HEMPOXIES 43 (H43)

Advanced Structural Bio-Based Vitrimer Composite System

recycling, and self-healing properties.

 L1: Matrix Phase (Bulk Vitrimer):
Epoxidized Hempseed Oil (40.0%), Furfuryl
Glycidyl Ether (20.0%), Sebacic Acid
(22.0%), Zinc Acetylacetonate catalyst (4.5
phr).

* L2: Interphase: Epoxidized Lignin (5.0%) for
dynamic stress distribution and healable
boundaries.

+ L3: Primary Reinforcement: Continuous
PAN Carbon Fiber & Hemp CNCs (1.0%) for
load-bearing and crack-tip blunting.

* L4: Multifunctional Nano: Hemp-Derived
Carbon Nanosheets (HDCNS) (2.0%) for
electrical conductivity and percolation.

* L5: Micron Filler: Hemp Biochar (3.0%) for
UV stability and exothermic heat
management during curing.

1. The 5-Level Architecture | 2.

Strategic Positioning: Hempoxies 43 is a multi-scale, hierarchically engineered structural composite. It
resolves the "flexibility-rigidity paradox" of bio-resins by employing dynamic covalent chemistry (vitrimers).
This achieves high mechanical performance while ensuring complete end-of-life (EoL) circularity, chemical

Target Performance Metrics

* Young's Modulus: 40 - 60 GPa

* Tensile Strength: 400 - 600 MPa

* Electrical Conductivity: 10 - 100 S/m
(Enables >30 dB EMI shielding)

* Healing Efficiency: > 80% recovery after
micro-fracture

» Thermal Stability: > 280°C degradation
onset

* Renewable Content: 55 - 70% bio-based
feedstock

| 3. Comparative Analysis: H43 vs. Traditional Epoxy 828

Property / Metric Hempoxies 43 (H43)

Chemical Dynamic Covalent Adaptable Network
Network (Vitrimer)

>95% Fiber Recovery via Catalyzed

End-of-Life (EoL
nd-of-Life (EoL) Depolymerization

Self-Healing Enabled (=80% via transesterification)

Multifunctionality | Conductive, UV-shielded, thermally stable

Standard Epoxy 828

Permanent Thermoset Network

Landfill / Incineration (Thermodynamic
Trap)

None (Permanent microscopic
damage)

Monofunctional (requires synthetic
additives)

Sustainability High (Hemp, castor, and hemicellulose derived) | Low (100% Petroleum derived)



| 4. Industrial Implementation & Circularity

As global regulatory landscapes pivot towards mandatory recyclability in aerospace, automotive, and wind
energy sectors, Hempoxies 43 provides a pre-validated framework. The integration of Hemp-Derived Carbon
Nanosheets (HDCNS) transitions H43 from a passive material to an active, responsive system.

The Circular Mechanism: Unlike standard epoxies, placing H43 in a benign solvent with an excess of
hydroxyls and moderate heat triggers associative bond exchange (transesterification). This systematically
dismantles the matrix without damaging or shortening the highly valuable continuous carbon fibers, allowing
for total material recapture.
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Chapter 1: Executive Summary and Strategic

Positioning

1.1 Executive Summary

Hempoxies 43 (H43) is a multi-scale, hierarchically engineered structural composite system designed to
resolve the fundamental contradiction of modern materials science: the mutual exclusivity of high

mechanical performance and end-of-life (EoL) circularity.

Current benchmarks in lightweight structural engineering rely heavily on Carbon Fiber Reinforced
Polymers (CFRPs) utilizing petroleum-derived, permanently crosslinked thermoset matrices. While these
materials offer exceptional specific strength and stiffness, they are thermodynamically locked in their final

state, rendering them non-recyclable, non-repairable, and non-reprocessable.

Hempoxies 43 proposes a fundamental shift in this architecture by replacing the static thermoset matrix
with a Bio-based Vitrimer and introducing a fourth hierarchical reinforcement level of Hemp-Derived
Carbon Nanosheets (HDCNS).

The H43 System Integrates Five Critical Scientific Innovations:

[1] A Bio-based Vitrimer Matrix: A ternary network derived from epoxidized hempseed oil (EHO),
furfuryl glycidyl ether (FGE), and sebacic acid, utilizing zinc-catalyzed transesterification to enable

associative bond exchange.

