
l|||||||||||||ll||l||||||||l|||||||||||||||||||||||l|||||||||||||||||||||l|||||||||||||||| 
US 20040035498A1 

(19) United States 
(12) Patent Application Publication (10) Pub. No.: US 2004/0035498 A1 

Kinlen (43) Pub. Date: Feb. 26, 2004 

(54) CORROSION-RESPONSIVE COATING Related US. Application Data 
FORMULATIONS FOR PROTECTION OF 
METAL SURFACES (60) Provisional application No. 60/386,058, ?led on Jun. 

4, 2002. Provisional application No. 60/466,298, ?led 
on Apr. 29, 2003. 

(75) Inventor: Patrick J. Kinlen, Fenton, MO (US) Publication Classi?cation 

_ (51) Int. Cl.7 ................................................... .. C23C 22/00 Correspondence Address. 
Charles E- Dunlap (52) US. Cl. ............................................................ .. 148/250 

Keenan Building (57) ABSTRACT 
Third Floor Methods and compositions are described for protecting a 
1330 Lady Street metal surface against corrosion. The method involves apply 
Columbia, SC 29201 (US) ing to the metal surface a coating formulation that comprises 

a radiation curable resin and a corrosion-responsive agent 
that is capable of releasing a corrosion-inhibiting ion in 

(73) Assignee; Lumimove, Inc, d/b/a/ Cross?nk Poly- response to exposure to ionic species characteristic of those 
mer Research, St Louis, MO (Us) present on a metal surface undergoing oXidative corrosion; 

and exposing the coating formulation to radiation Whereby 
(21) Appl, No; 10/454,347 the radiation curable resin forms a corrosion-resisting coat 

ing having a 10W spontaneous release rate of the corrosion 
(22) Filed: Jun. 4, 2003 responsive agent into the environment. 

1 .0 " 

----- -- Po1y(DMCT) 

Polyaniline Standard 
3 ----- ~ PANI-DMCT #1 

5 - PANI-DMCT#2 
9-‘ 
3 
Q4 

Q 
T; 0.5"‘ 
Q) 
N 
m 

5 
2° 

0.0 " /.' 

l ' I l n ' I 

20 40 8O 1 00 

Retention Time (min) 



Patent Application Publication Feb. 26, 2004 Sheet 1 0f 4 US 2004/0035498 A1 

955 06? QBEBQM 
~ . . _ . _ _ . _ g 

m w W M. 
| m o p 

W m H w 

225m 85%58 
QUEQEOHH ..... .. 

- 3 

.H 0.5mm 



Patent Application Publication Feb. 26, 2004 Sheet 2 0f 4 US 2004/0035498 A1 

GHQ Us; neaeom 

2“ ON 

_ _ . _ 

vi 1 1 5 o 

v- 2 

NM“ 52925 ..... . . - E 5292i ..Y.|¥,.. wsgsm oam?b? 
Que/550m ..... .. 

.. o. H 

.N 235 

' ssuodssg DIG pezqmmoN 



Patent Application Publication Feb. 26, 2004 Sheet 3 0f 4 US 2004/0035498 A1 

E5 3i @2222 

1 I. .1. Z. 1 . :21... . ..... 21.. ..:.........~I.....; _..f_: 3.1 ?$V_..s$131341.¢...1?§4w1 

. \ Ne 8292i .. . . ... z“ BEEzi if 
@2328 ...... .. 

.m 03E 
0.0 m6 

Qs?odssg pszqnuuoN 
| 04 





US 2004/0035498 A1 

CORROSION-RESPONSIVE COATING 
FORMULATIONS FOR PROTECTION OF METAL 

SURFACES 

CROSS REFERENCE TO RELATED PATENTS 
AND PATENT APPLICATIONS 

[0001] The present application claims priority to US. 
Provisional Patent Application Serial No. 60/386,058, ?led 
Jun. 4, 2002, and to the US. Provisional Application Serial 
No. 60/466,298, ?led Apr. 29, 2003, each of Which is 
incorporated herein by reference in its entirety. 

BACKGROUND OF THE INVENTION 

[0002] (1) Field of the Invention 

[0003] The present invention relates to coatings for metal 
surfaces that protect the surfaces from corrosion, and more 
particularly to radiation curable corrosion-responsive coat 
ings for metals and components of such coatings. 

[0004] (2) Description of the Related Art 

[0005] In the United States approximately $300 billion per 
year in direct costs is lost due to metallic corrosion. More 
than one third of costs are considered avoidable using 
existing knoW-hoW and technology. Coatings are the pri 
mary and most economical means for controlling the cor 
rosion of metals. The key factors that in?uence corrosion are 
the type of metal being used (aluminum, steel, copper, etc.) 
and the environment to Which the metal is exposed (pH, 
temperature, humidity, chemicals, etc.). 
[0006] Current strategies for corrosion protection include: 
dispersion of pigments in coating systems Which act as 
passivating agents, including strontium chromate, Zinc chro 
mate, Zinc phosphate, barium metaborate, etc.; dispersion of 
pigments in coating systems Which provide cathodic pro 
tection (e.g., Zinc dust Which acts as a sacri?cial anode); and 
the provision of mechanical protection by applying thick 
multilayer coating systems such as epoxies, urethanes, acryl 
ics and rubbers, Which are impervious to moisture and 
chemical ingress. What is lacking With current coating 
strategies, hoWever, is an environmentally friendly coating 
system that prevents corrosion and pitting even in the 
presence of pinholes or scratches. 

[0007] Problems With a passivation coating, such as chro 
mium VI (the form of chromium commonly used in aero 
space coatings), include the fact that chromium is a carcino 
gen and federal, state and local agencies have issued 
regulations that limit or prohibit the use of chromated 
materials. OSHA regulates the amount of hexavalent chro 
mium to Which Workers can be exposed, and has proposed 
reducing the Permissible Exposure Limit (PEL) from the 
current 50 micrograms/m3 to less than 1 microgram/m3. 
OSHA’s proposed PEL Would severely impact the use of 
hexavalent chromium throughout the aerospace sector. 

[0008] The primary function of barrier coatings is to 
prevent the ingress of Water and salts. HoWever, such 
coatings often lack pinhole protection. Any pitting or scar 
ring that penetrates the underlying structures can lead to 
catastrophic corrosion damage. To compensate for the lack 
of pinhole protection, multiple layers are applied. 

[0009] Sacri?cial coatings are designed to corrode and 
cathodically protect the underlying structure. These coatings 
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Wear more readily, and the layer thickness and its associated 
Weight can negatively impact structural design. 

[0010] Epoxy primers containing chromate With polyure 
thane top coats are Widely used for corrosion protection in 
the aircraft industry. Strontium chromate coatings, While 
extremely effective, are under signi?cant pressure to be 
eliminated because of their carcinogenic classi?cation. In 
addition, chromic acid anodiZing and other chromium con 
version coating systems are also commonly employed to 
enhance corrosion protection and also adhesion of the epoxy 
primer coating to aluminum. 

[0011] The need for anti-corrosion coatings, Which are 
pinhole and scratch tolerant, coupled With groWing environ 
mental concerns involving heavy metals, such as hexavalent 
chromium, has led to neW coating strategies. In one area, 
coatings that employ intrinsically conductive polymers 
(ICPs) have been reported. The ?rst documented observa 
tions of corrosion protection of steel by polyaniline Were 
reported in 1981 by Mengoli, et al., Appl Polymer Sci., 
26:4247 (1981). Since then, numerous papers have been 
published on the corrosion protection of carbon steel (Kin 
len, et al., Corrision, 58:490(2002)), stainless steel (Cas 
parac et al, J. Electrodhem. Soc., 148:B138 (2001)), iron 
(Beck, Metallober?acche, 46:177 (1992); and Beck, et al., 
ElectrochimicaActa, 39:229 (1994)), titanium, copper (Bru 
sic, et al., J. Electrochem. Soc., 144:436 (1997), and alumi 
num alloys (Gelling, et al., Prog. Organic Coatings, 43:149 
(2001)), With ICP’s. TWo comprehensive revieW articles 
have been published. See, e.g., McAndreW, Trends in Poly 
mer Science, 5:7 (1997); and Spinks, et al., J. Solid State 
Electrochemistry, 6:85 (2002). 

[0012] Other Work has led to the use of “smart” coatings, 
Which contain materials designed to release a corrosion 
inhibiting species on demand during corrosion. For example, 
in WO 90/10095, Wallace reports a polymer coating, Where 
the polymer is preferably an electrically conductive oligo 
mer, such as polypyrrole, that contains ions such as chro 
mate, EDTA, and others, Which are released in response to 
contact With ionic species that are the product of the oxi 
dative/reductive chemical reactions that occur during cor 
rosion. In US. Patent Publication 2002/0197468A1, Sinko 
identi?es corrosion-inhibiting organic pigments, such as 
2,5-dimercapto-1,3,4-thiadiaZole (DMTD), and others, that 
demonstrate “throW poWer” (an ability to maintain a scribed 
line on a coated metal surface free of corrosion in a corrosive 

environment). In US. Pat. No. 6,139,610, Sinko describes 
certain inorganic and organic pigment compositions as being 
effective corrosion inhibitors, again With DMTD being men 
tioned. In another publication, Sinko identi?ed certain inor 
ganic materials as being potential replacements for chro 
mates. Sinko, J ., Prog.in Org. Coatings, 42:267-282 (2001). 

[0013] Although epoxy-based coatings predominate in 
commercial corrosion prevention applications, other poly 
meric systems are suggested. One draWback of many poly 
meric systems, hoWever, is the use of solvents, or the 
formation of Water or gas during curing. The removal of the 
solvents, Water, or gas from the coating as it cures leaves 
holes, pits, and voids in the cured ?lm, through Which Water, 
oxygen and other corrosive elements can penetrate to reach 
the metal surface. 

[0014] Radiation-curable polymer systems, such as UV 
curable resins, can be formulated to be solvent-free, and 
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have been used to form ?lms that contain various chemicals. 
Kim, Y-B, et al., Polymers for Advanced Technologies, 
13(7):522-526 (2002), have reported UV cured transparent 
?lms containing conductive microgels coated With polyami 
niline/dodecylbenZenesulphonic acid (DBSA). Others have 
reported the corrosion-protective effects for aluminum of 
polymeric blend coatings containing either polyaniline, 
polypyrrole, or other polymers, and UV-curable urethane 
acrylate binders. Vang, C. et al., Polymer Preprints, 43(1), 
Spring 2002, Papers presented at the ACS meeting held 
Orlando, Fla., Apr. 7-11, 2002, ACS Div. of Polymer Chem 
istry. In Japanese unexamined patent JP 11/172103, aniline 
type resin compositions are cured With UV radiation. The 
polyaniline in the cured ?lms is doped With a sulphone 
compound, and the ?lm is reportedly useful as an antistatic 
agent. 

