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CorroShield-X3

A falsification-driven redesign of a durable marine anticorrosion coating system
with detailed chemistry, manufacturing, application, QC, and validation protocols

Prepared as a scientific design study from the EquationFarm “CorroShield-FPC” concept
4 September 2026

IMPORTANT STATUS: This report proposes a technically plausible coating architecture and documents
three adversarial design reviews. “Pass” means the final concept no longer contains an obvious fatal
contradiction under those paper-based challenges. It does NOT mean that corrosion life, adhesion,
abrasion, environmental compatibility, antifouling performance, or class/flag approval have been
experimentally demonstrated. No vessel should use this system without laboratory qualification, pilot-
panel exposure, application trials, regulatory review, and owner/class approval.

Abstract

The source concept, CorroShield-FPC, proposes a single PVDF nanocomposite paint containing cerium oxide
nanoparticles, multi-walled carbon nanotubes (MWCNTS), benzotriazole microcapsules, N-methyl-2-pyrrolidone
(NMP), and a hexamethylene-diisocyanate crosslinker, followed by a 150 C cure. The concept is inventive but
contains several practical and chemical weaknesses: PVDF does not inherently provide the hydroxyl functionality
expected for conventional urethane crosslinking; a high-temperature cure is poorly matched to field coating of ship
structures; NMP is under active risk-management scrutiny; conductive carbon nanofillers can create undesirable
electrochemical pathways if poorly isolated; and the stated performance values are presented without a validation
dataset.

The redesigned system, CorroShield-X3, replaces the single-film “nanotechnology solves everything” architecture
with a redundant, zone-aware, three-layer protective system: (A) sacrificial zinc-rich epoxy primer; (B) high-solids,
toughened, lamellar glass-flake/micaceous-iron-oxide (MIO) epoxy barrier coat using nonconductive
nanosilica/nanoclay at low loading; and (C) an ambient-cure, flexible epoxy-polysiloxane weathering coat for
atmospheric and splash-zone exposure. For continuously immersed hull areas, the anticorrosion stack is treated as a
substrate for an independently qualified antifouling or non-biocidal foul-release topcoat. The design removes NMP,
MW(CNTs, formaldehyde microcapsules, and the 150 C cure from the baseline architecture.

Three adversarial reviews were applied. Challenge 1 attacked chemical compatibility, galvanic risk, and field
curability. Challenge 2 attacked thermal-cycling brittleness, impact damage, underfilm corrosion, and water uptake.
Challenge 3 attacked scale-up, repairability, worker exposure, antifouling regulation, and test validity. Each
challenge forced revisions. The final “pass” is therefore a design-review pass only; all quantitative values in this
report are targets or starting process windows unless explicitly identified as established background.

1. Scope and design objective

The design objective is not to invent a single miraculous resin. It is to maximize real-world durability by assigning
different failure mechanisms to different layers, thereby creating defense in depth. The system is intended for
carbon-steel external ship structures and selected marine steel assets. It is not a substitute specification for ballast
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tanks, potable-water tanks, chemical cargo tanks, aluminum hulls, or cryogenic service, all of which require their

own approval regimes and compatibility studies.

1.1 Target service zones

Baseline X3

Zone Exposure . Notes
recommendation
Topsides / superstructure Salt spray, UV, rain, A+B+C Weathering topcoat is
atmospheric C5/CX-like essential.
severity
Boot-top / splash / tidal Wet/dry cycling, impact, high | A + thicker B + C or Most severe cyclic corrosion
oxygen availability specialized boot-top finish zone; prioritize flexibility and

edge protection.

Continuously immersed hull

Seawater immersion,
abrasion, biofouling

A + B + qualified

antifouling/foul-release

system

Do not assume the
weathering topcoat is an
antifouling coating.

Edges, welds, cutouts

Thin-film tendency, stress
concentration

Stripe coat before full coats

Use stripe coats on welds,
scallops, edges, bolts, difficult
geometry.

1.2 Design requirements

¢ Room-temperature or low-temperature field cure; no 150 C oven cure on the vessel.
e High-solids /low-solvent formulation; baseline excludes NMP.
¢ No intentionally conductive carbon network in the barrier layer.

¢ Redundant corrosion control: sacrificial primer + tortuous-path barrier + weathering/erosion surface.

¢ No organotin or cybutryne antifouling chemistry; any fouling-control layer must be separately qualified for the
intended jurisdiction and vessel.
e Repairable with standard blasting, power-tool preparation where permitted, stripe coating, plural-component

or conventional airless spray equipment.

e Test claims must be comparative against a commercial marine control system and reported with uncertainty,

not as unsupported absolute claims.

2. Critical review of the original CorroShield-FPC proposal

The EquationFarm source describes PVDF dissolved in NMP, APTES-functionalized Ce02, 2 wt% MWCNTs, urea-
formaldehyde microcapsules carrying benzotriazole, 1 wt% HDI-type crosslinker, 100-200 um spray thickness, and a

150 C/ 1 h cure. It also states contact angle, impedance, tensile, abrasion, thermal, self-healing, VOC, and toxicity

values as if already measured. The source itself is only two pages and does not provide raw data, uncertainty,

specimen preparation, control coating, replicate count, or test reports.

Original feature

Engineering concern

X3 response

PVDF + HDI “crosslinking”

specified.