[2] A Lignin-Mediated Dynamic Interphase: A reactive coating of epoxidized lignin on the carbon fiber

surface that facilitates covalent coupling between the fiber and the vitrimer matrix.

[3] Hierarchical Multi-scale Reinforcement: The integration of continuous PAN-based carbon fiber with

hemp-derived cellulose nanocrystals (CNCs) for transverse toughness enhancement.

[4] Hemp-Derived Carbon Nanosheets (HDCNS): A novel 2D nanocarbon reinforcement derived from
hemp bast fibers through hydrothermal carbonization and KOH activation, providing exceptional

surface area (up to 2,287 m?g), mechanical robustness, thermal stability, and electrical conductivity.

[5] Hemp Biochar: A micron-scale carbon filler derived from hemp biomass pyrolysis, providing UV

stability, thermal protection, and nucleation sites for enhanced matrix crystallinity.

Projected Performance Metrics
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Property Target Value Significance

Young's Modulus 40-60 GPa Structural-grade stiffness
Tensile Strength 400-600 MPa Load-bearing capacity
Healing Efficiency >80% Self-repair capability
Electrical Conductivity 10-100 S/m HDCNS percolation network
Thermal Stability (T;%) >280°C Service temperature range

This document provides the complete theoretical, chemical, and procedural blueprint for the H43

system, including the synthesis, functionalization, and integration protocols for HDCNS.

1.2 Strategic Positioning (Reality Check)

In the landscape of structural materials, Hempoxies 43 is not positioned as an immediate drop-in
replacement for primary aerospace-grade CFRPs (such as those used in fuselage or wing spar construction).
To claim such performance without exhaustive longitudinal data would be a scientific overreach that
collapses project credibility.

Instead, H43 is positioned for Secondary Structural and Sustainable Infrastructure applications,
including:

o Automotive Structural Panels: Specifically hood assemblies, door inner-frames, and battery
enclosures where impact energy absorption, recyclability, and EMI shielding (enabled by HDCNS) are
mandated.

e Wind Energy Components: Segments of turbine blades that currently face massive landfilling issues at
decommissioning.

» Sporting Goods and Consumer Electronics: High-performance modular systems where repairability
and lightning strike protection (HDCNS conductivity) significantly extend product lifecycle.

o Circular Infrastructure: Modular structural beams for smart-city applications.

e Aerospace Secondary Structures: Interior panels, cargo bays, and non-load-bearing components

where multifunctionality (structural + electrical) is valued.

The Core Competitive Advantage: The Performance-Sustainability-Functionality Tetrad — The
ability to achieve structural-grade strength while being simultaneously repairable, chemically

recyclable, and electrically/thermally functional through integrated HDCNS.
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Chapter 2: Problem Definition: The Thermodynamic
Trap

2.1 The Structural Composite Dilemma

The current state of high-performance lightweighting is defined by the Structural Composite
Dilemma. Modern CFRPs are characterized by:
» Exceptional Specific Strength: 15002500 MPa
e Modulus: 120-230 GPa
« Fatigue Resistance: Superior to traditional aluminum and steel alloys
However, the Thermodynamic Trap of these materials is their chemical irreversibility. Conventional
thermosets like Bisphenol-A (BPA) epoxies are formed via irreversible crosslinking. Once the network is

formed, the polymer cannot be melted, reshaped, or dissolved without breaking the primary covalent

backbone of the chain.

2.1.1 Waste Accumulation and Landfilling

Global CFRP waste is projected to reach unprecedented levels by 2030, driven by the decommissioning
of the first generation of carbon-fiber aircraft and the mass retirement of wind turbine blades. Currently, the
only EoL options are landfilling (environmentally catastrophic) or incineration (energy-intensive and CO,-

intensive).

2.1.2 Fiber Recovery Limitations

Existing fiber recovery processes, such as pyrolysis and solvolysis, represent a compromise rather than
a solution. Pyrolysis destroys the resin matrix and subjects carbon fibers to extreme temperatures, degrading

fiber surface properties by 10-20%, effectively downcycling a premium material.
2.1.3 Petroleum Dependency and Toxicity

Standard epoxy resins derive from Bisphenol-A and epichlorohydrin, both petroleum-sourced and
presenting significant health/environmental concerns during synthesis and disposal.