[0015] Despite the availability of radiation-cured poly 
meric systems, they have not been Widely used to form 
corrosion-resisting coatings, and certain problems remain to 
be resolved. It is knoWn, for example, that the corrosion 
inhibiting compound DMTD is itself a strong UV absorber. 
It is unclear, therefore, Whether such a material could be 
included as a component in a UV-cured resin system at a 
level that Would be useful for corrosion inhibition Without 
interfering With the curing of the coating. 

[0016] Accordingly, therefore, it Would be useful to pro 
vide corrosion-inhibiting methods and compositions that 
provided effective corrosion protection for metal surfaces. It 
Would also be useful if such methods and compositions 
supplied corrosion-inhibiting agents in response to actual 
corrosion on a metal surface, and if they provided corrosion 
protection for pinholes and scratches that might occur on the 
metal surfaces. It Would also be useful if such methods and 
compositions retained their effectiveness through normal 
Weather exposure. 

SUMMARY OF THE INVENTION 

[0017] Brie?y, therefore the present invention is directed 
to a novel method of protecting a metal surface against 
corrosion, the method comprising: 

[0018] applying to the metal surface a coating for 
mulation that comprises a radiation curable resin and 
a corrosion-responsive agent that is capable of 
releasing a corrosion-inhibiting ion in response to 
exposure to electrochemical conditions characteris 
tic of those present on a metal surface undergoing 
oxidative corrosion; and 

[0019] exposing the coating formulation to radiation 
Whereby the radiation curable resin forms a corro 
sion-resisting coating having a loW spontaneous 
release rate of the corrosion-responsive agent into 
the environment. 

[0020] The present invention is also directed to a novel 
anti-corrosion coating formulation comprising a radiation 
curable resin and a corrosion-responsive agent that is 
capable of releasing a corrosion-inhibiting ion in response to 
exposure to electrochemical conditions characteristic of 
those present on a metal surface undergoing oxidative cor 
rosion. 

[0021] The present invention is also directed to a novel 
corrosion resisting coating for a metal surface, the coating 
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comprising a corrosion-responsive agent dispersed in a 
radiation cured crosslinked polymer matrix. 

[0022] The present invention is also directed to a novel 
metal surface protected against corrosion comprising: 

[0023] 
[0024] a radiation-cured polymer matrix that has 

been formed according to any one of the methods 
described herein. 

a metal surface; to Which is adhered, 

[0025] The present invention is also directed to a novel 
method of producing an intrinsically conductive polymer 
salt of a corrosion-responsive agent, the method comprising: 

[0026] subjecting a liquid mixture containing a cor 
rosion-responsive agent to high-shear mixing to 
separate the corrosion-responsive agent into very 
?ne particles; 

[0027] adding a monomer of an intrinsically conduc 
tive polymer to the mixture of ?ne corrosion-respon 
sive agent particles While subjecting the mixture to 
high-shear mixing; 

[0028] adding an oxidant to the mixture to facilitate 
polymeriZation of the monomer of the intrinsically 
conductive polymer into an intrinsically conductive 
polymer Which is doped by the corrosion-responsive 
agent to form the ICP/CRA salt; and 

[0029] recovering the ICP/CRA salt. 

[0030] Among the several advantages found to be 
achieved by the present invention, therefore, may be noted 
the provision of corrosion-inhibiting methods and compo 
sitions that provided effective corrosion protection for metal 
surfaces; and also the provision of such methods and com 
positions that supply corrosion-inhibiting agents in response 
to actual corrosion on a metal surface; and also the provision 
of such methods and compositions that provide corrosion 
protection for pinholes and scratches that might occur on the 
metal surfaces; and also the provision of such methods and 
compositions that retain their effectiveness through normal 
Weather exposure. 

BRIEF DESCRIPTION OF THE DRAWINGS 

[0031] FIG. 1 shoWs differential refractive index (DRI) 
chromatograms for a polyaniline standard and a soluble 
fraction of polymeriZed 2,5-dimercapto-1,3,4-thiadiaZole 
(poly-DMcT); 
[0032] FIG. 2 shoWs an overlay the DRI curves for the 
tWo homopolymer standards shoWn in FIG. 1 With the 
corresponding curves for tWo separate samples of 2,5 
dimercapto-1,3,4-thiadiaZole salt of polyaniline (Pani 
DMcT) labeled #1 and #2, and Which indicates the presence 
of poly-DMcT, as Well as the presence of polyaniline in each 
sample of Pani-DMcT; 

[0033] FIG. 3 is a retention time expansion of the polymer 
region of the chromatograms shoWn in FIG. 2, and shoWs 
components eluting With retention times earlier than the 
polyaniline standard, Which suggests multiple species, pos 
sibly pure polyaniline and copolymers of aniline and DMcT, 
and also indicating poly-DMcT in the Pani-DMcT samples 
#1 and #2; and 
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[0034] FIG. 4 is a normalized difference plot for Pani 
DMcT vs. a polyaniline standard, Which reveals that Pani 
DMcT #1 contains less poly-DMcT relative to its earlier 
eluting components than in the case of Pani-DMcT #2. 

DETAILED DESCRIPTION OF THE 
PREFERRED EMBODIMENTS 

[0035] In accordance With the present invention, it has 
been discovered that metal surfaces that are subject to 
environmental corrosion, in particular to oxidative corro 
sion, can be protected against such corrosion by applying to 
the metal surface a coating formulation that comprises a 
radiation curable resin and a corrosion-responsive agent. 
The corrosion-responsive agent, Which is described in detail 
beloW, is a compound that is capable of releasing a corro 
sion-inhibiting ion in response to exposure to electrochemi 
cal (oxidation/reduction) conditions characteristic of those 
present on a metal surface undergoing oxidative corrosion. 
After the coating formulation is applied to the metal surface, 
it is exposed to radiation in a manner that causes the 
radiation curable resin to form a corrosion-resisting coating 
having a loW spontaneous release rate of the corrosion 
responsive agent into the environment. 

[0036] In a particularly useful embodiment, it has been 
found that some corrosion-responsive agents oxidatively 
dimeriZe or polymeriZe under the same conditions as are 
used to cure the resin to form homodimers, homopolymers, 
or copolymers With a component of the radiation curable 
resin. These dimeriZed or polymeriZed agents reductively 
depolymeriZe under corrosion conditions to release corro 
sion-inhibiting ions. Coatings formed With these types of 
agents are exceptionally Weatherable and surprisingly effec 
tive for corrosion inhibition. 

[0037] The novel method offers several advantages over 
anti-corrosion coatings of the prior art. The present compo 
sitions provide useful amounts of corrosion-inhibiting ions, 
or compounds that can form such ions, and act as reservoirs 
of corrosion-inhibiting ions. The compositions permit the 
formation of “smart” coatings, in that they release corrosion 
inhibiting ions in response to the presence of electrochemi 
cal conditions that are typical of the oxidative/reductive 
conditions present on a metal surface When that surface is 
undergoing oxidative corrosion. Another advantage of the 
present method and present coatings is that the corrosion 
inhibiting ions are not easily leached out of the novel 
coatings by exposure of the coatings to normal environmen 
tal conditions, such as to rain, Water immersion, or the like. 
In other Words, they have a loW spontaneous release rate of 
the corrosion-inhibiting ions. The gives the present coatings 
a long service life, and permits their use in applications that 
require long outdoor exposure. 

[0038] It is believed that a combination of tWo factors 
enable the present invention to release corrosion-inhibiting 
ions in response to corrosion While maintaining a loW 
spontaneous release rate for the ions. One factor is the 
formation of a coating Wherein the corrosion-inhibiting ions 
are supplied by a corrosion-responsive agent. 

[0039] In the present invention, a “corrosion-responsive 
agent” is a compound that is capable of releasing a corro 
sion-inhibiting ion upon exposure to electrochemical (oxi 
dation/reduction) conditions characteristic of those present 
on a metal surface undergoing oxidative corrosion. As is 
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Well knoWn to those skilled in the study of metal corrosion, 
oxidative corrosion of a metal by contact With oxygen and 
Water causes the formation of an electrogalvanic cell that is 
characteriZed by the presence of metal cations, hydroxyl 
anions, and the like. When the corrosion-responsive agent of 
the present invention is in operative contact With such a 
corroding metal surface, it is believed to react With one or 
more of the anions or cations that are a part of the oxidative 
corrosion electrogalvanic cell to produce a corrosion-inhib 
iting ion. Therefore, the corrosion-responsive agent itself 
undergoes oxidation or reduction in response to its exposure 
to the corrosion. HoWever, under non-corrosive conditions, 
the corrosion-responsive agent remains unreacted and 
stable, and has a loW rate of spontaneous ioniZation to 
release a corrosion-inhibiting ion. 

[0040] Another factor that enhances the bene?ts of the 
corrosion-responsive agent in the present invention is the 
dispersion of the corrosion-responsive agent in a radiation 
curable coating. It is believed that the present radiation 
curable coating is a durable coating having very loW poros 
ity, Which acts as a barrier coating to the penetration of Water 
and oxygen to the metal surface and also modulates, or 
“throttles”, the movement of the corrosion-inhibiting ions 
that are released by the corrosion-responsive agent. 

[0041] In the present invention the corrosion-inhibiting 
ion can be a corrosion-inhibiting cation or a corrosion 
inhibiting anion. 

[0042] When the corrosion-inhibiting ion is a cation, it can 
be an inorganic cation or an organic cation. Examples of 
inorganic cations that can act as the corrosion-inhibiting ion 
of the present invention include ions selected from the group 
consisting of: Ca, Sr, Ti, Mo, Zr, Ce, and Fe. Examples of 
organic cations that can act as the corrosion-inhibiting ion of 
the present invention include ions selected from the group 
consisting of: ammonium, alkyl-ammonium, and 
cycloalkyl-ammonium. 