Conventional isocyanate cure requires
reactive H-bearing functionality; neat

PVDF is not a conventional polyol. The
reaction pathway is therefore under-

Use established two-pack epoxy/amine
and epoxy-siloxane reactions.

NMP solvent

burden.

Worker/consumer risk-management
scrutiny and high-boiling solvent

Baseline excludes NMP; use high-solids
reactive diluent / exempt or lower-
hazard solvent strategy chosen by
region.

2 wt% MWCNT Dispersion, inhalation, cost, and Remove MWCNT. Use low-level
possibility of an electrically conductive nonconductive nanosilica/nanoclay plus
network. Conductive paths can lamellar micron-scale barrier pigments.
undermine barrier philosophy at
defects.

150 C cure Impractical for large ship hulls and Ambient cure with controlled minimum
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many repair yards; can damage adjacent
systems.

steel temperature and humidity.

Single 100-200 um film

Insufficient redundancy if damaged;
edge thinning and pinholes become
single-point failures.

Multi-layer architecture with stripe
coats and total anticorrosion DFT
roughly 400-550 um depending zone.

BTA/urea-formaldehyde capsules

Complex scale-up; formaldehyde
concerns; inhibitor choice is not
universally optimal for carbon steel.

Do not rely on microcapsules in
baseline. Use conventional inhibitor
pigments and sacrificial zinc; reserve
capsules as an optional research branch.

162 deg contact angle / “non-toxic”

Superhydrophobicity can be
mechanically fragile; “non-toxic” is too
broad for an industrial coating.

Use measurable durability and water
uptake targets; provide explicit HSE
controls and no blanket toxicity claim.

3. Falsification cycle 1 - chemistry and electrochemical credibility

3.1 Attempt to discredit Candidate A

Candidate A initially retained the original idea of a fluoropolymer nanocomposite but substituted lower-VOC
solvent. The challenge was: can the coating be mixed, cured on a ship, adhere to blasted steel, and remain
electrically benign when scratched? The answer was no. The proposed PVDF-dominant binder still lacked a clear
ambient-cure crosslinking pathway, and the conductive MWCNT fraction created an avoidable electrochemical
uncertainty. A high-performance coating that depends on laboratory ultrasonication and an oven cure is not a
credible primary shipyard system.

Result: FAIL. Candidate A was rejected rather than patched.

3.2 Revision after failure

The redesign moved to mature reaction families and separated functions by layer. Zinc-rich epoxy supplies
electrochemical protection at local defects. A high-build epoxy barrier supplies adhesion, chemical resistance, and
low permeability. A flexible epoxy-polysiloxane topcoat supplies UV/weathering resistance without requiring free
isocyanate in the baseline concept. Conductive nanocarbon was removed; barrier tortuosity is provided primarily
by glass flakes and MIO, with low-dose nanosilica/nanoclay for rheology and microstructural refinement.

3.3 Why the revision passes Challenge 1 on paper

¢ The curing reactions are conventional: epoxide ring opening by amine hardeners for Layers A and B;
siloxane/epoxy hybrid condensation and/or epoxy-amine chemistry for Layer C depending resin package.

e Every layer can cure at shipyard temperatures specified by supplier qualification, rather than requiring a 150 C
oven.

e The barrier layer contains no deliberately percolating conductive filler network.

e Zinc conductivity is deliberately confined to the primer, where electrical continuity supports sacrificial behavior
and is an established design principle.

¢ Adhesion is addressed by blast profile, soluble-salt control, stripe coating, recoat-window control, and pull-off
testing.

4. Falsification cycle 2 - mechanical durability and cyclic exposure

4.1 Attempt to discredit Candidate B

Candidate B used a very high loading of glass flake, MIO, and rigid nanosilica to maximize diffusion path length. The
adversarial challenge assumed repeated hull flexure, impact from fenders/debris, thermal cycling, and local steel
deformation. The likely failure mode was a barrier film with excessive modulus and insufficient fracture toughness,
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producing microcracks that negate low permeability. Published reviews of epoxy-siloxane systems also note that
high crosslink density can produce cracking or peeling in some cyclic exposures.

Result: FAIL. Maximum filler loading was not accepted as the optimum.

4.2 Revision after failure

The barrier coat was reformulated around a toughened bisphenol-F/novolac epoxy blend, moderate glass-flake/MIO
volume fraction, low-dose treated silica/nanoclay, and a flexibilizing segment. The topcoat is deliberately not
maximally crosslinked; it is specified for a balance of weathering, hardness, and strain accommodation. The
architecture also increases total thickness by applying the barrier in one or two controlled passes and adds
mandatory stripe coats at edges and welds.

4.3 Paper-pass criteria for Challenge 2

Failure mode Design mitigation Validation gate
Thermal-cycle cracking Toughened epoxy; controlled pigment ISO 12944-9-type cyclic aging or
volume; flexible topcoat equivalent combined

UV/salt/temperature cycling; microscopy
for crack density.

Impact/chipping Toughener, wollastonite/flake Impact test + post-impact EIS + salt
reinforcement, multi-coat redundancy exposure.

Water/chloride ingress High solids, lamellar glass/MIO EIS vs time in synthetic seawater; water
tortuosity, low pinhole rate uptake / capacitance trend.

