Improved Corrosion Control
Through Nontoxic Corrosion
Inhibitor Synergies
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INTRODUCTION

The evonomic cost of corrosion throughour the world is enormoms. A
sdy, jolndy conducied by the Battelle Columbus Laboniories and the
Malional Bureau of Standacds (NBS) in 1975, showed corrosion to equal ap-
proximately 4.2% of the gross national product (GNP) for the United
States.' A more recent study conducted in 1998, administersd by Federal
Lighway Administadon (FLIWA] and performedd by a team led Ty CC
Techizologies in callaboration with NACE Tnternational, showed thal corre-
sion accounted for A.14% of the GXT Similar studies have also been con-
ducted in other countries and have shown corrosion to account for any-
where {Tom 1.5% in Australia® to 5.2% m Kuwait® ol the respective
countries’ G
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Although it s noL possible to completely stop corro-
sion, it s possibie to drastically reduce the comrosive
pracess through the use of nhilyiGr-containing coat-
ings, Zoatings containing either chramates or lead-
bazed anticorrosives have Tong been wsed to drastically
reduce the vorrosion rates of varous melals. Perfor-
manee of these wxic inhibitors has been proven tme
and again owver a variely of substrates but, due to the
toaicity associated with both, their use in coalings has
diminished in the past 20 wears and has been replaced,
primarily by strontium, wine, and barium {gxcluding
Ba%(), ) based cortosion inhibitors, Being heavy metal
brased, these commosion inhibivrs too have come wuder
recent scrutiny by many health authorities throughowt
the world, who dassily them as aguade tosdcs, o fact,
in some regions their use is either being very Timited or
rhased cul. |lence, the arsenal of commosion inhibioo
available to a formuolator becomes smaller, However, a
good understanding of the mechanisims of lth “non-
toxic” inorganic and organic comrosion inhibivoes, ax
well as the possible symergies that exist between cotro-
sion inhilvitors, allows Jor the creation of high perform-
ance. "nonLee” anticomrosive coalings,

CHARACTERISTICS OF NONTOXIC
INCRGANIC INHIBITGRS

Inorganic-lased comresicn inhibitors have long Deen
used in coatings Lo prevent comosion. These trpes of
cowrosion inhibitors can e divided broadly intg either
direct of indirect comosion inhibitor classifications.
Indhiret inhibiters wypically Tequire a reaction with
other raw materials in a coating to form a Ly-product
which becomes the active corrosion inhibitor species,
while a direct inhilsitor is essentally active in nature
and does not requitre a reaction, The classic example of
an indirect inhibitor would be red lead, while an exam.
e of a divect inhitbiter would be cine phosphate, The
fowus hiere will be nonloxic direct, inorganic inhibitors,
that funcion primarnly through (17 anodic andfor ca-
thodic passivation and [2) improved barrier properties.

MECHANISMS OF CORROSTUN PROTECTION--
IHORGANIC INHIBITORS

Anodic and Cathodic Passivation

Inorganic inhilvitors comtrol corrosion in neuual so-
lutions by acting as polarxing apenis 1o slow the three
elements of the corTosion process: anodic reaclions, oa-
thodic reactions, and ionic oumrents in the solution and
the metal itselt” These inhibiroms increase e lilkeli-
hood of a chemical reaction which result in a “pas-
sive” —protective Llaver on the sudace of the metal, In
the simplest of tenms, these inhibitoxs act (o shor-cir-
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cuit the eleclrochemical eactions that take place during
COTEOSIOT,

The anadic dissolution reaction imvolves g elease of
metal lons as well as a release of elecirons. '1he anodic
passivators discussed here vefer to inhibitors that en-
hanee chemiserption of dissolved oxvgen and migrae
readily o the anodic sites” In turn, thesa inhilvitors e
act to form salis which act as a protecrive bamier