[0043] When the corrosion-inhibiting ion is an anion, it 
can be an inorganic anion or an organic anion. Examples of 
inorganic cations that can act as the corrosion-inhibiting ion 
of the present invention include an anion that is selected 
from the group consisting of: CrO42_, CrO12H85_, PO43‘, 
HPO43_, M0042‘, B022‘, SiO32_, NCN2_, HPO32_, N02‘, 
P301051 and C032“. In preferred embodiments, the inor 
ganic corrosion-inhibiting anion can be selected from the 
group consisting of: PO43“, HPO43_, M0042“, B022“, 
SiO32_, NCN2_, and P3015‘. 
[0044] The corrosion-inhibiting anion of the present 
invention can be an organic anion. In an embodiment, the 
organic corrosion-inhibiting anion is one that is formed by 
the ioniZation of a corrosion-responsive agent that is 
selected from the group consisting of mercapto-substituted 
organics, thio-substituted organics, and dimers, trimers, oli 
gomers, and polymers thereof. Examples of useful mer 
capto-substituted organic corrosion-responsive agents 
include a mercapto-substituted aryl or heteroaryl. Aparticu 
larly useful mercapto-substituted organic corrosion-inhibit 
ing agent is 2,5-dimercapto-1,3,4-thiadiaZole. 

[0045] In another embodiment, the corrosion-inhibiting 
anion is one that is formed by the ioniZation of a corrosion 
responsive agent that is selected from the group consisting 
of: 1-(4-hydroxyphenyl)-1H-tetraZol-5-thiol, 1,2,4-triaZole 
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3-thiol, 1-pyrollidinecarbodithioic acid, 2,2‘-dithiobis(ben 
ZothiaZole), 2,4-dimercapto-6-amino-5-triaZine, 2,4-dithio 
hydantoin, 2,5-dimercapto-1,3,4-thiodiaZole, 2,5 
dimethylbenZothiaZole, 2-amino-1,3,4-thiadiaZole, 
2-mercapto-5-methylbenZimidaZole, 2-mercapto-5-ni 
trobenZimidaZole, 2-mercaptobenZimidiZole, 2-mercapto 
benZoXaZole, 2-mercaptoethane sulfonic acid, 

[0046] 2-mercaptoimidaZole, 2-mercaptothiaZoline, 
2-thiouracil, 3-amino-5-mercapto-1,2,4-triaZole, 5,5-dithio 
bis(l,3,4-thiadiaZole-2(3H)-thione, 5-amino-1,3,4-thiadiaZ 
ole, 6-amino-2-mercaptobenZothiaZole, 6-ethoXy-2-mercap 
tobenZothiaZole, 6-mercaptopurine, -alky- or N-cycloalkyl 
dithiocarbamates, alkyl- and cyclo-alkyl mercaptanes, 
benZothiaZole, dimercapto pyridine, dimethyidithio car 
bamic acid, dithiocyanuric acid, mercaptobenZothiaZole, 
mercaptobenZoXaZole, mercaptoethanesulfonic acid, mer 
captoimidaZole, mercaptopyridine, mercaptopyrimidine, 
mercaptoquinoline, mercaptothiaZole, mercaptothiaZoline, 
mercaptotriaZole, 0,0-dialkyl- and 0,0-dicycloalkyl 
dithiophosphates, O-alkyl- or O-cycloalkyl-dithiocarbon 
ates, o-ethylXanthic acid, quinoXaline-2,3-thiol, thioacetic 
acid, thiocresol, thiosalicylic acid, trithiocyanuric acid, and 
dimers, trimers, oligomers, and polymers thereof. 

[0047] The organic corrosion-inhibiting agent can be an 
organic phosphonic acid or salt or ester.thereof. Organic 
phosphonic acids can be mono-, di-, tri-, tetra-, or polyphos 
phonic acids. Phosphonic acids that are di-, tri-, tetra-, or 
poly-phosphonic acids (Which may be termed “polyphos 
phonic acids herein) are preferred for use in the present 
invention. Other acidic groups, such as carboXylic, boric, 
and the like, can also be present on the molecule in addition 
to the phosphonic acid groups. Polymers that have at least 
tWo pendent phosphonic acid groups, Wherein each such 
pendent phosphonic acid group is a mono-functional phos 
phonic acid group, are also included as polyphosphonic 
acids. 

[0048] A preferred form of phosphonic acids are ami 
noalkylphosphonic acids and hydroXyalkylphosphonic acids 
having the general formula: 

[0050] M is selected from the group consisting of 
hydrogen, an alkaline metal, alkyl, alkenyl, alkynyl, 
alkoXy, aryl, cyclic, heteroaryl, and heterocyclic; 

[0051] R1 is selected from the group consisting of 
amino, aminoalkyl, and hydroXyalkyl; and 

0052 X is a number e ual to the valence of R1, q 
provided that X is 1 or higher. 

[0053] 
[0054] Illustrative of some of the organic phosphonic 
acids that are useful in the present invention are: n-octyl 
decylaminobismethylenephosphonic acid, dodecyldiphos 
phonic acid, ethylidenediaminotetramethylenephosphonic 
acid, hydroXyethylidenediphosphonic acid, 1-hydroXyeth 
ylidene1,1-diphosphonic acid, isopropenyldiphosphonic 
acid, N,N-dipropynoXymethylaminotrimethylphosphonic 
acid, oXyethylidenediphosphonic acid, 2-carboXyethylphos 
phonic acid, N,N-bis(ethynoXymethyl)aminomethyl 

In a more preferred embodiment, X is 2 or higher. 
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triphosphonic acid, nitriletrimethylenephosphonic acid, 
aminotrimethylenephosphonic acid, diethylenetriaminepen 
takis(methylenephosphonic) acid, amino(trimethylenephos 
phonic acid), nitrilotris(methylenephosphonic acid), ethyl 
enediaminotetra(methylenephosphonic acid), 
heXamethylenediaminetetra(methylenephosphonic acid), 
diethylenetriaminepenta(methlenephosphonic acid), gly 
cine,N,N-bis(methylenephosphonic acid), bis(heXamethyl 
enetriaminepenta(methylenephosphonic acid), and 2-ethyl 
heXylphosphonic acid. 

[0055] Suitable organic phosphonates that are useful in the 
present invention also include alkali metal ethane l-hydroXy 
diphosphonates (HEDP), alkylene poly(alkylene phospho 
nate), as Well as amino phosphonate compounds, including 
amino aminotri(methylene phosphonic acid) (AT MP), 
nitrilo trimethylene phosphonates (NTP), ethylene diamine 
tetra methylene phosphonates, and diethylene triamine penta 
methylene phosphonates (DTPMP). The phosphonate com 
pounds may be present either in their acid form or as salts 
of different cations on some or all of their acid functional 

ities. Preferred phosphonates to be used herein are diethyl 
ene triamine penta methylene phosphonate (DTPMP) and 
ethane l-hydroXy diphosphonate (HEDP). Such phospho 
nates are commercially available from Monsanto under the 
trade name DEQUEST®. 

[0056] In an embodiment of the present invention the 
corrosion-responsive agent is the salt of an intrinsically 
conductive polymer and a corrosion-inhibiting anion that is 
selected from any of the corrosion-inhibiting anions 
described above. 

[0057] The terms “intrinsically conductive polymer”, or 
“ICP”, as used herein, are intended to include any polymer 
that, in at least one valence state, has an electrical conduc 
tivity greater than about 10'8 S/cm, and preferably greater 
than about 10-6 S/cm. ICP’s generally have polyconjugated 
nelectron systems and can be doped With an ionic dopant 
species to an electrically conductive state. A number of 
conjugated organic polymers that are suitable for this pur 
pose are knoWn in the art and include, for eXample, poly 
acetylene, polyaniline, polycarbaZole, polyfuran, poly 
isothionaphene, polyparaphenylene, polyparaphenylene 
sul?de, polyparaphenylene vinylene, polyperinaphthalene, 
polyphthalocyanine, polypyrrole, polyquinoline, and poly 
thiophenepolyheteroarylenevinylene, in Which the het 
eroarylene group is thiophene, furan or pyrrole. MiXtures of 
such ICPs can also be used. 

[0058] It is knoWn that ICP’s, and speci?cally polyaniline, 
polythiophene, and polypyrrole, may be made electrically 
conductive either by electrochemical or chemical polymer 
iZation of protonated mononers, or by protonation of the 
neutral polymer by eXposure to protonic acids (often called 
dopants). For eXample, polyaniline that is electrically con 
ductive in its doped, or salt, form typically has a conduc 
tivity of greater than about 10-8 S/cm. HoWever, in its 
neutral, or base form, it is non-conductive and has a con 
ductivity of less than about 10-8 S/cm. 

[0059] In general, polyanilines suitable for use in this 
invention are homopolymers and copolymers derived from 
the polymeriZation of unsubstituted or substituted anilines of 
Formula I: 
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[0060] wherein: 

[0061] n is an integer from 0 to about 2; 

[0062] m is an integer from 2 to 5, With the proviso 
that the sum of n and m is equal to 5; 

[0063] R1 is aryl, alkyl or alkoxy having from 1 to 
about 30 carbon atoms, cyano, halo, acid functional 
groups, such as sulfonic acid, carboxylic acid, phos 
phonic acid, phosphoric acid, phosphinic acid, boric 
acid, sulfonic acid and the derivative thereof, such as 
salts, esters, and the like; amino, alkylamino, dialky 
lamino, arylamino, hydroxy, diarylamino, alkylary 
lamino, or alkyl, aryl or alkoxy substituted With one 
or more acid functional groups, such as sulfonic acid, 
carboxylic acid, phosphonic acid, phosphoric acid, 
phosphinic acid, boric acid, sulfonic acid and the 
derivative thereof, such as salts, esters, and the like; 
dialkylamino, arylamino, diarylamino, alkylary 
lamino, hydroxy, alkoxy, alkyl, and R2 is the same or 
different at each occurrence and is an R1 substituent 
or hydrogen. 

[0064] By Way of example, polyanilines that are suitable 
for use in the present invention include those that are 
described in Us. Pat. Nos. 4,851,487, 4,904,553, 4,935,163, 
4,940,517, 5,008,041, 5,095,076, 5,256,730, 5,281,363, 
5,378,403, 5,403,913, 5,427,715, 5,532,025, 5,554,717, 
5,567,356, 5,585,040, 5,658,649, 5,670,607, 5,773,568, 
5,863,465, 5,911,930, 5,917,693, and 6,030,550. 

[0065] By Way of example, polythiophenes that are suit 
able for use in the present invention include those that are 
described in Us. Pat. Nos. 4,986,886, 5,158,707, 5,182,050, 
5,204,423, 5,334,292, 5,482,655, 5,691,062, 5,885,711, 
6,004,483, 6,242,561, 6,248,818, and 6,333,145. 

[0066] By Way of example, polypyrroles that are suitable 
for use in the present invention include those that are 
described in Us. Pat. Nos. 4,569,734, 4,585,695, 4,617,353, 
4,697,000, 4,697,001, 4,764,573, 4,795,687, 4,847,115, 
5,120,807, 5,202,060, 5,407,699, 5,522,981, 5,532,025, 
5,885,711, and WO 90/10095. 