Edge failure Stripe coat + edge grinding/radius where | Edge-retention coupons and scribe-
feasible creep evaluation.

Intercoat delamination Defined max/min recoat windows; Cross-cut where appropriate and ASTM
surface cleanliness/dew-point controls D4541 pull-off on representative panels.

5. Falsification cycle 3 - scale-up, safety, regulation, and maintainability

5.1 Attempt to discredit Candidate C

Candidate C was attacked as a shipyard product rather than as a laboratory coating. The review asked whether a
yard could manufacture 1-5 tonne batches reproducibly, spray the material through commercially available airless
equipment, inspect DFT and cure, repair defects, comply with worker-protection requirements, and integrate a
lawful antifouling system. It also challenged any claim of “self-healing” or “non-toxic” performance that could not be
demonstrated at industrial scale.

Several changes were required: the baseline removed microcapsules; NMP and free-HDI curing were excluded;
mixing order was simplified; maximum nanoparticle content was capped at a low level that can be dispersed by
high-speed dissolver/bead mill rather than prolonged probe sonication; and antifouling was explicitly decoupled
from corrosion protection. The system now defines acceptance testing rather than claiming life in years from
accelerated tests.

5.2 Result

PASS - with qualification caveat. The final concept survives the three design attacks because no remaining core
feature depends on an implausible reaction, mandatory high-temperature cure, fragile superhydrophobic texture,
conductive nanocarbon network, or unverified self-healing mechanism. This is a paper-based engineering pass, not
evidence that the coating meets a class society, naval, ISO, NORSOK, or owner specification.
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6. Final CorroShield-X3 system architecture

Chloride / water / oxygen

Optional immersed-service topcoat
certified antifouling or non-biocidal foul-release system

Layer C - flexible epoxy-polysiloxane weathering coat
75-125 um DFT (topsides / boot-top)

Layer B - toughened glass-flake / MIO epoxy barrier

250-350 um DFT in 1-2 coats

Layer A - zinc-rich epoxy primer

60-80 um DFT

Steel substrate

Sa 2.5 / SSPC-SP 10 equivalent profile

Sacrificial electrochemical protection at defects

Figure 1. Functional architecture of CorroShield-X3. The corrosion-control stack is distinct from any antifouling/foul-release finish.

6.1 Layer A - ZRE-78 zinc-rich epoxy primer
Function: immediate adhesion to blasted steel plus sacrificial/galvanic protection at small defects. The dry film is
designed to contain a high zinc fraction while preserving enough epoxy binder for cohesive strength and
overcoatability. Unlike conductive carbon in a barrier coat, electrical connectivity is intentional here and localized

to the primer.

Component

Mixed wet wt% starting point

Function

Spherical/lamellar zinc dust, controlled
particle-size distribution

62.0

Sacrificial pigment; target
approximately 75-80 wt% zinc in
nonvolatile film depending actual solids.

component

Bisphenol-A/F epoxy resin solution or 14.5 Binder and steel adhesion.

liquid resin

Micaceous iron oxide 5.0 Barrier reinforcement / rheology.
Barium sulfate / inert extender 4.0 Packing, application control.
Epoxy-compatible dispersant + wetting 0.8 Pigment wetting and stability.
package

Thixotrope / anti-settling package 0.7 Sag and settling control.

Reactive diluent / approved solvent 5.0 Viscosity and sprayability; region-
blend specific selection.

Polyamide or amine-adduct curing 8.0 Epoxy cure; exact stoichiometry set by

epoxy equivalent weight (EEW) and
amine hydrogen equivalent weight
(AHEW).

Stoichiometric design rule for a simple 1:1 equivalent epoxy-amine reaction is shown below. The result must then be

corrected for functionality, active content, accelerator, and supplier formulation. This is a formulation starting

point, not a sale-ready recipe. Final component ratios must be set from measured EEW/AHEW and pot-life/cure data.
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Hardener phr =100~

6.2 Layer B - GF-MIO toughened high-build epoxy barrier

AHEW

"EEW

Component

Mixed wet wt% starting point

Function

Bisphenol-F epoxy resin

20.0

Low-viscosity high-solids epoxy
backbone.

Epoxy novolac resin 8.0 Chemical and water resistance; raises
crosslink density.

Elastomeric / core-shell epoxy toughener | 4.0 Crack-arrest and strain tolerance.

Glass flake, surface-treated, median 50- 12.0 Lamellar tortuous diffusion path;

250 um abrasion reinforcement.

Micaceous iron oxide 16.0 Lamellar barrier pigment and
mechanical reinforcement.

Wollastonite 5.0 Reinforcement and crack deflection.

Barium sulfate / talc blend 11.0 Packing, viscosity, cost control.

Zinc phosphate or qualified non- 5.0 Active corrosion inhibition at defects.

chromate inhibitor pigment

Surface-treated nanosilica 1.0 Rheology, scratch resistance, microvoid
control.

Organomodified nanoclay 0.6 Thixotropy and diffusion-path
refinement at low loading.

Reactive diluent / low-volatility process 4.0 High-solids viscosity adjustment.

aid

Defoamer / air-release / wetting / flow 14 Application quality and pinhole control.

package

Amine-adduct curing component 12.0 Ambient epoxy cure; final ratio based on

EEW/AHEW.