2.1.4 The Multifunctionality Gap

Traditional CFRPs are electrically insulating and thermally limited, requiring additional materials
(copper mesh, metallic foils) for lightning strike protection or EMI shielding—adding weight, complexity,

and corrosion risk.
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2.2 Limitations of Existing Alternatives

2.2.1 Bio-Based Thermosets

Current bio-resins (epoxidized soybean oil, linseed oil, etc.) are often non-structural. Their long
aliphatic chains result in high flexibility but low modulus and low glass transition temperatures (Tg).

Furthermore, they inherit the same EoL limitations as petroleum thermosets.

2.2.2 Thermoplastics

Thermoplastics (PEEK, PPS, etc.) are recyclable but face significant hurdles:

 Viscosity Issues: High melt viscosity prevents proper fiber wetting
o Creep Resistance: Poor long-term creep resistance at elevated temperatures

 Interface Integrity: Weak bonding between carbon fiber and thermoplastic matrices

2.2.3 Conventional Biochar and Natural Fillers

While biochar provides some thermal stability and nucleation sites, it lacks the surface area, aspect

ratio, and electrical conductivity required for advanced multifunctional composites.

2.3 The Core Question

Can we create a material that possesses the low-viscosity processing and structural rigidity of a
thermoset, while maintaining the reprocessability and circularity of a thermoplastic, with integrated
multifunctional properties (electrical/thermal conductivity), all within a bio-based chemical

framework?

The answer lies in the vitrimer matrix combined with hierarchical nanocarbon reinforcement from hemp

biomass.
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Chapter 3: Conceptual Solution: The Vitrimer
Approach

3.1 Introduction to Covalent Adaptable Networks (CANs)

The proposed solution utilizes a Vitrimer, a specific class of Covalent Adaptable Networks (CANs).
Unlike traditional thermosets with permanent static crosslinks, a vitrimer utilizes dynamic covalent

chemistry.

In a vitrimer, the number of crosslinks remains constant, but their topology is dynamic. When heated
above the Topology Freezing Temperature (Tv), bonds undergo exchange reactions, allowing the network to

rearrange and flow like a viscoelastic fluid without losing overall network integrity.

3.2 System Architecture Overview

The Hempoxies 43 system is architected across five hierarchical levels:

3.2.1 Level 1: The Matrix Phase (Bulk Vitrimer)

The matrix is a bio-based ternary system utilizing epoxidized hempseed oil for the backbone, furfuryl
glycidyl ether for aromatic rigidity, and sebacic acid for curing and hydroxyl generation.
3.2.2 Level 2: The Interphase (Dynamic Interface)

Using epoxidized lignin as an interphase creates a chemical bridge allowing the interface itself to
undergo bond exchange, redistributing stress and enabling healing of interfacial damage.
3.2.3 Level 3: The Primary Reinforcement Phase

Continuous PAN carbon fiber provides primary load-bearing capacity, supported by cellulose
nanocrystals (CNCs) that increase surface area for matrix interaction and deflect micro-cracks.
3.2.4 Level 4: The Multifunctional Nanocarbon Phase (HDCNS)

Hemp-Derived Carbon Nanosheets (HDCNS) constitute the fourth hierarchical level, providing:
o 2D reinforcement with ultra-high aspect ratio
« Electrical percolation network for conductivity

e Thermal management through phonon transport
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o Crack deflection at the nanoscale

 Catalyst support surface for enhanced transesterification kinetics

The HDCNS are surface-functionalized to participate in the dynamic covalent network, ensuring they

are not merely embedded but covalently integrated into the vitrimer architecture.