[0067] Examples of ICP’s that are useful in the present 
invention include polyacetylenes, polyanilines, polycarba 
Zoles, polyfurans, polyisothionaphenes, polyparaphe 
nylenes, polyparaphenylene sul?des, polyparaphenylene 
vinylenes, polyperinaphthalenes, polyphthalocyanines, 
polypyrroles, polyquinolines, and polythiophenepolyhet 
eroarylenevinylenes, in Which the heteroarylene group is 
thiophene, furan or pyrrole, and mixtures thereof. 

[0068] As mentioned above, When an ICP is a part of the 
corrosion-responsive agent of the present invention, the ICP 
is doped With a corrosion-inhibiting anion. In a preferred 
embodiment the corrosion-responsive agent comprises 2,5 
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dimercapto-1,3,4-thiadiaZole, and the intrinsically conduc 
tive polymer is selected from the group consisting of polya 
niline, polypyrrole, and polythiophene. 

[0069] When it is desired to use an ICP doped With a 
corrosion-responsive agent (CRA) in the present invention, 
the ICP/CRA salt can be prepared by any of the several 
methods that are Well knoWn in the art. For example, 
polyaniline may be synthesiZed by chemical polymeriZation 
of the ICP-monomer, aniline, from aqueous solutions or 
mixed aqueous and organic solutions, or by electrochemical 
polymeriZation in solutions or emulsions, and then doped 
With the CRA. It is preferred, hoWever, that the salt of an ICP 
and a CRA for use in the present invention be produced: 

[0070] (a) subjecting a liquid mixture containing a 
CRA to high-shear mixing to separate the corrosion 
responsive agent into very ?ne particles (i.e., less 
than about 20 microns number average particle 
diameter, preferably less than about 10 microns, 
more preferably less than about 2 microns. As an 
example, the liquid can be Water and the CRA can be 
DMcT. The high-shear mixing can be carried out, for 
example, by the use of a high-speed bead mill, such 
as an Eiger mill. The use of a conventional blender, 
such as a Waring blender, for example, is insuf?cient 
to provide the high-shear mixing required in the 
preferred embodiment of this method); 

[0071] (b) adding an ICP monomer, such as aniline, 
for example, to the mixture of ?ne CRA particles 
While subjecting the mixture to high-shear mixing; 

[0072] (c) adding an oxidant, such as a chemical 
oxidant, as, for example, ammonium peroxidisulfate, 
or the imposition of an electrical ?eld, to the mixture 
to facilitate polymeriZation of the ICP monomer into 
an ICP, Which is doped by the CRA to form the 
ICP/CRA salt; and 

[0073] (d) recovering the ICP salt of the corrosion 
responsive agent for use in the invention. The ICP/ 
CRA salt can be recovered from the liquid medium 
by ?ltration, for example, or be centrifugation, sedi 
mentation, or any other type of solid/liquid separa 
tion technique. 

[0074] The method described above is notable in that no 
acid, other than the corrosion-responsive agent, is used 
during the production of the ICP salt of the corrosion 
responsive agent. Although it is possible to carry out the 
polymeriZation step in the presence of an acid other than the 
corrosion-responsive agent (a non-corrosion-responsive 
agent acid, or non-CRA acid), the presence of too much of 
the other acid is believed to compete With the corrosion 
responsive agent for the doping sites on the ICP, With the 
result being that the ICP is doped predominantly With the 
non-CRA acid, rather than With the corrosion-responsive 
agent, and the CRA is left unbound in the product and is 
susceptible to rapid leaching. 

[0075] A preferred method of making an ICP doped With 
a CRA comprises polymeriZing the ICP monomer in the 
presence of a CRA and optionally one or more non-CRA 
acids, Wherein the molar ratio of total acids to the CRA is 
loWer than 8:1. It is more preferred that the ratio of total 
acids to CRA is loWer than 6:1 on a molar basis, even more 
preferred is When the ratio of total acids to CRA is loWer 
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than 3:1 on a molar basis, yet more preferred is a ratio of 
total acids to dopant inhibitor that is loWer than 2:1 on a 
molar basis, and it is even more preferred that the mixture 
in Which the ICP monomer is polymerized is free of an acid 
other than the CRA. 

[0076] PolymeriZable corrosion-responsive agents are 
preferred for use in some embodiments of the present 
method and compositions. As used herein, the terms “poly 
meriZable corrosion-responsive agents” refer to compounds 
that are capable of forming homodimers, homopolymers, 
and/or copolymers With a component of the radiation cur 
able resin under the same conditions that are used to cure the 
coating formulation, but de-polymeriZe to release corrosion 
inhibiting ions When exposed to electrochemical conditions 
characteristic of oxidative corrosion on a metal surface. 

[0077] Examples of such polymeriZable corrosion-respon 
sive agents include mercaptothiadiaZoles and dimercap 
tothiadiaZoles. When mercaptothiadiaZoles are exposed to 
radiation suitable for curing a radiation curable resin in the 
presence of a photoinitiator, it is believed that the free 
radicals generated by the photoinitiator are absorbed by the 
mercaptothiadiaZole as Well as by the components of the 
radiation curable resin With the result that dimers of mer 
captothiadiaZole are oxidatively formed at the same time 
that the radiation curable resin polymeriZes and crosslinks. 
In like fashion, When dimercaptothiadiaZoles are exposed to 
such radiation in a radiation curable resin system, it is 
believed that the dimercaptothiadiaZole absorbs free radicals 
and forms homodimers, homopolymers and/or copolymers 
With a component of the resin system. Because the free 
radicals are being absorbed by both the resin and the 
polymeriZable corrosion-responsive agent, it appears that 
the resin is more dif?cult to cure than the same system 
Without the agent, When, in fact, the available free radicals 
are causing the formation of the resin matrix and also the 
dimers, polymers and co-polymers involving the corrosion 
responsive agent. A preferred polymeriZable corrosion-re 
sponsive agent is 2,5-dimercapto-1,3,4-thiadiaZole. 

[0078] It is believed that advantages of corrosion-inhibit 
ing coatings of the present invention that contain 
homodimers, homopolymers, and/or copolymers of poly 
meriZable corrosion-responsive agents include the fact that 
such dimers and polymers act as concentrated reservoirs of 
the corrosion-responsive agent in a form that have very loW 
rates of mass transfer through the coating matrix. Therefore, 
the polymeriZable corrosion-responsive agents provide coat 
ings having very loW spontaneous release rates for the 
corrosion-responsive agents and a high degree of Weather 
ability. 

[0079] Like other corrosion-responsive agents, dimeriZed 
or polymeriZed corrosion-responsive agents release corro 
sion-inhibiting ions When exposed to electrochemical (oxi 
dation/reduction) conditions characteristic of those present 
on a metal surface that is undergoing oxidative corrosion. In 
the case of polymeriZed corrosion-responsive agents, It is 
believed that the mechanism of release of the ions is due to 
their reductive depolymeriZation. 

[0080] In the present method, the corrosion-responsive 
agent is intermixed With a radiation curable resin to form a 
coating formulation. In preferred embodiments, the resin is 
a liquid at room temperature, and the coating formulation is 
also a liquid at room temperature. The coating formulation 
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can be applied to a metal surface to form a ?lm of the coating 
formulation on the metal surface. The coating formulation 
can then be exposed to radiation Whereby the radiation 
curable resin forms a corrosion-resisting coating having a 
loW spontaneous release rate of the corrosion-responsive 
agent into the environment. 

[0081] As used herein, the terms “radiation curable resin” 
include all resin formulations that can be cured by exposure 
to a form of radiation. When the term “cured” is used herein, 
it refers to the curing of the resin to form a solid coating. In 
one embodiment, a ?lm of liquid coating formulation reacts 
to form a durable solid coating. Most often, the curing 
reaction is a polymeriZation reaction, and the corrosion 
resistant coating often includes a matrix of crosslinked 
polymer chains. 

[0082] The term “radiation”, as used herein, refers to the 
method by Which energy is transferred to the radiation 
curable resin in the coating formulation. Radiation curing 
can include energy transfer by ultraviolet (UV), visible light, 
electron beams, X-rays, gamma rays, plasmas, infrared, and 
microWaves. Further information regarding radiation curing 
can be found in Fouassier, J-P, Photoinitiation, Photopoly 
merization, and Ph0t0curing—Fundamentals and Applica 
tionsI, Hanser Publishers, New York (1995); and UV/EB 
Curing Primer: Inks, Coatings and Adhesives, Rechel, C. J. 
(Ed.), RadTech International North America (Publ), (1995). 

[0083] In one embodiment, the radiation curable resin is a 
UV curable resin. 

[0084] In UV curable resin systems, it is common for the 
resin to include an oligomer, a photoinitiator, and optionally 
a monomeric diluent. Although many types of oligomers are 
useful in UV cured resin systems, those that are preferred 
include epoxy acrylates and diacrylates, urethane acrylates, 
polyurethane diacrylates, bisphenol A epoxy acrylates, 
amine modi?ed polyether acrylates, aromatic urethane acry 
lates, polybutadiene acrylates, polyester acrylates, and mix 
tures thereof. 

[0085] Examples of the photoinitiator for a UV curable 
resin system include First cure (DEAP, First Chemical Co.), 
Irgacure 651 (DMPA) Irgacure 184 (HCAP), Irgacure 784 
(Titanocene derivative), Irgacure 369 (Morpholino ketone, 
BDMB), and Irgacure 907 (TPMK, from Ciba Geigy), 
Carocure 1173 (HAP), Darocure 1116 derivative), 
DArocure 295 9 (Hydrophilic HAP), and Darocure 953 (C13 
HAP, from Merck), Esacure KIP (oligomeric HAP, from 
Fratelli Lamberti), Lucirin TPO (trimethyl benZoyl phos 
phine oxide, from BASF), oligomeric alpha-hyroxyphe 
nylketones, hydroxy-acetophenones, and others described in 
Fouassier ibid. at 148. 

[0086] In a preferred embodiment, the photoinitiator com 
prises 2-hydroxy-2-methyl-phenyl-1-[4-(1-methylvi 
nyl)phenyl]propanone. 

[0087] In some UV curable resins, a monomeric diluent 
can also be present. Examples of such monomers include 
dipropylene glycol diacrylate, 1,3 butylene glycol diacry 
late, ethoxylated trimethylolpropane triacrylate, propoxy 
lated neopentyl glycol diacrylate, tripropylene glycol dia 
crylate, trimethylolpropane triacrylate, ditrimethylolpropane 
triacrylate, hexane diol diacrylate, and other monomers 
described in Fouassier, ibid at 149. 
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[0088] In a preferred embodiment, the UV-curable resin 
comprises a urethane acrylate oligomer/acrylate monomer 
blend. Examples of urethane acrylate oligomer/acrylate 
monomer blends that are preferred for the present invention 
are products having the tradenames FD3007C1UV, EXGH 
AAJG-CL, and EXGH-JH-CL, available from Allied Pho 
toChemical, Kimball, Mich. 