Design note: the barrier mechanism depends more on defect-free film formation, adhesion, lamellar pigment

orientation, and adequate DFT than on nanofiller marketing claims. Nanosilica/nanoclay are deliberately kept low
to reduce dispersion risk and brittleness.

6.3 Layer C - FPS flexible epoxy-polysiloxane topcoat

Component

Mixed wet wt% starting point

Function

Epoxy-functional siloxane resin package

32.0

UV/weathering-resistant network and
low water uptake.

Flexible epoxy resin / siloxane-modified | 12.0 Impact and thermal-strain

epoxy accommodation.

Aminosilane / amine curing component 14.0 Ambient crosslinking and siloxane
network development.

Rutile TiO2 (for pigmented colors) 18.0 Opacity and UV screening.

Barium sulfate / silica extender 10.0 Hardness, packing, gloss control.

Micronized silica / ceramic microsphere, | 3.0 Scratch and abrasion reinforcement

nonconductive without electrical percolation.

UV absorber + HALS package 1.5 Supplemental photostability.

Flow / defoam / wetting additives 1.5 Film appearance and defect control.

Approved solvent / reactive diluent 8.0 Application viscosity; target high volume

solids.

For continuously immersed underwater hulls, Layer C is not automatically the final finish. The owner should select

a compatible, certified antifouling or non-biocidal foul-release system with a demonstrated tie-coat procedure. The

International Maritime Organization AFS Convention prohibits harmful organotin biocides and controls cybutryne;

therefore X3 does not embed either chemistry.
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6.4 Nominal dry-film thickness and theoretical coverage

Layer Nominal DFT Indicative volume solids Theqretlcal coverage at
nominal DFT*

A - zinc-rich epoxy 70 um ~70% ~10.0 m2/L at 70 um if 70% VS

B - barrier epoxy 300 um total ~90% ~3.0 m2/L at 300 um if 90% VS

C - weathering topcoat 100 um ~80% ~8.0 m2/L at 100 um if 80% VS

The theoretical coverage relationship is shown below. Real coverage is lower because of surface profile, overspray,
geometry, transfer efficiency, wastage, stripe coating, and retained material in equipment.

10V
DFT (mm)

Theoretical coverage =

7. Chemistry and protective mechanisms

7.1 Epoxy cure

The dominant reaction in Layers A and B is nucleophilic ring opening of the epoxide by an amine hydrogen. In
simplified form: Epoxide + H-NR2 -> beta-hydroxy amine linkage. Each multifunctional epoxy and multifunctional
hardener creates a crosslinked thermoset network. Cure rate and final conversion depend strongly on temperature,
stoichiometry, amine blush control, humidity, induction time, and film thickness.

7.2 Zinc sacrificial protection

At a coating defect that exposes steel and maintains electrical continuity through the zinc-rich primer, zinc
preferentially oxidizes relative to iron. The protective effect is finite: it depends on zinc loading, connectivity,
electrolyte access, defect geometry, and coating condition. Therefore the design does not use the primer as a
substitute for the barrier coat.

7.3 Tortuous-path barrier

Glass flakes and MIO increase the effective diffusion path for water, oxygen, and chloride when they are well wetted
and preferentially oriented roughly parallel to the surface. A useful conceptual effective-diffusivity relationship is
shown below. It is a design heuristic rather than a universal predictive law. Poor dispersion, voids, pinholes, or edge
thinning can dominate performance regardless of filler quality.

Do

Defr =+, T>1

7.4 Topcoat weathering

Siloxane-rich networks have strong Si-O backbones and can improve color/gloss retention and water resistance
compared with conventional aromatic epoxies. The redesign intentionally avoids extreme crosslink density because
literature reviews report cracking or peeling in some epoxy-siloxane/polysiloxane systems under severe cyclic
exposure. A flexible segment is therefore treated as a design requirement, not an optional additive.
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8. Manufacturing process - production scale

8.1 Production equipment
Jacketed stainless or lined carbon-steel mixing vessels sized for 1.3-1.5 times batch volume.

Variable-speed high-speed disperser with tip-speed control and power draw logging.

Optional horizontal bead mill for Layer B nanosilica/nanoclay masterbatch; avoid dry nanopowder charging

8.2 Example 1,000 kg batch - Layer B barrier base

where possible.

Load cells or calibrated scales; temperature probes; explosion-protected motors/electrics as required by solvent

classification.

Vacuum-capable let-down tank or inline deaeration for high-build epoxy where practical.
100-250 um bag or cartridge filtration for topcoat; coarser filtration for zinc primer where needed to avoid zinc

removal.

Closed transfer, local exhaust ventilation, dust collection for zinc/MIO/glass-filler charging, and appropriate

respiratory protection.

The following scales the mixed-wet formulation above to 1,000 kg. In commercial practice Part A and Part B would
normally be packaged separately; this table is a mass-balance aid, not a recommendation to premix reactive
components for storage.

Material Mass for 1,000 kg mixed batch (kg)
Bisphenol-F epoxy resin 200
Epoxy novolac resin 80
Toughener 40
Glass flake 120
MIO 160
Wollastonite 50
BaS04/talc blend 110
Zinc phosphate inhibitor 50
Treated nanosilica 10
Nanoclay 6
Reactive diluent/process aid 40
Additive package 14
Amine-adduct curing component 120
TOTAL 1000

8.3 Layer B manufacturing sequence

1.

