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Crosslink 

Å Crosslink is a technology company focused on developing and 

commercializing products using advanced organic materials 

Å Headquartered in St. Louis Missouri with R&D laboratories in Springfield 

Missouri (the Jordan Valley Innovation Center) and Hattiesburg Mississippi 

(The Accelerator) 

Å Deep experience in electrochemistry, polymer synthesis and device 

manufacturing 

Å Funding from private equity and government development contracts  

St. Louis, MO  Springfield, MO  Hattiesburg, MS  



Focus on Electroactive and Conductive 

Polymer Systems 

Illumination Systems: 

ÅPolymer Light Emission 

ÅSuper-flexible  

ÅVIS and NIR 

Performance Coatings: 

Å Anti-Corrosion 

Å Anti-Static/ESD 

Å Actives Release 

Research & 

Development: 

Å Self-decontamination 

Å Supercapacitors 

Å High voltage capacitors 

Å Smart composites 

 
 

ÅR&D  
ïñSmartò anti-corrosion coatings for 

aerospace aluminum alloys 

 

ïAdvanced Materials for high power 
and high energy density 
supercapacitors  

ïSelf-Detoxifying Polymer Systems  

ïSmart Composites for state of health 
monitoring 

ïControlled Delivery of Therapeutic 
Agents for trauma induced wounds 
and burns 

ÅCommercial Products 
ïFlexible EL Lighting Systems 

ïTransparent ESD coatings 



Presentation Outline 

ÅSmart Coatings: Synthesis/Structure/Properties 

ïIncorporation of corrosion inhibitors as dopants 

ïInhibitor selection 

ÅElectrochemically Controlled Release 

ïRedox chemistry 

ïSense-release mechanism 

ÅñSmartò Anti-corrosion Coatings for Aluminum Alloys 

ÅFormulations and Evaluation of Performance  

ÅSummary 
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Background 

Å Cr(VI) is a known carcinogen that is widely used 

in aerospace aluminum alloy coatings to provide 

corrosion protection. 

Å Alternatives have been widely tested and 

developed but no single, satisfactory solution has 

been developed.  

 

Crosslink Project Goals 

Å Develop a chromate-free primer that meets 

requirements of MIL-PRF-85582D and 23377H 

for epoxy coatings 

Å Define non-Cr(VI) inhibitor system & incorporate 

into primer systems that meet all existing 

specifications. 

Å Test with NAVAIRôs non-Cr(VI) pretreatment for 

potential development of a completely non-Cr 

system.  

Background & Goals 

Severe Corrosion Environment 



Corrosion Protection 

ÅNeed: Replacement for Cr(VI) in aerospace coatings 

ÅSolution:  

ïIncorporate ñsmartò corrosion inhibitors into a coating 

ïRelease of inhibitor ions is triggered by onset of 

corrosion processes  

ïBasis for ñsmartò self-repairing coating system 
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Electroactive Polymers: Basis for ñSmartò  

Coating Systems 

NH
n

N

H

nnS

O O
PANI 

Polyaniline 

PEDOT 

Poly(ethylenedioxythiophene) 
PPy 

Polypyrrole 

Electroactive Polymers (EAPs) / Inherently Conductive Polymers (ICPs) 
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Conductive/Electroactive Polymers 

ÅInsulators or semiconductors in neutral form  

ÅElectronic conductors in doped form 

ÅRedox switching of charged states is reversible 
ïions are mobile during switching 

ïelectrochemically controlled ion transport 

ÅMultiple property changes 
ïelectromagnetic absorption 

ïelectrical conductivity 

ÅMany neutral and surfactant doped polymers are 
processible (melt and solution) 

 



Traditional Synthesis: Polyaniline 
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Anion Release/Uptake 
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ÅTransport anion 

ñdominantò 

ÅReduction releases 

anions/oxidation recovers 

them 

 



Corrosion Protection Concept 

ÅIncorporate active ions (inhibitors for anti-corrosion 

applications) into ICP: 

 

 

 

 

 

 

 

 

ÅRelease of inhibitor ions is electrochemically triggered 

by onset of corrosion processes 

ÅBasis for ñsmartò self-repairing coating system 

 



Visual Example: Al corrosion drives 

release of anion from EAP 

ÅEAP (PPY) doped with a dye molecule (phenol 
red) coated onto a carbon electrode and placed 
water 
ïDye is not released but is locked into the PPY 