[0089] In addition to the corrosion-responsive agent, the 
present radiation curable resin can also contain other ingre 
dients, and such components as thermal free-radical inhibi 
tors, additives for ?oW, slip, mist, Wetting and dispersion 
control, plasticiZing diluents, ?llers, light stabiliZers, pig 
ments and dyes, and the like. 

[0090] When the present compositions are applied to a 
metal surface, they can be applied by any technique, many 
of Which are knoWn in the art. Examples of application 
techniques include dip and Wipe, curtain coating, roll coat 
ing, silk screen printing (screen printing), printing press, 
lithography, offset printing, nitrogen assisted airless spray 
ing, brushing, ?oWing, pouring, or the like. Screen printing 
is a preferred method of applying the coating formulation to 
a metal surface When precise control of the coating thickness 
is desirable. 

[0091] When the present coating formulations are applied 
to metal surfaces by screen printing, the metal can be coated 
in any screen printing apparatus and then cured in any UV 
curing machine. An example of a suitable UV curing 
machine is a Switchback UV curing system, available from 
M&R Printing Equipment, Inc., Glen Ellyn, Ill. When a ?lm 
of the present coating formulation having as a radiation 
curable resin a urethane acrylate oligomer/acrylate mono 
mer blend, such as FD3007C1UV, available from Allied 
PhotoChemical, Kimball, Mich., is applied to a metal sur 
face, the ?lm can be cured by exposure to radiation from an 
iron-doped UV lamp, having peak illumination at about 390 
nm, With a poWer setting of 200 Watts/inch and a belt speed 
of 10 feet per minute (fpm) to provide an illumination 
exposure to the ?lm of the coating formulation of about 1.4 
Joules/cm2. When the coating formulation contains a poly 
meriZable corrosion-responsive agent, such as DMcT, this 
combination of settings is suitable to cure a ?lm of about 10 
microns thickness. When non-polymeriZable corrosion-re 
sponsive agents are used, thicker coatings, or faster belt 
speeds can be used. 

[0092] When a ?lm of the coating formulation is applied 
to a metal surface, the thickness of the ?lm and the amount 
of corrosion-responsive agent in the coating formulation can 
be selected so that the amount of the corrosion-responsive 
agent is sufficient to provide a corrosion-protective level of 
the agent in the cured coating Without interfering With the 
radiation curing of the resin in the ?lm. 

[0093] The corrosion-responsive agent can be present in 
the cured coatings of the present invention in any amount, 
but it is normal for the coating to contain the corrosion 
responsive agent in an amount betWeen 1% and 40% by 
Weight. In a preferred embodiment, the corrosion-resisting 
coating comprises the corrosion-responsive agent in an 
amount betWeen 2% and 25% by Weight, and an amount 
betWeen 3% and 10% by Weight is even more preferred. 

[0094] The cured corrosion-inhibiting coating of the 
present invention can have any thickness, but a thickness 
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betWeen about 5 and about 200 microns is normal. In 
preferred embodiments, the corrosion-inhibiting coating has 
a thickness betWeen about 10 and about 100 microns, more 
preferred is a thickness betWeen about 20 and about 60 
microns, and yet more preferred is a thickness betWeen 
about 25 and about 40 microns. 

[0095] Also included in the present invention are anti 
corrosion coating formulations. The present coating formu 
lations comprise a radiation curable resin and a corrosion 
responsive agent that is capable of releasing a corrosion 
inhibiting ion in response to exposure to electrochemical 
(oxidation/reduction) conditions that are characteristic of 
those present on a metal surface undergoing oxidative cor 
rosion. The corrosion-responsive agent of the formulation 
can be any one of the corrosion-responsive agents that are 
described above. LikeWise, the radiation curable resin can be 
selected from any of the radiation curable resins that are 
described herein. 

[0096] In a preferred coating formulation, the corrosion 
responsive agent is 2,5-dimercapto-1,3,4-thiadiaZole and the 
radiation curable resin comprises a urethane acrylate oligo 
mer/acrylate monomer blend. 

[0097] In an embodiment of the present coating formula 
tion, at least a portion of the corrosion-responsive agent is a 
polymeriZable corrosion-responsive agent. 

[0098] The scope of the present invention also includes 
corrosion resisting coatings that are produced by curing the 
coating formulations that are described above. The corrosion 
resisting coatings comprise a corrosion-responsive agent 
dispersed in a radiation cured crosslinked polymer matrix. In 
some embodiments, at least a portion of the corrosion 
responsive agent is present in the form of a homodimer or 
homopolymer of the corrosion-responsive agent, or as a 
copolymer With the radiation curable resin, and Wherein the 
portion of the corrosion-responsive agent Which is present in 
the form of a homodimer or homopolymer of the corrosion 
responsive agent, or as a copolymer With the radiation 
curable resin is capable of de-polymeriZing in response to 
exposure to electrochemical conditions characteristic of 
those present on a metal surface undergoing oxidative cor 
rosion. 

[0099] The present invention also includes metal surfaces 
that have been treated by the novel method. The metal 
surface that is protected against corrosion comprises a metal 
surface to Which is adhered a radiation-cured polymer 
matrix that has been formed according to any one of the 
methods described herein. 

[0100] It is believed that the present methods can be used 
to prevent or reduce corrosion for any corrodible metal. The 
methods and compositions are particularly useful on steel 
and aluminum alloys, and more particularly on aluminum/ 
copper alloys. In preferred embodiments, the aluminum/ 
copper alloys are those that comprise at least 1% by Weight 
copper, more preferred are aluminum/copper alloys that 
contain at least 4% by Weight copper, yet more preferred are 
copper-containing aluminum alloys AA2024 and AA7075. 

[0101] The folloWing examples describe preferred 
embodiments of the invention. Other embodiments Within 
the scope of the claims herein Will be apparent to one skilled 
in the art from consideration of the speci?cation or practice 
of the invention as disclosed herein. It is intended that the 
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speci?cation, together With the examples, be considered to 
be exemplary only, With the scope and spirit of the invention 
being indicated by the claims Which folloW the examples. In 
the examples all percentages are given on a Weight basis 
unless otherWise indicated. 

EXAMPLE 1 

[0102] This illustrates the production of poly(2,5-dimer 
capto-1,3,4-thiadiaZole). 

[0103] 2,5-dimercapto-1,3,4-thiadiaZole (25 grams, 
DMcT, available from Sigma-Aldrich, Milwaukee, Wis.) 
Was added to 50/50 deioniZed Water/methanol (1500 ml). 
Sodium hydroxide (6.66 grams) Was then added to the 
mixture With stirring until the mixture became a clear 
transparent yelloW. The mixture Was heated to about 45° C. 
With stirring. In a separate ?ask, iodine (42.13 grams) Was 
dissolved in methanol (400 ml) transferred to an addition 
funnel that is attached to the round-bottom ?ask holding the 
DMcT mixture. The iodine solution Was added dropWise to 
the DMcT mixture in the ?ask With stirring over a period of 
about 30 minutes. Aprecipitate formed immediately and Was 
initially White, but became reddish broWn as the iodine 
solution Was added. After stirring for 2 hours, the product 
Was recovered by ?ltration, and the product Was Washed 
With acetonitrile, methanol and deioniZed Water. The solid 
product Was dried at 70° C. until dry. Product Was a light 
yelloW solid. 

EXAMPLE 2 

[0104] This illustrates the production of polyaniline doped 
With (2,5-dimercapto-1,3,4-thiadiaZole). 

[0105] Synthesis of DMcT-Salt of Polyaniline (Blender 
Method): 
[0106] 2,5-dimercapto-1,3,4-thiadiaZole (93 grams) Was 
ground in a mortar With a pestle to a ?ne poWder. The 
poWder Was added to deioniZed Water in a Waring blender 
and emulsi?ed in the blender for 1 minute. Aniline (57 
grams) Was added to the mixture in the blender and emul 
si?ed for 1 minute. The mixture in the blender Was trans 
ferred to a 3 liter round-bottom jacketed ?ask that Was 
cooled to about 5° C. and blanketed With nitrogen. Ammo 
nium peroxidisulfate (170 grams, APDS) Was dissolved in 
deioniZed Water and transferred to an addition funnel, Which 
Was attached to the round-bottom ?ask. The APDS solution 
Was then added dropWise to the mixture in the ?ask over a 
period of about 15 minutes While maintaining the tempera 
ture of the mixture in the ?ask beloW about 50 C. The 
mixture Was stirred for 3 hours at about 50 C. under a 
nitrogen blanket. The product Was recovered by ?ltration, 
and the solid product Was Washed With deioniZed Water. 

[0107] Synthesis of DMcT-Salt of Polyaniline (Eiger Mill 
Method): 
[0108] The folloWing materials Were added to an Eiger 
mill (Model Mini 100 Motormill, Eiger Machinery, Inc., 
Grayslake, Ill.): glass beads (60 ml), deioniZed Water (325 
ml), 2,5-dimercapto-1,3,4-thiadiaZole (25 g, DMcT, CAS 
No. 1072-71-5). The charge Was milled at 5000 rpm for 
about 15 minutes to produce a ?ne yelloW slurry. Then 
aniline (15.32 g) Was added dropWise over about 18 to 40 
minutes, While the mill Was operated at a speed of 5000 rpm. 
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The mixture in the mill Was milled an additional time period 
(up to 45 minutes) and then discharged from the mill. 

[0109] The above procedure Was repeated tWice more and 
the three products of the procedure Were combined and 
added to a 3 liter jacketed round-bottomed ?ask With an 
overhead stirrer. To the salt mixture Was added dropWise 138 
g ammonium peroxidisulfate (APS) in Water at 2° C. The 
reaction exotherm of 13° C. Was noted 77 minutes after the 
beginning of the APS addition. The dark-green-black slurry 
Was stirred overnight at 2° C. 

[0110] The slurry of ?ne particles Was ?ltered, Washed 
three times With 1000 ml deioniZed Water, air dried, and then 
dried in a vacuum oven to give the product poWder. The 
particles siZe by light microscopic examination Was esti 
mated to be less than about 20 microns. 

