnarl features of an inhibitor swsiem are inffuenced
by, and can be deterred by, other aspecis of the coalings
design, e coating formulation pH.
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