3.2.5 Level 5: The Micron-Scale Filler Phase (Biochar)

Hemp Biochar provides the fifth hierarchical level as a micron-scale carbon filler, offering:
o UV Stability: Absorbs UV radiation, protecting the polymer matrix from photodegradation
o Thermal Protection: Enhances thermal stability and acts as a heat sink during exothermic cure

e Nucleation Sites: Promotes localized crystallinity and ordered polymer chain packing

» Cost Efficiency: Lower-cost carbon filler that maintains bio-based content

3.3 The Central Hypothesis

A lignin-mediated, dynamically bonded interface between a vitrimer matrix and carbon fiber,
combined with covalently integrated hemp-derived carbon nanosheets (HDCNS), can enable high
interfacial shear strength while preserving dynamic properties for reprocessability, and
simultaneously impart multifunctional electrical/thermal conductivity without compromising

mechanical performance.
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and Interfacial Physics

4.1 The Physics of Associative Exchange

Hempoxies 43 utilizes an associative mechanism (catalyzed transesterification) rather than dissociative
CANs. In associative exchange, the incoming nucleophile attacks the existing ester linkage, forming a
transition state where the new bond begins to form before the old bond cleaves. Network connectivity

remains constant throughout exchange.

This allows H43 to maintain structural dimensions even during topology rearrangement—critical for

precision thermoforming.

4.2 The Transesterification Engine

Curing Reaction:

Epoxide + R — COOH — R — COO — CH — CH(OH) — R’

Exchange Reaction:

Zn(acac)s

R —COO —-Rs +Rs—0OH R —COO — R3+ Ry — OH

4.3 Network Dynamics and Arrhenius Kinetics

The characteristic relaxation time (7*) follows Arrhenius behavior:

E,
7(T) = T exp ( RT) (4-1)

Where:

o Ea=90-110 kJ/mol (activation energy target)
 Catalyst loading: 3.5-4.5 phr
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4.4 The Topology Freezing Temperature (Tv)

Tv is defined as the temperature where viscosity reaches 10!2 Pa-s. Above Tv, H43 shows Arrhenius

flow:

E,
n(T) = no exp <ﬁ> (4-2)

This distinguishes vitrimers from WLF-type thermoplastic melts, enabling precision thermoforming

without mold constraints.

4.5 Interfacial Physics: Lignin-Mediated and HDCNS-Enhanced Stress Transfer

4.5.1 Lignin-Carbon Fiber Interface

PAN-based carbon fibers are chemically inert (1.5-4.0 groups/nm?). Epoxidized lignin provides:

1. Physical adsorption: r-rt stacking with graphitic planes

2. Chemical bonding: Epoxide groups react with vitrimer matrix during cure

4.5.2 HDCNS-Matrix Interface

HDCNS present dual surface chemistry:

 Basal planes: Graphitic regions for m-mt interactions with lignin and FGE furan rings

» Edge defects: Hydroxyl (-OH) and carboxyl (-COOH) groups from activation process

Functionalization strategy: HDCNS are pre-treated with epichlorohydrin to graft glycidyl ether

groups, enabling direct participation in the transesterification network:

HDCNS — COOH + CHy(0)CHCHCl Y™, HDONS — COO — CH, — C.

This ensures HDCNS are covalently tethered to the dynamic network, preventing agglomeration and

enabling stress transfer.

4.6 The Dynamic Shear L.ag Model with Nanocarbon Reinforcement

The modified Cox Shear Lag Model for H43 includes the HDCNS contribution to interfacial stress

transfer:

10



Chapter 4: Theoretical Framework: Vitrimer Chemistry and Interfacial Physics

_ E¢e,,B*dsinh(8*(1/2 — x))

T(T) = 4-3
() 4 cosh(B*1/2) )
Where the adaptive parameter 3* now incorporates HDCNS reinforcement:
. |H(T,t)+nupens(T) - Eupens - Vapens
g* = (4-4)
EpAy

The HDCNS term (Mgpcens * Eupcens © VEponsg) represents the nanocarbon-mediated stress

redistribution, where:

e NEDCNS = HDCNS efficiency factor (0.2-0.4, accounting for aspect ratio and dispersion)
« Expcns =0.5-1.0 TPa (in-plane modulus of carbon nanosheets)

e Vupcns = volume fraction (0.5-2.0%)

At T > Tv, the HDCNS-matrix interface can relax stress concentrations through bond exchange,

preventing catastrophic brittle failure.