[0111] Chromatographic CharacteriZation of Poly-DMcT 
and the DMcT-Salt of Polyaniline: 

[0112] A sample of poly-DMcT, produced as described in 
Example 1, and tWo samples of the DMcT-salt of polyaniline 
(Pani-DMcT), produced separately by the ?rst method 
described above, Were characteriZed by siZe-exclusion chro 
matography (SEC) by methods described by Kinlen et al., in 
Macromolecules, 31:1735-1744 (1998). Polymer solutions 
used in the analysis Were prepared in the SEC mobile phase 
(N-methylpyrrolidone (NMP) saturated With ammonium 
formate) at a nominal polymer concentration of 5 mg/ml. In 
the case of poly-DMcT and the tWo Pani-DMcT samples, 
only partial solubility Was found. The solutions Were cen 
trifuged in a laboratory microcentrifuge at 8,000 rpm for 2 
minutes. All insolubles sedimented under these conditions 
and only the soluble fractions Were employed in the SEC 
analysis. The chromatographic ?oW rate Was 0.4 ml/min and 
an injection volume of 400 microliters Was used. 

[0113] As shoWn in FIG. 1, the differential refractive 
index (DRI) chromatograms for the polyaniline standard 
(Sigma-Aldrich Co., St. Louis, Mo.) and the soluble fraction 
of poly-DMcT are distinctly different. The later retention 
time for the poly-DMcT is consistent With a loW molecular 
Weight polymer resulting from partial solubility (extraction) 
of the solid poly-DMcT in the SEC solvent. 

[0114] Overlaying the DRI curves for the tWo homopoly 
mer standards in FIG. 1, With the corresponding curves for 
the Pani-DMcT samples labeled #1 and #2, produced the 
data shoWn in FIG. 2. The chromatograms of Pani-DMcT #1 
and #2 strongly indicate the presence of poly-DMcT, as Well 
as the presence of polyaniline. Components eluting With 
retention times earlier than the polyaniline standard suggest 
multiple species, possibly pure polyaniline and copolymers 
of aniline and DMcT. 

[0115] The strong indication of poly-DMcT in Pani-DMcT 
samples #1 and #2 is clearly demonstrated in FIG. 3, Which 
is a retention time expansion of the polymer region of the 
SEC chromatograms. By contrast, a similar expansion, 
shoWn in FIG. 4, reveals that Pani-DMcT #1 contains less 
poly-DMcT relative to its earlier eluting components than in 
the case of Pani-DMcT #2. 

[0116] This data shoWs that polyaniline that is polymer 
iZed in the presence of DMcT provides a product having 
both polyaniline and poly-DMcT. The product may also 
have some types of DMcT dimers and oligomers, and even 
some types of co-polymers involving DMcT and aniline. 
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These structures are believed to be important in providing 
the present cured coatings With the advantages of a loW 
spontaneous release rate for the corrosion-inhibiting DMcT 
anion, While also providing a coating With a signi?cant 
concentration of the corrosion-responsive agent. 

EXAMPLE 3 

[0117] This illustrates the production of UV-curable coat 
ing formulations containing (2,5-dimercapto-1,3,4-thiadiaZ 
ole), poly(2,5-dimercapto-1,3,4-thiadiaZole), and polya 
niline doped With (2,5-dimercapto-1,3,4-thiadiaZole). 

[0118] A measured amount of a UV-curable resin (160 g; 
available as FD3007CI UV, from Allied PhotoChemical, 
Kimball, Mich.) Was charged to an Eiger Mini Mill (Model 
100 VSE; Eiger Machinery, Inc., Grayslake, Ill.), and an 
amount (17.78 g dry Weight) of a corrosion-responsive 
agent, selected from 2,5-dimercapto-1,3,4-thiadiaZole 
(DMcT), poly(2,5-dimercapto-1,3,4-thiadiaZole), and 
polyaniline doped With (2,5-dimercapto-1,3,4-thiadiaZole) 
(Pani-DMcT) Was added as a solid material to the liquid to 
give a mixture that Was 10% by Weight corrosion-responsive 
agent. The solids and the liquid Were milled until the solids 
Were of the desired particle siZe and Were Well-dispersed in 
the liquid. 

[0119] A knoWn Weight (100 g) of the 10% W/W mixture 
Was draWn from the mill, and 77.78 g of the UV-curable 
resin Was added to the mixture remaining in the mill to make 
a mixture that Was 5% by Weight DMcT, and the mixture in 
the mill Was milled until the solids Were Well dispersed. 

[0120] The 10% mixture and the 5% mixtures Were then 
ready for use in the coating formulations of the invention. 
The relative amounts of UV-curable resin and corrosion 
responsive agent can be varied to provide a coating formu 
lation having any desirable concentration of the corrosion 
responsive agent. 

[0121] This method could be used With any radiation 
curable resin and any corrosion-responsive agent to prepare 
a UV-curable coating formulation of the present invention. 
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EXAMPLE 4 

[0122] This illustrates the application of UV-cured coat 
ings containing 2,5-dimercapto-1,3,4-thiadiaZole, poly(2,5 
dimercapto-1,3,4-thiadiaZole), and polyaniline doped With 
(2,5-dimercapto-1,3,4-thiadiaZole) to aluminum panels. 

[0123] Coating formulations comprising a UV-curable 
resin (available as EXGH-JH-CL from Allied PhotoChemi 
cal Co.) containing 0%, 5%, and 10% W/W of either 2,5 
dimercapto-1,3,4-thiadiaZole, poly(2,5-dimercapto-1,3,4 
thiadiaZole), or polyaniline doped With (2,5-dimercapto-1, 
3,4-thiadiaZole Were applied onto one surface of 3“><6“ 
aluminum panels selected from 2024 aluminum alloy, 2024 
aluminum alloy cleaned by scrubbing With Scotch Brite®, or 
7076 aluminum alloy to form the samples shoWn in Table 1. 
Each coating formulation Was applied by screen printing in 
a Coleman press through a 305 mesh screen or a 380 mesh 

screen With an 80 dur. Squeegee. After the application of a 
?lm of the coating formulation had been applied to a panel, 
the coating ?lm Was cured by passage of the coated panel 
through an M&R Switchback UV curing system (Model 
CWBK-60-208-1-60, available from M&R Equipment Co., 
Glen Ellyn, Ill.) using a belt speed of 10 fpm and an intensity 
setting of 200 Watts/in. (1.123 Watts/cm2) for an iron-doped 
lamp, to provide a poWer input of 1.346 Joules/cm2 to the 
coated surface for each curing pass. Radiation poWer and 
exposure Was measured With a High Energy UV Radiometer 
(available under the tradename UVICURE® Plus from EIT 
Inc., Sterling, Va.). 

[0124] For each coating, a total of three coating/curing 
cycles Was carried out. Coating Weight and the thickness of 
the cured coating are shoWn in Table 1. Also shoWn in Table 
1 is the coating density. 

[0125] The cured coatings produced by this method had a 
?nal thickness of about 30-35 microns and a density of from 
about 0.005 to 0.006 lbs/mil/ft2. 

TABLE 1 

Aluminum alloy samples With UV-cured corrosion-responsive coatingg 

Weight 
Before Weight Dry Film 
Coating Belt After Coating Thickness lbs/mil/ 

Substratea (Gms) Coatingb MeshC PassesC SpeedC Watts/inchd Joulese Coating Weight (Microns) ft2 

2024-T3 CC 25.81 10% DMcT 305 3 10 1.164 1.398 26.17 0.36 35 0.0058 
2024-T3 CC 25.9 10% DMcT 305 3 10 1.164 1.398 26.28 0.38 35 0.0062 
2024-T3 CC 25.44 10% DMcT 305 3 10 1.164 1.398 25.81 0.37 34 0.0062 
2024-T3 CC 25.46 10% DMcT 305 3 10 1.164 1.398 25.83 0.37 34 0.0062 
2024-T3 CC 25.73 10% PolyDMcT 305 3 10 1.164 1.398 26.07 0.34 35 0.0055 
2024-T3 CC 25.44 10% PolyDMcT 305 3 10 1.164 1.398 25.8 0.36 34 0.0060 
2024-T3 CC 25.73 10% PolyDMcT 305 3 10 1.164 1.398 26.08 0.35 36 0.0055 
2024-T3 CC 25.71 10% PolyDMcT 305 3 10 1.164 1.398 26.05 0.34 35 0.0055 
2024-T3 CC 25.77 10% PANI-DMCT 380 3 10 1.164 1.398 26.02 0.25 26 0.0055 
2024-T3 CC 25.69 10% PANI-DMCT 380 3 10 1.164 1.398 25.96 0.27 28 0.0055 
2024-T3 CC 25.58 10% PANI-DMCT 380 3 10 1.164 1.398 25.83 0.25 27 0.0053 
2024-T3 CC 25.67 10% PANI-DMCT 380 3 10 1.164 1.398 25.93 0.26 27 0.0055 
2024-T3 CC 25.7 Allied Clear 305 3 10 1.164 1.398 26.01 0.31 33 0.0053 
2024-T3 CC 25.74 Allied Clear 305 3 10 1.164 1.398 26.05 0.31 32 0.0055 

2024-T3 Scotch Brite 25.81 10% DMcT 305 3 10 1.164 1.398 26.18 0.37 35 0.0060 
2024-T3 Scotch Brite 25.79 10% DMcT 305 3 10 1.164 1.398 26.16 0.37 35 0.0060 
2024-T3 Scotch Brite 25.8 10% DMcT 305 3 10 1.164 1.398 26.17 0.37 35 0.0060 
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TABLE l-continued 

Aluminum alloy samples With UV-cured corrosion-responsive coatings. 