Charge epoxy resins, approximately half of the reactive diluent/process aid, and wetting/dispersing additive to

the Part A vessel. Begin low-speed agitation. Maintain batch temperature typically below 40 C unless the resin

supplier permits higher temperature.

Add pre-dispersed nanosilica/nanoclay masterbatch. If dry powder must be used, charge under enclosed dust

control at low vortex speed, then increase shear only after wet-out. The process goal is deagglomeration, not

indiscriminate high-energy mixing.

Add inhibitor pigment, BaSO4/talc, and wollastonite in increments. Track mixer power; avoid air entrainment.
Add MIO gradually, then glass flake at reduced shear. Excessive shear can fracture flakes and reduce aspect
ratio, weakening the intended tortuous-path effect.

Add remaining resin/diluent and flow/defoam additives. Mix until viscosity and fineness targets stabilize.

Vacuum deaerate if equipment and flash-point controls permit.

not combine with Part A until point of use.

Filter through a screen chosen not to remove functional glass flakes. Package as Part A under dry conditions.
Prepare/package the amine-adduct hardener as Part B. Verify active hydrogen equivalent and water content. Do
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QC release only after viscosity, density, solids, pigment dispersion, sag resistance, pot life, cure, adhesion, and
accelerated-panel checks meet specification.

8.4 Layer A manufacturing sequence

9.

10.
11.

12.
13.

Charge epoxy binder and liquid additives; establish slow agitation.

Add thixotrope and extenders until uniformly wetted.

Add zinc dust under closed handling with inerting if required by the plant risk assessment. Avoid ignition
sources and minimize airborne zinc dust.

Mix only enough to achieve uniform dispersion; excessive shear can increase heat and entrained air.

Package resin/pigment side and hardener side separately. Confirm no moisture contamination and stable zinc
suspension during shelf-life testing.

8.5 Layer C manufacturing sequence

14.
15.
16.
17.
18.

9.

Charge siloxane/epoxy resins and approximately two-thirds of the solvent/reactive diluent.

Disperse TiO2 and extenders under controlled high shear; maintain temperature limit defined by resin supplier.
Add UV package, flow agents, defoamer, and nonconductive micronized reinforcement.

Let down to target viscosity; filter to remove oversize contamination.

Package curing component separately if two-component. Confirm mix ratio by mass and volume, induction
requirement, pot life, and gloss/color stability.

Shipyard surface preparation and application

9.1 Steel preparation

Remove oil/grease and visible contaminants before abrasive blasting.

Quantify soluble salts, especially chlorides, using an accepted extraction/conductivity method. Set a project-
specific maximum based on owner/class requirements.

Abrasive blast to near-white-metal cleanliness (commonly Sa 2.5 / SSPC-SP 10 equivalent language) with a sharp
angular profile suited to the primer; exact profile is product-qualified, not guessed.

Round sharp edges where practical and grind weld spatter, laminations, and sharp discontinuities before
coating.

Apply primer before flash rust develops and while steel temperature, ambient temperature, relative humidity,
and dew-point margin meet the approved application specification.

9.2 Application sequence

19.

20.
21.

22.
23.

24.

Stripe coat welds, edges, cutouts, bolts, brackets, scallops, and difficult geometry with the designated
primer/intermediate material.

Apply Layer A at 60-80 um DFT. Measure wet film during application and verify dry film after cure.

After minimum cure and within maximum recoat window, apply Layer B in one or two passes to reach 250-350
um total DFT. For very high one-pass builds, verify solvent entrapment and exotherm are not problems.

Repair pinholes, runs, dry spray, contamination, and low-DFT zones before topcoating.

Apply Layer C at 75-125 um DFT on atmospheric/splash areas. For immersed areas, follow the approved tie-coat
and antifouling/foul-release supplier system.

Before launch, verify cure, DFT distribution, holidays where specified, adhesion on witness panels, appearance,
and repair records.

9.3 Environmental controls

Application should be stopped outside the qualified temperature/humidity/dew-point window. A common field
practice is to maintain steel at least several degrees above dew point, but the exact margin should follow the
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approved product specification. Record steel temperature, air temperature, relative humidity, dew point, batch

numbers, mix time, thinning, spray pressure, nozzle, WFT, DFT, and inspector observations for every shift.

10. Quality-control release specification

Property

Proposed manufacturing release
test

Purpose

Density

Calibrated density cup or digital density
meter

Batch mass-balance and pigment
loading check.

Nonvolatile content / volume solids

Validated gravimetric and formulation
calculation

Coverage and DFT control.

Viscosity

Brookfield/Krebs or qualified rheometer
at stated temperature

Sprayability, sag, settling control.

Fineness / agglomerates

Hegman-type check where applicable;
microscopy for flakes/nano-masterbatch

Detect poor dispersion without crushing
functional flakes.

Pot life

Viscosity and application endpoint at
qualified temperature

Field workability.

Dry-to-handle / recoat

Controlled film at multiple temperatures

Schedule and intercoat reliability.