4.7 Thermodynamic Stability and Network Integrity
The system must satisfy:
Tservice < Tg < Tv < Tp’rocess < Tdegradation (4-5)

With HDCNS integration:

e Tprocess: 170-190°C (ensures rapid bond exchange)
o Tdegradation: >220°C (bio-based component limit)

o HDCNS thermal stability: >800°C (no thermal limitation)

11



Chapter 5: Materials Design and Chemical Precursor Engineering

Chapter 5: Materials Design and Chemical Precursor

Engineering

5.1 Design Philosophy of the Matrix Phase

The H43 matrix resolves the Flexibility-Rigidity Paradox through a ternary blend where each

component compensates for others' weaknesses.

5.2 Epoxidized Hempseed Oil (EHO): The Aliphatic Backbone

Source: Cannabis Sativa seeds

Unique profile: High polyunsaturated fatty acids (PUFAs) — linoleic (C18:2) and a-linolenic (C18:3)
acids >75%

Functionality: 3.5-5.0 epoxide groups per triglyceride

5.2.1 Synthesis Pathway: In Situ Performic Acid Epoxidation

Activation:

HCOOH + H202 = HCOOOH + H20

Epoxidation:

CH = CH + HCOOOH — CH(O)CH + HCOOH

5.2.2 Standard Laboratory Protocol for EHO

Table 5.1 EHO Synthesis Parameters

Parameter Specification
Target EOC 5.8-7.2%
H,0,:C=C molar ratio 1.5:1.0
Formic Acid:C:C ratio 0.5:1.0

12
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Temperature 55°C (£2°C)

Stirring rate 400 rpm

Critical control: Temperature >65°C causes oxirane ring-opening, degrading final modulus.

5.3 Furfuryl Glycidyl Ether (FGE): Aromatic Modulation

Source: Furfural from hemicellulose agricultural waste

Functions:
1. Viscosity reduction: >1000 mPa-s — ~250 mPa-s
2. Stiffening: Young's modulus #1.2 GPa - ~3.0 GPa

3. Vitrimer synergy: Furan rings stabilize Zn(acac), catalyst

5.4 Sebacic Acid: The Bio-Based Hardener

Source: Castor oil (C10 dicarboxylic acid)

Stoichiometry: 1.0:1.0 carboxyl:epoxy ratio (critical)

5.5 Epoxidized Lignin: The Reactive Interphase

Source: Technical lignin (Kraft or Organosolv)

Target oxirane content: 0.8—1.2 mmol/g

Synthesis:

Lignin — OH + CHy(0)CHCH,Cl s Lignin — O — CH, — CH(O)CH,

5.6 Hemp-Derived Carbon Nanosheets (HDCNS): The Multifunctional 2D

Reinforcement

5.6.1 Structural Characteristics of HDCNS

HDCNS are produced from hemp bast fibers (the phloem tissue of Cannabis sativa) through a two-stage

process:

13
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Table 5.2 HDCNS Structural Properties

Property Value Significance

Specific Surface Area 1,800-2,287 m?/g Exceptional matrix interaction
In-Plane Electrical Conductivity 211-226 S/m EMI shielding, lightning protection
Thermal Stability >800°C No degradation during processing
Lateral Dimensions 500 nm — 5 pm Optimal aspect ratio for reinforcement
Thickness 2-10 nm True 2D nanosheet morphology

Edge Functional Groups -OH, -COQOH, -C=0 Covalent integration sites

5.6.2 Synthesis Pathway: Hydrothermal Carbonization and Chemical Activation

Stage 1: Hydrothermal Carbonization (HTC)

o Hemp bast fibers + deionized water

e Temperature: 180°C

 Duration: 24 hours

» Autogenous pressure: ~10 bar

¢ Product: Hydrochar with preserved cellulose/lignin structure
Stage 2: Chemical Activation

e KOH:hydrochar ratio = 3:1 to 4:1

o Temperature: 700—800°C under N,

e Duration: 1-2 hours

e Washing: 2M HCI then DI water to neutral pH

e Drying: 80°C under vacuum

Mechanism: KOH etches the carbon framework, creating micropores (<2 nm) and mesopores (2-50

nm), while preserving the 2D sheet morphology.