Weight 
Before Weight Dry Film 
Coating Belt After Coating Thickness lbs/mil/ 

Substratea (Gms) Coatingb MeshC PassesC SpeedC Watts/inchd Joulese Coating Weight (Microns) ft2 

2024-T3 Scotch Brite 25.88 10% DMcT 305 3 10 1.164 1.398 26.25 0.37 n/a n/a 
2024-T3 Scotch Brite 25.76 10% PolyDMcT 305 3 10 1.164 1.398 26.12 0.36 34 0.0060 
2024-T3 Scotch Brite 25.52 10% PolyDMcT 305 3 10 1.164 1.398 25.87 0.35 34 0.0059 
2024-T3 Scotch Brite 25.87 10% PolyDMcT 305 3 10 1.164 1.398 26.22 0.35 34 0.0059 
2024-T3 Scotch Brite 25.78 10% PolyDMcT 305 3 10 1.164 1.398 26.16 0.38 n/a n/a 
2024-T3 Scotch Brite 25.8 10% PANI-DMcT 380 3 10 1.164 1.398 26.05 0.25 26 0.0055 
2024-T3 Scotch Brite 25.79 10% PANI-DMcT 380 3 10 1.164 1.398 26.04 0.25 26 0.0055 
2024-T3 Scotch Brite 25.68 10% PANI-DMcT 380 3 10 1.164 1.398 25.96 0.28 27 0.0059 
2024-T3 Scotch Brite 25.71 10% PANI-DMcT 380 3 10 1.164 1.398 25.98 0.27 n/a n/a 
2024-T3 Scotch Brite 25.79 Allied Clear 305 3 10 1.164 1.398 26.12 0.33 38 0.0049 
2024-T3 Scotch Brite 25.79 Allied Clear 305 3 10 1.164 1.398 26.1 0.31 n/a n/a 

7075-T6 CC 26.11 10% DMcT 305 3 10 1.164 1.398 26.46 0.35 34 0.0059 
7075-T6 CC 25.96 10% DMcT 305 3 10 1.164 1.398 26.33 0.37 33 0.0064 
7075-T6 CC 26.09 10% DMcT 305 3 10 1.164 1.398 26.46 0.37 37 0.0057 
7075-T6 CC 26.13 10% DMcT 305 3 10 1.164 1.398 26.49 0.36 36 0.0057 
7075-T6 CC 26.16 10% PolyDMcT 305 3 10 1.164 1.398 26.53 0.37 36 0.0058 
7075-T6 CC 26.13 10% PolyDMcT 305 3 10 1.164 1.398 26.5 0.37 34 0.0062 
7075-T6 CC 26.18 10% PolyDMcT 305 3 10 1.164 1.398 26.53 0.35 33 0.0060 
7075-T6 CC 26.18 10% PolyDMcT 305 3 10 1.164 1.398 26.53 0.35 33 0.0060 
7075-T6 CC 26.18 10% PANI-DMcT 380 3 10 1.164 1.398 26.43 0.25 28 0.0051 
7075-T6 CC 26.12 10% PANI-DMcT 380 3 10 1.164 1.398 26.39 0.27 26 0.0059 
7075-T6 CC 26.02 10% PANI-DMcT 380 3 10 1.164 1.398 26.27 0.25 25 0.0057 
7075-T6 CC 26.13 10% PANI-DMcT 380 3 10 1.164 1.398 26.39 0.26 25 0.0059 
7075-T6 CC 26.13 Allied Clear 305 3 10 1.164 1.398 26.46 0.33 31 0.0061 
7075-T6 CC 26.12 Allied Clear 305 3 10 1.164 1.398 26.43 0.31 31 0.0057 

Notes: 
aSubstrates are 2024 aluminum alloy, 2024 aluminum alloy cleaned With Scotch Brite ® cleanser, and 7075 aluminum alloy. 
bCoatings shoW the percent W/W of the corrosion-responsive agent present in a UV-curable resin (EXGH-JH-CL from Allied ———————— —— Samples shoWn 
as “Allied clear” have no corrosion-responsive agent. 
cThe mesh size shoWn in the mesh size of the screen used for screen printing of the coating. “Passes” denote the number of separate coating/curing 
cycles used to 
dWatts/in is the poWer setting for the iron-doped UV lamp, and Joules shoW the poWer transferred to the coating during each curing pass. 

EXAMPLE 5 

[0126] This illustrates the anti-corrosion performance of 
aluminum panels coated With UV-cured coatings containing 
(2,5-dimercapto-1,3,4-thiadiaZole), poly(2,5-dimercapto-1, 
3,4-thiadiaZole), and polyaniline doped With (2,5-dimer 
capto-1,3,4-thiadiaZole) in salt-fog tests. 

[0127] Samples of aluminum alloy (3“><6“><0.032“ bare 
2024 T3 aluminum alloy) Were pretreated With a chromate 
conversion coating according to Military Speci?cation MIL 

C-5541/PS13209, and then coated With the coatings 
described in Table 2 and subjected to salt/fog exposure 
testing according to ASTM B-117 test protocol. Each test 
panel Was scribed to produce a scratch that penetrated the 
coating and uncovered the bare aluminum alloy. Table 2 
shoWs the performance of the samples after 1,560 hours of 
salt/fog exposure. It can be seen that all test panels having 
either polyaniline/DMcT or DMcT corrosion-responsive 
agents as components of the coatings Were signi?cantly 
protected against corrosion. 

TABLE 2 

Salt/fog testing of aluminum alloy coated With coatings containing 
corrosion-responsive agents. 

NO. OF DRY FILM CORROSION 
PANEL COATING COATING DRY THICKNESS PERFORMANCE 
NO. TYPE METHOD PASSES (microns) AT 1560 HOURS 

8C 7.5% #10 Wire 2 32 Single blister 
PANI/DMcT draW bar growing in 
IN EXGH- circumference 
AAJG-CL 

9C Same Same 2 35 No change 
1C Same Same 2 32 Blister neXt to 

scratch growing 
8D 7.5% ATM 3 32 No change 

PANI/DMcT screen 
in EXGH-JH- printing 
CL 
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Salt/fog testing of aluminum alloy coated With coatings containing 
corrosion-responsive agents. 

NO. OF DRY FILM CORROSION 
PANEL COATING COATING DRY THICKNESS PERFORMANCE 
NO. TYPE METHOD PASSES (microns) AT 1560 HOURS 

9D Same Same 3 33 Blister next to 
scratch groWing 

10D Same Same 3 32 Blister next to 
scratch groWing 

SE 7.5% DMcT #10 Wire 2 31 No change 
IN EXGH- draW bar 
AAJG-CL 

9E Same Same 2 34 No change 
10E Same Same 2 30 No change 
8F 7.5% ATM 3 33 No change 

PANI/DMcT screen 
in EXGH-JH- printing 
CL 

9F Same Same 3 32 No change 
10F Same Same 3 33 No change 

[0128] All references cited in this speci?cation, including 
Without limitation all papers, publications, patents, patent 
applications, presentations, texts, reports, manuscripts, bro 
chures, books, internet postings, journal articles, periodicals, 
and the like, are hereby incorporated by reference into this 
speci?cation in their entireties. The discussion of the refer 
ences herein is intended merely to summarize the assertions 
made by their authors and no admission is made that any 
reference constitutes prior art. Applicants reserve the right to 
challenge the accuracy and pertinency of the cited refer 
ences. 

[0129] In vieW of the above, it Will be seen that the several 
advantages of the invention are achieved and other advan 
tageous results obtained. 

[0130] As various changes could be made in the above 
methods and compositions Without departing from the scope 
of the invention, it is intended that all matter contained in the 
above description and shoWn in the accompanying draWings 
shall be interpreted as illustrative and not in a limiting sense. 

What is claimed is: 
1. A method of protecting a metal surface against corro 

sion, the method comprising: 

applying to the metal surface a coating formulation that 
comprises a radiation curable resin and a corrosion 
responsive agent that is capable of releasing a corro 
sion-inhibiting ion in response to exposure to electro 
chemical conditions characteristic of those present on a 
metal surface undergoing oxidative corrosion; and 

exposing the coating formulation to radiation Whereby the 
radiation curable resin forms a corrosion-resisting coat 
ing having a loW spontaneous release rate of the 
corrosion-responsive agent into the environment. 

2. The method according to claim 1, Wherein the coating 
formulation is applied to the metal surface as a ?lm and 
Wherein the thickness of the ?lm and the amount of the 
corrosion-responsive agent in the formulation are selected so 
that the amount of the corrosion-responsive agent is suf? 
cient to provide a corrosion-protective level of the agent in 

the cured coating Without interfering With the radiation 
curing of the resin in the ?lm. 

3. The method according to claim 1, Wherein the corro 
sion-inhibiting ion is a corrosion-inhibiting cation. 

4. The method according to claim 3, Wherein the corro 
sion-inhibiting cation is an inorganic cation. 

5. The method according to claim 4, Wherein the inorganic 
corrosion-inhibiting cation is selected from the group con 
sisting of: Ca, Sr, Ti, Mo, Zr, Ce, and Fe. 

6. The method according to claim 3, Wherein the corro 
sion-inhibiting cation is an organic cation. 

7. The method according to claim 6, Wherein the organic 
corrosion-inhibiting cation is selected from the group con 
sisting of: ammonium, alkyl-ammonium, and cycloalkyl 
ammonium. 

8. The method according to claim 1, Wherein the corro 
sion-inhibiting ion is a corrosion-inhibiting anion. 

9. The method according to claim 8, Wherein the corro 
sion-inhibiting anion is an inorganic anion. 

10. The method according to claim 9, Wherein the inor 
ganic corrosion-inhibiting anion is selected from the group 
consisting of: CrO42_, CrO12H85_, PO43“, HPOf', M0042“, 
B022‘, SiO32_, NCN2_, HPO32_, N02‘, P301051 and 
C032‘. 

11. The method according to claim 10, Wherein the 
inorganic corrosion-inhibiting anion is selected from the 
group consisting of: PO43“, HPO43_, M0042“, B022“, 
SiO32_, NCN2_, and P3015‘. 

12. The method according to claim 8, Wherein the corro 
sion-inhibiting anion is an organic anion. 

13. The method according to claim 12, Wherein the 
organic corrosion-inhibiting anion is one that is formed by 
the ionization of a corrosion-responsive agent that is 
selected from the group consisting of mercapto-substituted 
organics, thio-substituted organics, and dimers, trimers, oli 
gomers, and polymers thereof. 

14. The method according to claim 12, Wherein the 
corrosion-inhibiting anion is one that is formed by the 
ionization of a corrosion-responsive agent that is selected 
from the group consisting of: 1-(4-hydroxyphenyl)-1H-tet 
razol-5-thiol, 1,2,4-triazole-3-thiol, l-pyrollidinecar 
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bodithioic acid, 2,2‘-dithiobis(benZothiaZole), 2,4-dimer 
capto-6-amino-S-triazine, 2,4-dithiohydantoin, 2,5 
dimercapto-1,3,4-thiodiaZole, 2,5-dimethylbenZothiaZole, 
2-amino-1,3,4-thiadiaZole, 2-mercapto-5-methy1benZimida 
Zo1e, 2-mercapto-5-nitrobenZimidaZo1e, 2-mercaptobenZim 
idiZole, 2-mercaptobenZoXaZole, 2-mercaptoethane sulfonic 
acid, 2-mercaptoimidaZole, 2-mercaptothiaZoline, 2-thiou 
racil, 3-amino-5-mercapto-1,2,4-triaZo1e, 5,5-dithio-bis(1,3, 
4-thiadiaZole-2(3H)-thione, S-amino-1,3,4-thiadiaZole, 
6-amino-2-mercaptobenZothiaZole, 6-ethoXy-2-mercapto 
benZothiaZo1e, 6-mercaptopurine, -alky- or N-cycloalkyl 
dithiocarbamates, alkyl- and cyclo-alkyl mercaptanes, ben 
ZothiaZole, dimercapto pyridine, dimethyldithio carbamic 
acid, dithiocyanuric acid, mercaptobenZothiaZo1e, mercap 
tobenZoXaZole, mercaptoethanesulfonic acid, mercaptoimi 
daZole, mercaptopyridine, mercaptopyrimidine, mercapto 
quinoline, mercaptothiaZole, mercaptothiaZoline, 
mercaptotriaZo1e, 0,0-dialkyl- and 0,0-dicycloalkyl 
dithiophosphates, O-alkyl- or O-cycloalkyl-dithiocarbon 
ates, o-ethylXanthic acid, quinoXaline-2,3-thiol, thioacetic 
acid, thiocresol, thiosalicylic acid, trithiocyanuric acid, and 
dimers, trimers, oligomers, and polymers thereof. 