Sag resistance

Vertical drawdown / qualified wet-film
build

Prevent low spots/runs at high build.

specified wheel/load/cycles

Adhesion ASTM D4541 or agreed equivalent on Detect substrate/intercoat weakness.
cured system
Abrasion ASTM D4060 comparative test with Relative mechanical durability.

Electrochemical barrier

EIS in synthetic seawater with defined
frequency/amplitude

Track water uptake and barrier
degradation.

Cyclic corrosion/weathering

ASTM D5894 or ISO 12944-9-type
comparative protocol as appropriate

Combined salt/UV/wet-dry stress.

Cathodic disbondment (immersed
service)

Project/class-specific method

Compatibility with cathodic protection.

Holiday/pinhole test

Voltage method matched to DFT and
coating type

Detect through-film defects before
immersion.

11. Scientific validation program

11.1 Experimental design

A credible validation program requires a commercial benchmark, replicate panels, blinded or randomized panel

placement where feasible, and predefined success criteria. Accelerated exposure alone must not be translated

directly into “years of life.” ASTM itself cautions that cyclic tests are best used for relative comparison and should

not become arbitrary pass/fail clocks without a control and quantified variability.

11.2 Minimum panel matrix

steel at controlled level

Group Replicates Condition

X3 full system 6 Intact panels

X3 full system 6 Scribed to steel
Commercial marine epoxy/polysiloxane | 6 Intact

control

Commercial control 6 Scribed

X3 without zinc primer 3 Mechanism isolation
X3 without glass/MIO barrier 3 Mechanism isolation
architecture

X3 over intentionally salt-contaminated 3 Surface-prep sensitivity

Scientific and manufacturing design report | 4 September 2026




11.3 Test sequence

CORROSHIELD-X3 | CONCEPTUAL R&D SPECIFICATION - NOT QUALIFIED FOR SERVICE

25. Baseline characterization: DFT map, gloss/color if relevant, Shore or pendulum hardness, pull-off adhesion,
microscopy, EIS, water contact angle as a secondary descriptor only.

26. Cyclic salt/UV/weathering exposure (ASTM D5894 for comparative atmospheric screening, plus an ISO 12944-9-
type cyclic program for offshore/marine relevance where appropriate and contractually available).

27. Continuous seawater immersion at controlled temperature with EIS at logarithmic time points. Include natural
seawater field exposure if possible.

28. Cathodic-dishondment screening for immersed/cathodically protected steel.

29. Abrasion using ASTM D4060 or an application-specific abrasion/erosion test, followed by EIS to determine
whether mechanical wear compromised barrier function.

30. Impact/flex test before and after aging. Inspect by microscopy for cracking and delamination.

31. Outdoor marine exposure panels at at least one severe coastal site for 12-36 months. Record corrosion creep
from scribe, blistering, rusting, cracking, chalking, adhesion retention, and DFT loss.

32. Pilot application on a noncritical ship area or test raft only after lab gates are passed. Perform inspections at

dry-dock or scheduled intervals.

11.4 Proposed decision criteria - targets, not claims

Metric

Development target

Interpretation

Initial pull-off adhesion

>= 8 MPa average, with failure mode
recorded

Target suitable for comparative
development; project spec may differ.

Adhesion retention after
cyclic/immersion exposure

>=70% of initial and no widespread
adhesive failure at steel

Reject if interface becomes dominant
failure plane.

Low-frequency impedance |Z| near 0.01
Hz

Prefer >= 1e8 ohm cm2 after defined
exposure vs control

Use trend and control comparison; do
not treat a single value as lifetime proof.

Scribe creep

Statistically no worse than qualified
commercial control; target materially
better

Measure both sides and report
distribution.

Blistering/rusting No widespread failure; rate by Any localized defects documented, not
recognized visual standard averaged away.
Abrasion Lower coating-volume or mass loss than | Ranking is more robust than cross-lab

control under identical D4060 setup

absolute values.

Thermal/cyclic cracking

No through-film crack network under
microscopy

Reject formulations that gain hardness
at the expense of fracture resistance.

Manufacturing repeatability

3 consecutive pilot batches meet all
release specs

Required before vessel trial.

12. Failure Modes and Effects Analysis (FMEA)

Failure mode Cause Effect Detection Mitigation
Primer loses zinc Low zinc loading, Reduced sacrificial Resistivity/galvanic Tight solids control,
connectivity settling, excess binder | protection tests, cross-section anti-settling, shelf-life

QC.

Barrier pinholes

Air entrainment, poor
wetting, excessive
build

Rapid chloride ingress

Holiday test,
microscopy, EIS

Defoam, staged coats,
wet-film control.

Barrier cracks

Overfilled/high
modulus, low-
temperature impact

Underfilm corrosion

Microscopy,
bend/impact, cyclic
aging

Toughener, balanced
PVC, flexible topcoat.

Intercoat delamination

Missed recoat window,
contamination, amine
blush

Sheet peeling

Pull-off, cross-section

Wash/abrade per
procedure,
environmental logging.

Edge corrosion Low DFT at sharp Premature rusting DFT mapping, visual Edge rounding + stripe
edges coats.

Topcoat UV degradation Aesthetic loss, surface Gloss/color Siloxane chemistry,

chalking/fading erosion measurements Ti02, HALS/UV
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absorber.
Cathodic disbondment | CP overpotential / Loss of adhesion Dedicated CD test Primer/barrier
water ingress around defects selection and DFT
optimization.