On the conuary, cathodic reactions invalve a redur:
tion of dissolved oxyeen and a consumpion of elec-
wong. Cathodic passivators ienpede comrosion Ty form-
ing sirdace deppowitys at the inactive siles within a metal.
These surface deposits reduce the access ol oxygen ta
the cathode”

Tmproved Barrier Properties

Often overloeked as aitical factors fur inorganic cor-
rosinn inhibitors, the mean paricle $lee and the overall
particle morphology ol ar inorganic coroston in-
hibitor can greally impact the corrasion performance in
a given system, Many ol ithe comuercially available in-
hibitors on (he market contain essentially inactive “car-
rier” pigments which can either enhance or detract
it the cormosien perlormance, Thearelically, any car-
rier pizment which impedes the migration of elec-
trolyte to the surfare would be hought beneficial, bud
it is often not thal simple when foermulaiing due to the
dynamic namare of coatings. 11 is koown that most non-
toxic inhibitors are gsovgen dependent [non-oxidizing),
hence the petformance of these inhibiwsrs are both
resin syslem-specific and pigment volume concentra-
tion (YO} sensilive. Thus, a corrosion inhibitor that
coptaing a cartier, which impedes an elecinlyte
through a coaring film, might e heneficial w end cor-
rosion perfornyandce in one resin svstem, while detel-
mental in another

Figure 1—Mechanism of a divect, pontoxic inarganic corrosien
inhibitor,
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Table 1—Attributes of Grganic Corrosion Inhibitors

Inhibitar Chemistry Cortasian Protection System Examples
Urganic A Arid amine addoct Waterborne: Water reducitbe allyds, acrylic,
& Lang-tetm alkyd acrylic, palyureliane, epmoy
* Flash rusz
* In-[ar st
iganic B {hrqanic diacid Selventhome: Coil, Powder, YWash gprimers, Acid-
LK % active a Long-term ratalyzed system
Organfc Organis diacid Waterkocne: ACrylies, Polyurathane
60 % active s FHagh nst
* In-Cary rust
Organic D fnganic diacid Selventhorne: Epoxy, [pusy esters, alkyds,
Aine adduc: = Long-lerm acrlic, polyurethane
Dryaric £ Priymearie amine W lerbosne: Epnxy, polyurlhans, hylrids
ralt solutian « long-term
Qrganic F Amire carboxylate Waterborne; Actylic, water reducible alkyds
sl salulion + Long-tem
# Flazh rust

One tend in our industey is (o reduce the filin thick-
news of an applied coating, As the film thickness of
coatings is reduced, the raw materials used in these
coatings must adhere 10 more sifngent guidelines:
most notably. Tower mean particle sizes. At thinner
filtng, coatings are much less reliant on bander propwr-
fles 1o prevent corrosion, Tormulators will wpically
turm to either organic inhibitors, which will be dis-
cussed later, or nanotechnologies, which is bevond the
scope of this anicle

CHARACTERISTICS OF ORGANIC INHIBETORS

Organic-hased corrosion inhibitors allow [or the cre-
ation of optimal pegorting thin flm and high glosy
corrosion resistanl coatings. (rganic inhilvtors cam: {1)
enhance the bamier propertes of the coating, (2) func-
ton as anodic passivators, (3) improve the adhesion of

Faure 2—Decreased water uptake in 3 fwe-componcnt eposy primer
{determined by £IS).
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cortings, (4} aid o surface wetting, and {5) increase the
performance at defect sites in the filon, The organic in-
hibitors described herein can be dassified as amine car-
boxylate or amine adducts of organic acid or diacid
complexes, Table 1 compares the chemisty and corro-
sion protection mechanisms of the organic inhilsitor
compounds under discussion.