15. The method according to claim 13, Wherein the 
mercapto-substituted organic comprises a mercapto-substi 
tuted aryl or heteroaryl. 

16. The method according to claim 14, Wherein the 
corrosion-inhibiting anion is one that is formed by the 
ioniZation of 2,5-dimercapto-1,3,4-thiadiaZole. 

17. The method according to claim 12, Wherein the 
organic corrosion-inhibiting agent comprises an organic 
phosphonic acid, or salt or ester thereof. 

18. The method according to claim 17, Wherein the 
organic phosphonic acid is a an aminoalkylphosphonic acid 
or a hydroXyalkylphosphonic acid having the general for 
mula: 

M is selected from the group consisting of hydrogen, an 
alkaline metal, alkyl, alkenyl, alkynyl, alkoXy, aryl, 
cyclic, heteroaryl, and heterocyclic; 

R1 is selected from the group consisting of amino, ami 
noalkyl, and hydroXyalkyl; and 

X is a number equal to the valence of R1, provided that X 
is 1 or higher. 

19. The method according to claim 18, Where X is 2 or 
higher. 

20. The method according to claim 17, Wherein the 
organic phosphonic acid is selected from the group consist 
ing of: n-octyldecylaminobismethylenephosphonic acid, 
dodecyldiphosphonic acid, ethylidenediaminotetramethyl 
enephosphonic acid, hydroXyethylidenediphosphonic acid, 
1-hydroXyethylidene1,1-diphosphonic acid, isopropenyl 
diphosphonic acid, N,N-dipropynoXymethylaminotrim 
ethylphosphonic acid, oXyethylidenediphosphonic acid, 
2-carboXyethylphosphonic acid, N,N-bis(ethynoXymethy 
1)aminomethyltriphosphonic acid, nitriletrimethylenephos 
phonic acid, aminotrimethylenephosphonic acid, diethylen 
etriaminepentakis(methylenephosphonic) acid, 
amino(trimethylenephosphonic acid), nitrilotris(methylene 
phosphonic acid), ethylenediaminotetra(methyl 
enephosphonic acid), heXamethylenediaminetetra(m 
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ethylenephosphonic acid), 
diethylenetriaminepenta(methlenephosphonic acid), gly 
cine, N,N-bis(methylenephosphonic acid), bis(heXamethyl 
enetriaminepenta(methylenephosphonic acid), and 2-ethyl 
heXylphosphonic acid. 

21. The method according to claim 17, Wherein the 
organic phosphonic acid is selected from the group consist 
ing of: alkali metal ethane 1-hydroXy diphosphonates 
(HEDP), alkylene poly(alkylene phosphonate), and amino 
phosphonate compounds. 

22. The method according to claim 21, Wherein the 
organic phosphonic acid is selected from the group consist 
ing of: amino aminotri(methylene phosphonic acid) 
(ATMP), nitrilo trimethylene phosphonates (NTP), ethylene 
diamine tetra methylene phosphonates, diethylene triamine 
penta methylene phosphonates (DTPMP), ethane 1-hydroXy 
diphosphonate (HEDP), and salts or esters thereof. 

23. The method according to claim 1, Wherein the corro 
sion-responsive agent is the salt of an intrinsically conduc 
tive polymer and a corrosion-inhibiting anion that is selected 
from the corrosion-inhibiting anions described in any one of 
claims 9-22. 

24. The method according to claim 23, Wherein the 
intrinsically conductive polymer is selected from the group 
consisting of polyacetylene, polyaniline, polycarbaZole, 
polyfuran, polyheteroarylenevinylene, in Which the het 
eroarylene group is thiophene, furan or pyrrole, poly 
isothionaphene, polyparaphenylene, polyparaphenylene sul 
?de, polyparaphenylene vinylene, polyperinaphthalene, 
polyphthalocyanine, polypyrrole, polyquinoline, poly 
thiophene, and miXtures thereof. 

25. The method according to claim 24, Wherein the 
corrosion-responsive agent comprises 2,5 -dimercapto-1,3,4 
thiadiaZo1e, and the intrinsically conductive polymer is 
selected from the group consisting of polyaniline, polypyr 
role, and polythiophene. 

26. The method according to claim 1, Wherein the corro 
sion-responsive gent is a po1ymeriZable corrosion-respon 
sive agent. 

27. The method according to claim 1, Wherein the radia 
tion curable resin is a UV-curable resin. 

28. The method according to claim 27, Wherein the 
UV-curable resin comprises an oligomer, a photoinitiator, 
and optionally a monomeric diluent. 

29. The method according to claim 28, Wherein the 
oligomer comprises a compound selected from the group 
consisting of bisphenol A epoXy acrylates, amine modi?ed 
polyether acrylates, aromatic urethane acrylates, polyester 
acrylates, and miXtures thereof. 

30. The method according to claim 28, Wherein the 
photoinitiator comprises a compound that is selected from 
the group consisting of oligomeric alpha-hyroXyphenylke 
tones, and hydroXy-acetophenones. 

31. The method according to claim 30, Wherein the 
photoinitiator comprises 2-hydroXy-2-methyl-phenyl-1-[4 
(1-methylvinyl)phenyl]propanone. 

32. The method according to claim 28, Wherein the 
optional monomeric diluent is present and is selected from 
the group consisting of dipropylene glycol diacrylate, 1,3 
butylene glycol diacrylate, ethoXy1ated trimethylolpropane 
triacrylate, propoXylated neopentyl glycol diacrylate, tripro 
pylene glycol diacrylate, trimethylolpropane triacrylate, dit 
rimethylolpropane triacrylate, and heXane diol diacrylate. 
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33. The method according to claim 28, wherein the 
UV-curable resin comprises a urethane acrylate oligomer/ 
acrylate monomer blend. 

34. The method according to claim 1, Wherein the step of 
applying the coating formulation comprises screen printing. 

35. The method according to claim 1, Wherein the corro 
sion-resisting coating comprises the corrosion-responsive 
agent in an amount betWeen 1% and 40% by Weight. 

36. The method according to claim 35, Wherein the 
corrosion-resisting coating comprises the corrosion-respon 
sive agent in an amount betWeen 2% and 25% by Weight. 

37. The method according to claim 36, Wherein the 
corrosion-resisting coating comprises the corrosion-respon 
sive agent in an amount betWeen 3% and 10% by Weight. 

38. The method according to claim 1, Wherein the expo 
sure of the coating formulation to radiation comprises expo 
sure to a type of radiation selected from the group consisting 
of UV radiation, electron beam, X-rays, gamma rays, micro 
Waves, laser light, and visible light. 

39. An anti-corrosion coating formulation comprising a 
radiation curable resin and a corrosion-responsive agent that 
is capable of releasing a corrosion-inhibiting ion in response 
to exposure to electrochemical conditions characteristic of 
those present on a metal surface undergoing oxidative cor 
rosion. 

40. The formulation according to claim 39, Wherein the 
corrosion-responsive agent is one that is selected from those 
described in any one of claims 3-26, and the radiation 
curable resin is one that is selected from those described in 
any one of claims 27-33. 

41. The formulation according to claim 39, Wherein the 
corrosion-responsive agent is 2,5-dimercapto-1,3,4-thiadia 
Zole and the radiation curable resin comprises a urethane 
acrylate oligomer/acrylate monomer blend. 

42. The formulation according to claim 39, Wherein at 
least a portion of the corrosion-responsive agent is a poly 
meriZable corrosion-responsive agent. 

43. A corrosion resisting coating for a metal surface, the 
coating comprising a corrosion-responsive agent dispersed 
in a radiation cured crosslinked polymer matrix. 

44. The coating according to claim 43, Wherein at least a 
portion of the corrosion-responsive agent is present in the 
form of a homodimer or homopolymer of the corrosion 
responsive agent, or as a copolymer With the radiation 
curable resin, and Wherein the portion of the corrosion 
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responsive agent Which is present in the form of a 
homodimer or homopolymer of the corrosion-responsive 
agent, or as a copolymer With the radiation curable resin is 
capable of de-polymeriZing in response to exposure to 
electrochemical conditions characteristic of those present on 
a metal surface undergoing oxidative corrosion. 

45. A metal surface protected against corrosion compris 
mg: 

a metal surface; to Which is adhered, 

a radiation-cured polymer matrix that has been formed 
according to claim 1. 

46. A method of producing an intrinsically conductive 
polymer salt of a corrosion-responsive agent, the method 
comprising: 

(a) subjecting a liquid mixture containing a corrosion 
responsive agent to high-shear mixing to separate the 
corrosion-responsive agent into very ?ne particles; 

(b) adding a monomer of an intrinsically conductive 
polymer to the mixture of ?ne corrosion-responsive 
agent particles While subjecting the mixture to high 
shear mixing; 

(c) adding an oxidant to the mixture to facilitate poly 
meriZation of the monomer of the intrinsically conduc 
tive polymer into an intrinsically conductive polymer 
Which is doped by the corrosion-responsive agent to 
form the ICP/CRA salt; and 

(d) recovering the ICP/CRA salt. 
47. The method according to claim 46, Wherein the 

polymeriZation of the monomer of the intrinsically conduc 
tive polymer is carried out in the presence of a corrosion 
responsive agent and an acid that is not a corrosion-respon 
sive agent, Wherein the molar ratio of total acids to 
corrosion-responsive agent is loWer than 8:1. 

48. The method according to claim 47, Wherein the molar 
ratio of total acids to corrosion-responsive agent is loWer 
than 2:1. 

49. The method according to claim 47, Wherein the 
polymeriZation is carried out in a medium that is free of an 
acid other than the corrosion-responsive agent. 