Fouling accumulation

No antifouling
functionality

Drag and fuel penalty

Hull inspection,
roughness/fouling
rating

Use separately
approved fouling-
control layer; cleaning
plan.

Nanofiller Poor addition Brittleness, roughness, | Microscopy, viscosity, Masterbatch, low

agglomeration order/high viscosity spikes fineness loading, process limits.
concentration

Repair incompatibility | Aged surface too Patch delamination Repair-panel test Defined
smooth/contaminated abrasion/cleaning/tie-

coat procedure.

13. Worker safety, environmental, and regulatory design

The original concept’s blanket “non-toxic” statement is not supportable. Industrial coatings can expose workers to

solvents, amines, pigments, dusts, and aerosols. X3 therefore treats HSE controls as part of the design rather than as
an afterthought. NMP is excluded from the baseline because U.S. EPA has identified unreasonable risk concerns and
has been developing risk-management measures. Free-HDI curing is also excluded from the baseline topcoat; OSHA
identifies isocyanates as respiratory sensitization hazards and specifically notes occupational exposure in
polyurethane painting.

e Use closed or local-exhaust charging for zinc dust, MIO, glass flake, and any nanosilica/nanoclay; prefer
supplied masterbatches over free nanopowders.

e Perform industrial-hygiene exposure assessment for spray operations. Use respiratory protection, protective
clothing, gloves, eye protection, and ventilation consistent with SDSs and applicable OSHA/maritime rules.

¢ Ground/bond vessels and transfer equipment where flammable liquids or combustible dusts can be present.
Conduct combustible-dust and hazardous-area review rather than assuming “paint plant” controls are
adequate.

e Characterize waste streams, overspray, spent abrasive, cleaning solvent, and zinc-containing residues. Do not
discharge to water.

e For antifouling, comply with IMO AFS Convention and flag/port-state requirements. Organotin biocides are
prohibited; cybutryne has been controlled since 2023. Any copper/biocide system requires local registration and
environmental review.

¢ No “PFAS-free,” “non-toxic,” “zero VOC,” or “environmentally benign” marketing claim should be made unless

the complete formulation and impurities support it under the target jurisdiction.

14. Scale-up plan and manufacturing controls

14.1 Development stages

Stage Batch scale Goal Exit criterion

Bench 1-5kg Screen binder/pigment ratios | Repeatable film, no gross
and cure settling, target adhesion/EIS

trend.

Pilot 50-200 kg Validate disperser power, Three batches within QC
heat, addition order, limits; no application defects.
sprayability

Pre-production 500-2,000 kg Validate plant-scale mixing Process capability established
and packaging for key QC metrics.

Field trial Ship test patch / test raft Validate surface prep, spray, Inspection milestones passed
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cure, repair Vs control.
Commercial qualification Production scale Class/owner/regulatory Formal approved
approval as applicable product/specification status.

14.2 Critical process parameters

e  Mixer tip speed and power per unit volume during pigment dispersion.

e  Batch temperature, especially during high-solids dispersion.

e Order of addition and wet-out time before high shear.

¢  Glass-flake addition shear ceiling to preserve aspect ratio.

e Moisture content of fillers and hardeners.

e Part A/Part B mix ratio by mass and by volume.

e Potlife at 10 C, 23 C, and 35 C (or the actual service climate range).

e  Viscosity after 24 h and after accelerated storage; redispersibility after settling.
e Package headspace and corrosion compatibility of cans/drum:s.

15. Cost and maintainability model

The purpose of X3 is lower life-cycle cost, not necessarily the lowest cost per liter. A simple present-value
comparison should include coating material, blasting, labor, dry-dock time, access/scaffolding, inspection, repair
frequency, fuel/drag consequences for underwater fouling systems, and disposal. A coating that costs 30-50% more
per liter can still be economically favorable if it reliably avoids one major recoating cycle; however, that conclusion
must be based on fleet data, not accelerated-test extrapolation.

For formulation cost control, use micron-scale glass flake, MIO, BaSO4/talc, and zinc phosphate as the primary
functional fillers. Keep nanosilica/nanoclay below the concentration at which special milling and viscosity penalties
dominate. Avoid MWCNTSs, exotic capsules, and fluoropolymer solvent systems unless a later controlled study
demonstrates a statistically significant performance advantage sufficient to pay for process complexity and HSE
controls.

16. What would disprove CorroShield-X3

The concept should be abandoned or materially revised if any of the following occurs in properly controlled tests:
(1) the full system does not outperform a qualified commercial control in cyclic corrosion or immersion; (2) zinc
primer causes unacceptable blistering/disbondment under the intended immersion/cathodic-protection condition;
(3) the toughened barrier develops a crack network under thermal/impact cycling; (4) adhesion retention falls below
the control; (5) plant-scale dispersion creates agglomerates, settling, or spray instability that cannot be controlled
without impractical equipment; (6) worker/environmental risk cannot be controlled to acceptable levels; or (7) the
coating is incompatible with the selected antifouling/foul-release system. Falsifiability is a feature: the project should
not “pass” by redefining failure after data are observed.

17. Comparison: original concept vs CorroShield-X3

Criterion Original CorroShield-FPC CorroShield-X3

Binder architecture Single PVDF-rich nanocomposite Three-layer functional architecture.