ÅAn aluminum electrode is also placed in the 
solution (Ecorr = -0.5 V) 

ÅWhen the electrodes are connected, the dye is 
released due to reduction of the ICP 

ÅSimulation of corrosion electro-responsive 
coating 
ïICP reduced by the corroding metal to release the 

inhibitor dopant upon demand 

 

 



Controlled Release of  Dopant (Dye) from ICP 

Aluminum 
PPY ïPhenol Red Dopant 



Electrochemistry of Pyrrole/Phenol Red 
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Cu-Rich 2024 and 7075 Aluminum Alloys 

Å Problem: Copper catalyzes oxygen reduction reaction (ORR) which 

drives corrosion processes 

Å Solution: Incorporate an ORR inhibitor as a dopant for an ICP 

Å Mode of Action: When corrosion occurs (negative swing in potential) 

ICP is reduced releasing the dopant which adsorbs on the Cu site 

shutting down the ORR 

2Al 

2Al3+ + 6e- 

Cu-containing 

Intermetallic 

 Bulk Aluminum Alloy 

6OH- 

3/2O2 + 3H2O + 6e- 
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Inhibitor Screening Tool 

ÅInhibition of oxygen reduction reaction on Cu 

ÅEvaluate inhibitor efficiency 

ÅCopper rotating disk 



Rapid Test to Identify Organic Oxygen 

Reduction (ORR) Inhibitors as they are 

Released from the coating 

ÅRotating Cu disk  

Å5% NaCl aerated 

Å-0.8 V vs. SCE 

ÅInhibitor release results 

in lower current density 

for the ORR (oxygen 

reduction reaction) 

Kendig and Hon, Corrosion, 2004, 60, 1024. 



Controlled Release of Inhibitors from Polymers 

H2O 

time 

ÅDiffusion 

ï Entrapped inhibitor is released from within the polymer  coating via 

molecular diffusion 

ÅWhen the polymer film absorbs water it swells in size 

ÅSwelling creates voids throughout the polymer interior  

ÅInhibitor molecules can escape via the voids at a known rate 

controlled by molecular diffusion (a function of temperature and drug 

size) 
 

release 



Inhibitor Release from Coated 2024-T3 Panels 
Current as a function of time @-0.800 V vs. SCE, 2000 RPM, Cu RDE 
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2,5-dimercapto-1,3,4-thiadiazole (DMcT): 

Inhibitor of ORR on Cu 

ÅCan incorporate DMcT 

into PANI as a dopant 

ÅCan oxidatively 

polymerize into PolyDMcT 

ÅCan functionalize to 

compatibilize with resin 

systems 

 

S 

N N 

H S S H 
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N
N

S
C

HS

C SH
S C S  H2N NH2

+2

Reflux

2,5-Dimercapto-1,3,4-thiadiazole (DMcT) 

Synthesis 

Å Synthesis first reported: Ziegele, E. , J. 

Pract. Chemie, 60(1), 40-51 (1899). 

Å A high yield (90%) was obtained using 

triethyl amine as a catalyst: Nie, Guochao, 

Huaxue Gongye Yu Gongcheng Jishu, 

25(2), 22-24 (2004). 

Å Commercially available from ASV 

innovative Chemie GmbH Bitterfeld 

Germany 
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PolyDMcT Synthesis 

Pope, et al. J. Electrochem. Soc., 149, A939 (2002). 
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Release of DMcT 

DMcT released upon 

reduction of ICP, oré 
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Epoxy Primer Formulation Development 

 

Å Strontium chromate 

Å PolyDMcT 

Å PANI-DMcT 

Å Modified DMcT 

(Corrlink 30ATM) 

 

 

Å2K and 3K solvent 

and waterborne epoxy 

primers 

ÅInitially high reactivity 

required a dual spray 

application 

ÅGradually increased 

the use of direct mix 

method for primers 

with Corrlink 30A 
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Testing Summary: NAVAIR 

Å Evaluated PAniDMcT, poly(DMcT) and Corrlink 30A formulations 

Å Inhibitors used in combination with a primer coating comprised of a 

commercially available 2K epoxy- amine system 

Å Pretreatments  for 2024 and 7075 

ïChromate conversion coating (industry standard), &  

ïNAVAIR pretreatment system 

Å Deft chromate primer (industry standard) used as control 



Non-Cr Primer Application 

 