MECHANISMS OF CORROSION PROTECTION—
CRGANIL INHIBITORS

Improved Burtier Properties

Qurganic cerrosion inhibitors can desrease Lhe perme-
ability of the coating to water and corrosive ions such
as sullate amd diloride. The corresion resistance of a
coating is, therefure, enhanced by decreasing the con-
centration of coreusive ons that reach the substrate.
Electrochemical Impedance Speclroscopy (LLS] pro-
vides useful infoermatdon on the water wptake by a coat-
ing. An example §s shown I Figure 2, where yvigmifi-
cantly reduced water uplike in a two-component
solverthome coaling containing Organic I {an oganic
diacid amine adducl] is compared t3 a blank control
with 1o inhibitor, A decrease in the coating's waler up-
Lake tramslates wo increased Long-tetm corrimion esist-
ance of the coating,.

The decrease incwater permeability of the coating i3 at-
trilauted to {1} improved crosslinking of the paint film,
(2] reduclion in the coaling’s hydrophilic natare due w
1he hydropholsic intevaction of the inbibiror swith the
polyiter backbone, and (3] 2 decrense 1o the solubilier
of pigrient additives with 4 high osmolic potental.
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Anopdic Passivation

The electrochemical technigque of linear sweep
voltarmumety (L] can be used to elucidate anodich?
passivalion or metal-oside filim femmalion oo cocodi-
Ile substrales. The strong adsorpion of organic in-
hibitors such az Organic A and Qrganic U causes the
corrosion potential of the subsiratz to shift in the posi
tive (anedic) direction away trom the equilibrinm po-
tentinl of the subwmrate. The stronger the adsorplion of
the acid inedety, the greater the positive shift in the cor-
rosion polential. This iranslates 1o o stronger anodic
passivation. &g shown o Fignre 3, Organic A causes a
15-20 iV positve shift in the comrosion potential of
hare steel polatized in a solution of 0,12 M NaCiO,. As
with inhibijtive pigments, organic corrosion inhibitors
provide protecton through an active mechanism.
Howewver, urdike inhibitive pigments, which depend on
the direct dissolution of ions from the pigment, organic
corrosiom inhibilors directly imeracl with the mel sur-
face to fonn a prolective film. Onganic A and Organic B
are pantcularly suited as corrosion inhibitors wheres
Ligh gless must be maintained. Both of these
inhibitors do not negatively impact the 2loss as com-
prared to inhibilive inorganic pigenis such as wine
phosphate and strontium zioe phosplosilicate
{ Figure &).

Improved Adhesion

1he adhesion improvement of Ooganic B, Organic 0,
and Crganic F iz atteibuted to their aminesilane and/or
cathioylic ackd incional groups, which allows them
to localise between the coating and metal intertace,
Crrganic L can be distingnished (rom other producs in
that it functioms as kot an adhesion promoter and a
corrosion inhibitor. Through hydrogen bonding of the
perlymmer with the metal or metal oxide™ surface, these
inbilviters can act s adhesion promoiers. The
lucalization of these lmcional groups (GO0, N1
St-03-H) at the interface expels waler and improves the

Fiqure 3—Deqgassed salution {pH 7.5, #5°(} showing a positive patan-
Lial shift (red curve), effected by 0.01 M {Oryanic A) in 0,12 M Halld,
aleclrolyte.
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Figue &—Adhesion promoted through multiple bydrogen bondfng
sites. [Drganic inhibitars aot as a glue hetween tha coating and the
substrate}
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coulings adhesion to the subgtrate, This adhesion im-
provetuent is particularly noticeabie under high huiid-
ity condilions, or wel adhesion, which could especally
benefit, for exanple, cpoxy mastic coalings. which rely
solely on bander protection vet usually fail because of
pood adhesion,