Cure 150 C/ 1 h stated Ambient two-pack cure within qualified
climate window.

Primary solvent NMP NMP excluded; high-solids/reactive-
diluent strategy.

Conductive nanocarbon 2 wt% MWCNT None in barrier/topcoat.

Active corrosion defense CeO2/BTA capsule concept Zinc-rich primer + nonchromate
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inhibitor pigment.

Barrier mechanism PVDF + nanoparticles High-build epoxy + glass flake + MIO +
low-dose nonconductive nano-
reinforcement.

Self-healing Claimed microcapsule recovery Not claimed in baseline; repairability is
procedural and testable.

Superhydrophobicity 162 deg stated Not required; durability, EIS, adhesion
and scribe creep prioritized.

Antifouling Implied hydrophobic/biofouling benefit Explicitly separate qualified
antifouling/foul-release layer.

Evidence standard Performance numbers without dataset Predefined comparative test program
with controls, replicates, and failure
gates.

18. References and standards basis

1. EquationFarm. “Grok 4: Super Durable Ships Paint / CorroShield-FPC: A Novel Fluoropolymer Based Nanocomposite Paint for
Superior Marine Corrosion Resistance.” 31 Aug 2025. Source concept and embedded two-page PDF.

2. International Maritime Organization (IMO). Anti-fouling systems; International Convention on the Control of Harmful Anti-
fouling Systems on Ships (AFS Convention). Organotin controls; cybutryne amendments effective 1 Jan 2023; 2023 Biofouling
Guidelines.

3. Li et al./ Tribology International (2024). “Research progress of marine anti-corrosion and wear-resistant coating.” Review of
marine protective coating strategies, wear and corrosion mechanisms.

4. Coatings (2024), 14, 1487. “Technologies in Marine Antifouling and Anti-Corrosion Coatings: A Comprehensive Review.”

5. Coatings (2020), 10, 916. “Powder and High-Solid Coatings as Anticorrosive Solutions for Marine and Offshore Applications? A
Review.” Notes advantages and cracking/peeling concerns reported for some epoxy-siloxane/polysiloxane systems.

6. ASTM D4541-22. Standard Test Method for Pull-Off Strength of Coatings Using Portable Adhesion Testers.
7. ASTM D4060-25. Standard Test Method for Abrasion Resistance of Organic Coatings by the Taber Abraser.
8. ASTM D5894-21. Standard Practice for Cyclic Salt Fog/UV Exposure of Painted Metal.

9. ISO 12944 series (current applicable edition to be verified at project start), especially classification, system selection, laboratory
performance testing, and offshore/immersion cyclic testing requirements.

10. U.S. Environmental Protection Agency. Risk Evaluation and Risk Management pages for N-methylpyrrolidone (NMP), updated
2026.

11. U.S. Occupational Safety and Health Administration. Isocyanates - Overview; Spray Operations - Controlling Hazards.

12. Sherwin-Williams Protective & Marine. ISO 12944-5:2018 compliant systems guide (illustrative evidence that multi-coat
epoxy/polysiloxane and related systems are commercially established; not an endorsement of X3).

18.1 Web sources consulted

https://www.equationfarm.com/grok-4-super-durable-ships-paint/
https://www.imo.org/en/ourwork/environment/pages/anti-fouling.aspx

https://www.imo.org/en/about/conventions/pages/international-convention-on-the-control-of-harmful-anti-fouling-systems-on-
ships-%28afs%29.aspx

https://www.imo.org/en/ourwork/environment/pages/biofouling.aspx
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https://www.sciencedirect.com/science/article/pii/S0301679X24006169
https://www.mdpi.com/2079-6412/14/12/1487

https://www.mdpi.com/2079-6412/10/10/916

https://store.astm.org/standards/d4541

https://store.astm.org/standards/d4060

https://store.astm.org/d5894-05.html
https://www.epa.gov/assessing-and-managing-chemicals-under-tsca/risk-evaluation-n-methylpyrrolidone-nmp-0
https://www.osha.gov/isocyanates

https://www.osha.gov/spray-operations/controlling-hazards

19. Final conclusion

CorroShield-X3 is a materially stronger engineering concept than the original CorroShield-FPC because it replaces
several high-risk assumptions with redundant, industrially recognizable protection mechanisms. The higgest
improvement is architectural rather than exotic: sacrificial protection is placed where conductivity is useful, low-
permeability reinforcement is placed where electrical insulation is useful, and UV/weathering protection is placed at
the surface. The concept also separates corrosion protection from antifouling regulation and removes unsupported
“self-healing,” “non-toxic,” and superhydrophobic claims from the baseline.

The next scientifically legitimate step is not another theoretical “pass.” It is a controlled qualification campaign
against a strong commercial benchmark. If X3 fails those tests, the formulation should be changed or abandoned. If
it consistently outperforms the control across cyclic corrosion, immersion, cathodic dishondment, abrasion,
adhesion retention, field exposure, and plant-scale repeatability, it would then justify progression toward
owner/class qualification and vessel trials.

Equation rendering note. All displayed mathematical equations in this revision are embedded as 1200-dpi PNG
line-art images to preserve sharp mathematical typography in the delivered PDF.
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