ÅDual Spray- Water or Solvent Borne 
ïGun 1 : Epoxy resin + Amine hardener 

ïGun 2 : Inhibitor slurry (water or solvent) 

 

 

 

ÅDirect Mix- Single Gun 
ïPart A: Epoxy resin + Inibitor slurry 

ïPart B: Amine hardener  

ïMix prior to spraying 



 

¶Development of spray coating at University Southern 

Mississippi (USM)  
o Due to high reactivity of the DMcT Polymer systems, used dual 

spray method exclusively in initial phases of project 

o Gradually increased the use of direct mix method for primers with   

Corrlink 30A 

 

¶Reviewed potential manufacturing process and costs to 

ensure that potential formulations are consistent with 

manufacturing and market requirements 

Coating Application and Manufacturing 



Tests Used to Evaluate Candidate Primers 

Primary Tests 
 
ÅASTM B117 Salt Spray (Fog) Test 
ÅDry Adhesion Tape Test (ASTM 3359, Method B) 
ÅReverse Impact Flexibility Test 
ÅMEK Rub 
 
Advanced (Secondary) Tests 
 
ÅWet Adhesion Tape Test 
ÅFluid Resistance (Lubricating Oil & Hydraulic Fluid)  
ÅWater Resistance 
ÅASTM G85 Annex 4 Salt/SO2 Spray  
ÅASTM D2803 Filiform Corrosion Test 
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Chromate control  

2000 hours salt fog exposure 

Chromate control

epoxy primer

CCC 2024-T3

30 



PolyDMcT 

2000 hours salt fog exposure 

Poly DMCT

in epoxy primer

CCC 2024-T3
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PAniDMcT 

2000 hrs 

PAniDMCT

in epoxy primer

CCC 2024-T3
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PAni-DMcT  

2000 Hrs Salt 

Spray Exposure 

 

No inhibitor  

500 Hrs Salt 

Spray Exposure 

Chromate  

2000 Hrs Salt 

Spray Exposure 
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Corrlink 30A (28%, wt)  

Dual Spray with P5 Epoxy 

5000 hrs Salt Spray 

Epoxy Blank  (No 

Inhibitor) 

500 hrs Salt Spray 

Deft Solvent Borne 

Chromate Control 

1500 hrs SS 
CCC 

2024-T3 

Excellent Results ï after 5k hours 
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H1, Dual Spray Applied Primer 

Containing 28% Corrlink 30A 

12 month Outdoor Exposure 



2K Water Borne Epoxy System  

Direct Mix  

 

CCC 2024-T3 

3500 hours 

Corrlink 30A (21% by wt) 

500 hours 

Control 



Corrlink 30A System After 3000 Hours Salt Spray 

Epoxy primer applied over  NAVAIRôs 

non-chromate conversion coating, 

2024-T3 alloy 



Micrographs of Corrlink System after 3000 

hours salt fog exposure 

100 ɛm 500 ɛm 

50 ɛm 

Figures (a), (b), and (c).  

Optical micrographs of 

scribe lines after 1500 

hours of salt spray 

exposure.  No pitting 

observed.   

a b 

c 



Mapping Corrosion Inhibition Processes of ICP 

Coatings using SVET 
 

ÅPin-hole defects introduced into ICP coated 

metals 

ÅSVET (scanning vibrating electrode technology) 

employed to monitor galvanic activity vs. time 

ÅñSelf-repairingò phenomena observed 

ÅUtilize as a formulation screening tool 

Kinlen, et al., J. Electrochem. Soc., 146, 3690 (1999) and Corrosion, 58, 6 (2002). 



SVET Mapping Technique 

ÅCharacterize the self-healing of smart ICP coating 

systems 

ÅPotential gradients between two points in solution are 

measured using a vibrating microelectrode probe 

ÅThe electrode vibrates between two points in space 

(z direction) and senses the ohmic potential 

differences in solution due to the flow of corrosion 

currents (IR drop) 

ÅThe vibration produces an AC voltage which is 

detected by a lock-in amplifier 

ÅThe peak-to-peak amplitude of the AC signal is equal 

to the potential drop in solution between the two 

points 



SVET Instrumentation 