Wetting

The surface welling capabilily of Qrganic B oor
Omganic D is attributed 1o the stronger attraction be-
tween mRolecules of these inhibitors with the moleoles
of the substrate than to cach other. The wetting abilily
of these correwton inhibitors is a funcica of the sudace
energies of the solid-gas interface, the inhibitor-gas in-
texface, amd the solid-inhibitor mterface. By measuting
the tangent of the contsct angle belween a droplet of
the: paint resin andd o tlat substrate, an asyessmenl can
be made regarding wetiing, The lower the angle, the
better the welling, In a simple model system, a droplet
ol a 60% short ol allyd solution in xylene was applied
to steed vielding a conact angle of 1147 When 2% of
Organic LY was added, the angle dropped to 78°, indi-
cating signiticantly improved wetting,

Decreased Conting Impetfeciions

Coating imperfections are ubigquitous and occur ran-
domly in paint lilms. Such pores ot imperfections
ciuse ingress of electtolyie into the Glm, which pro-
meres localized corrosion. Where detecs ocour Local-

Figure 5—Contact angle measured bebween 3 drop of mesin soluton
withaut infiibitor (left) and with 2% Organic O {right).
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Figure 6—Organic A, Grganic E, and Organic F can cembing with Fe-ons to form insoluble compleces {keft) to

plug anodic dafact sites {right}.

Fe®*and Fa?t

/ Inhibitor Comples

fwedd galvanic cells are aeated and Te-ions ure released.
These ions combine with organic cormosion inhibitors
such as Organic A, Orpanic B, Crganic R, and Organic B
tar form insoluble comploxes al the detect site, which
literally plug the defect, thus discupting the galvanic
cell established and thus reducing corrosion.

ORGARIC IRHIRYOR—FORMULATION
BUIBELINES FOR CHERISYS

The following guidelines underscore the importande
of understanding the compalibility and incorporation
techiniques needed w avoid dilfienlties, such ax viscos-
itv changes, in oxder to achieve aptimum performance.
n most cases, Lhe organic inhibitors should be added
to the amine porton of two-com ponent epoxies, or the
polvol portion of a two-component polyurethane svs-
tem. When the organic compound is a solid, it should
be added o the erind phase, and when it is a liguid, W
mray be added {duning the let-down phase for example].
Use levels are typically between 2-4% based on total
formulation solids, although lower levels may he used
for flash tuan inhibition. A Tadder ol concentrations is
recommended 1o determine optimum levels.

Stnce Otganic B has free carboxylic acids, il is hetter
suited to resin systems such as those used 3 coil and
powder coatings, e, polyesier-melamine T, or
wash primers based on polyviny] butyral. Lhe
"blodked " version of Qrganic B with an allyl amine is
Organic 1, and s suited for solventborne systems,

Cregamic A and Onganic T are espedally suitable for
waterborne coating systems. Organic F can be used as iy

Table 2— Attributes of Hybrid A: A New Zinc-Free Anticarrasive Pigment

el Coating  Defect il “Pore Plugging”

wilhemt need for lur
ther pre-neutralizadon.
(Irganic F provides
flash must protection ¢s-
pedially om weld seams
and long-lenn como-
sion proteciion in wa-
terbarng coating avs
tems. Oveanic A should
e pre-neutralized o a
ph] hetween 8 and
pricr Lo incorporaticn
using a low molecular
weight amine "The
amine should have sutficient volatlity Lo leave the coal-
ing during the curing conditions. I this way, Organic A
prawides effective in-can and flash rust comosion jro-
tecticn while the paint is wet, but 2 waler insolubie
virmplex is re-formed when the coating cures, and
Organic A acld then provides long-lerm cotrosion pro-
tection. Lhis is a signiticant advantage over other Hagh
must inhibitors (e g, sodium nitnte), which bave no di-
rect influence on long-temn proteciion, cxeepl, prerhaps,
a possible adverse effecl because they remnain in the
paint and are water-saluble. A sperial grade of Organic
B3 supplied as a tlake ke In water is Crganie
Organic O should be pre neatralized in the same way
as Cirganic A

Organic/Inhibitor Synergy Example

Figure 7 features some examnples under particularly
ough exposure conditions where an organicinorganic
blend af comosion inlibitors show perfformance at least
comparable lo commercial altetnatives.

ol coating applications are headed wward chro-
male-free universal primers due Lo the havmiol effecs
of Cr (V1) innd in zine and sowontivm chromate corro-
siofl inhibitoes. As shown in Figere 7, the nontoxic al-
Lernative to stronlivm chromate consisting ol a eal-
ciunmt-based 1om exchange inhibitive pigment and an
arganic diacid (Organic B) improves the coalings corro-
slon resistance along the at-edge (bentom of panel)
and at the scrilve, Coil coaters are swilching away {rom
chromate conversion coatings {C0C) due 1o the high
cost associated with disposal of cliroraate conversion
soluticns.

Currently, hexa-
wulent chromiem is
used in two kev ar-
eas of coil coating:

prremreatnels and
primers. Because 0
[MISSCESES Ui ue
corresion-inhibil-

Inhitdtor Chamvistry Corrosfon Protection System Examples
Hyhid & Anodic Passivation/ Waterhorne: dcrylics, polyurethane,
Ian Scavenging-Exchangs = Lang-lern alkyds, epoey, hybrids
SolvenLhorne: (herytic epowy, acoylic
* Long-tenn Alkyds), Water- Redurible Alkyds

28 May 2006
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ing properiies on a varioly of metallic subsuales, it is
nol at all cleay where—or even if—its usage can be
eliminated or subsiantially reduced in the Noh
American rmartketplace. Both the pretreatment manufac-
turets and the coatings cornmunity have been Tiard at
work on “chrome Mree” sysierns for the Detter part of 20
vears, bhul with only mixed yesulis. One of the serendip-
itons properlies of chromate inhibitive pigments is that
they tend 1o work over muliple substeales, but this has
not proven e with either the so-called “whine pig-
ments” which are being proposed to replace hexavalent
chromium pizments in chrome-fiee primers, or with
the noochromate chemistries which are being explored
in “chrome-free” pretreatments. There has been a cer-
lain amount of success 1n the aluminom, arena; both
chimmne-free prelrenments and primers sre commer-
cally available from multiple sources, and are being
used on a daily basis. Their quality seems to be aceept-
able, althouwgh i i net dear i the new chrome-tiee sys-
tems [ully address the concerns surrounding fliform
coTRosion Y

NEW GENERATION OF ZINC-FREE INORGANIC
CORROSION INHIBITORS

There is a new breed of inhibiter on the market we
shall refer 1o here as [vbrid A, Hybrid A represents »

Technology Today

new generaliom of environmentally rendly, inorganic
zing-free comosion inhibitor ased on anodic passiva-
tion and a unigue seleclive ion scavenging and ex-
change mechanism, There are major concerns regarding
the use of inhibillve pigments containing =inc, pardcu-
larly in Lurope, Companies using zinc-based products
are Tequired Lo report veatly emdssions of zine and zine
compounds if thelr air emissions exceed 200,000
kgfyear or releases o water cxceed 100,000 ky/vear,
7inc can significantly aflect local aqualic environments.
acourrmulating in aguatic organisms [but not plants)
and poisoning species that then ear them.'®

Hybrid A was developed to (LI the need for an ef-
fective corrovion inhibitor for watedhome and solvent-
lrwrne coatings that could perform equal (o or better
than any zinc-based inhibitive pigment. 1lybnd A
leaves no environmenlal footprint amd is based oo con-
stitaent components that are Generally Recognized as
Sale {GRAS) for Mmod by the Foold & Drug
Administration.'”

Unigue Characteristics of Hybrid A

Hybrid A combines the unigue synergistic properties
ol anodic passivation and ion scavenging-exchange
mechanisms, The wwpical heavy metal-tree inhibitive
pigments are effecive as anodic passivators in coatings.
In ther words, they tely on pamdal solubility 1o release

Fiyure 7- rganic B with an inorganic cormosion inhibitor in a coil coating application,

After 400h Salt Spray Test
ASTM B 117-90 Without Inhibitar
Eubsl-ate: Hot dip galvanized. steel

Primer: TPA, phenalic -rein, phaspheic
acid pre-tizalmans

Topcoat: PES melemine
Delami=atich at scriZe {rim)
lnder c.iting ek ardbe fman il

After 15040 Salt Spray Test

ASTM B 127-90 Withowt inhibitor

Bubstrale: 1470 stesl

Primer: TPA, phenolic resin. phosphoric
acid pre-treatment

Topeoat; PYE Plaslisol ¥
Dulamination at seribe (mr) Tota:
lelensnation 3t cul edge {mm) Toral
Undar cutting at sceibe fmm} n
Uncler cutting at cut edge [nm) 3

W coalingstech. arg

Commercial System
(SrCrl}

4% Organic B +1
£.5% Ca-ion Exchanged Pigment

Commercial System
D% SrCr,)

4% Orgamic B +
18.5% Ca-ian Exchanged Pigment

n 1.5
0 i
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Figuie 8—Ton scavenging and exchange mechanism of Hybrid & show-
ing the trapping of chinrde and sulfate fons in the Lallice structure.

their corrosion ions (tvpically phosphate or silicate} in
oreler Lo inrard corrosion resistance to coatings, Hybrid
A ls an effective corrosive ion scavenger as well as an
anadic passivator, The product does not contain any
hevy metals. Instead, it relies on its high porosity to
scavenge and adsorh chloride and sullae jomy, thus de-
creasing their ability to cause corrosion at the subsurade,
The amuaelic prrovection mechanisim is provided by inor-
ganic calcitim phosphate sall with extremely low solu-
bility in water. [Ivbrid A, unlike calcium oo exchange
pigments, does not exchange calcium ions, sost cal-
cinm ion exchange pigroents ire ased on the exchange
of cations {e.g., calcium) from a high surface area amor-
phons silica carmier. Hybrid & does not contain silica.

Figiere 8 depicis the nature Ty which Hyhbrid & acs as
an ion scavenging corrosion nhibitor e couling sws-
tems, The stratificd structune consists of a double-lay-
ered mixed metal {Al, Mg) hydrared hydroxide capable
of trapping cortosive lons such as chloride or sulfale
ions and releaging inhibitive carbonate ions, The car-
bonale iong can combine wilth caleinm ions to foomn
calcium carbonate o1 can act as a buller that roaintaing
the substrate surface at an allkaline pH.

Figaere & shows the elfectiveness of the new genera-
tion 1l¥brid A in enhancing the Tong-term cormesion

Figure 9—{omparison of corrosicn resistance of ine-free inhibitive
plaments in a water-hased acrylic coating a®ter 336 br af salt spray
{ASTM B-1177.

Blank Control T4 finc-Fee

Competitor B

1% Enc-Free
Competitor &

By H'_._l'l:l I'id A
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protection of a water-based coanng with primey and
topooat,

CONCLUSION

The protecrion of worlers aned the emvivomment will
coilines W be the driving force oward oqetineizing
painr spstems auTently using lead and chromate-based
contosion inhibiters. This regulatory change seems in-
evilable; 10 noda maiter of “i7 ol of “when” The
corrosion inhibitors descaibed 1o Lhis ardcle represend
viable alternatives from a comrosion performance point
of wiew. By Bleneling the chemisiries deseribed heye,
ane is able w cosl ellectively oplimize their farmula-
tion with nentoxc corrosion inhibitor chemisuies.
Aware of the power af inhibitoer snengies, comosion in-
hibviteer manulaciaeers are nowe Gailoring their inhilbitors
to meet the ever-changing performance and environ
mental demands of our industry. One such example
presenled here s the Hybridd A carrosion inhibitor, a
new generalion of nonloxic heavy meial-lree hilyitive
pigment. &
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