5.6.3 Surface Functionalization for Vitrimer Integration

Raw HDCNS must be functionalized to participate in the dynamic covalent network:

Protocol: Epoxidation of HDCNS

14
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1. Oxidation: HDCNS + H,SO,/HNO, (3:1) at 80°C for 4 hours to increase -COOH density
2. Neutralization: Wash to pH 7, dry at 60°C

3. Epoxidation: Suspend in epichlorohydrin, add NaOH dropwise (same protocol as lignin
epoxidation)

4. Target: 0.5-1.0 mmol epoxide/g HDCNS

Alternative: Silane Functionalization

e (3-Glycidyloxypropyl)trimethoxysilane (GLYMO) in ethanol
o Reflux 12 hours

 Creates glycidyl-terminated surface for direct vitrimer integration

5.6.4 Functions in the H43 System

Table 5.3 HDCNS Functions and Performance Impact

Function Mechanism Performance Impact
Mechanical 2D sheet morphology, high aspect ratio, +15-25% modulus at 2 wt%
Reinforcement covalent bonding loading

Electrical Conductivity Percolation network formation at 0.5-1.0 wt% 10-100 S/m, EMI shielding >30 dB

Thermal Conductivity Phonon transport through graphitic basal Enhanced heat dissipation during
planes cure
Crack Deflection Sheet pull-out and delamination energy +40% fracture toughness (G,c)
absorption
Catalyst Support High surface area for Zn(acac), distribution Faster stress relaxation, improved
healing
UV Stability UV absorption and radical scavenging Reduced photodegradation of
matrix

5.7 Multi-Scale Reinforcement: CNCs, HDCNS, and Biochar

The H43 system employs three complementary reinforcement strategies spanning nano to micron

scales:

Table 5.4 Multi-Scale Reinforcement Comparison

15
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Component Loading

Dimensions

Primary Role

Cellulose Nanocrystals (CNCs) 1.0 wt%

Hemp-Derived Carbon Nanosheets 2.0 wt%
(HDCNS)

Hemp Biochar 3.0 wt%

5-20 nm x 100-300

nm

2—-10 nm X% 500 nm—
5 pm

1-50 pm

Transverse reinforcement, crack tip

blunting

2D reinforcement, electrical/thermal

function

UV stability, thermal protection,

nucleation sites

Synergistic effect: CNCs provide mechanical

energy dissipation through hydrogen bond

breaking/reformation, HDCNS provide electrical percolation and thermal management, and biochar offers

UV protection and thermal stability. The combination addresses multiple failure modes simultaneously while

maintaining cost-effectiveness.

5.7.1 Hemp Biochar: The Micron-Scale Filler

Source: Pyrolysis of hemp hurd (shives) or bast fibers at 400-600°C under inert atmosphere

Key Properties:

Table 5.4a Hemp Biochar Properties

Property Value Significance

Particle Size 1-50 pm Micron-scale dispersion
Carbon Content 75-85% High carbon purity

Surface Area 50-200 m?/g Moderate surface interaction
Thermal Stability >500°C Processing stability

UV Absorption Broad spectrum Photodegradation protection

Functions in H43 System:

o UV Stabilizer: Absorbs UV-B and UV-A radiation, preventing chain scission and yellowing of the

epoxy matrix

o Thermal Buffer: Acts as a heat sink during exothermic cure, reducing thermal gradients

e Nucleation Agent: Promotes localized crystallinity in the polymer matrix

» Cost Modifier: Reduces overall material cost while maintaining bio-based content

5.8 Baseline Matrix Formulation (Master Table)

16
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Table 5.5 Optimized H43 Matrix Formulation

Component Loading (wt%) Role

Epoxidized Hempseed Oil (EHO) 40.0% Primary resin backbone

Furfuryl Glycidyl Ether (FGE) 20.0% Aromatic modulator, viscosity control
Sebacic Acid 22.0% Bio-hardener, hydroxyl generator
Zinc Acetylacetonate 4.5 phr* Dynamic catalyst

Epoxidized Lignin (EL) 5.0% Interfacial agent

Hemp CNCs 1.0% Nano-reinforcer (1D)

Hemp-Derived Carbon Nanosheets (HDCNS) 2.0% Multifunctional 2D nano-reinforcer
Hemp Biochar 3.0% Stability filler, UV protection

17

*phr = parts per hundred resin (EHO + FGE)

Critical formulation notes:

o HDCNS must be added after sonication of CNCs to prevent competitive aggregation

 HDCNS dispersion requires probe sonication at lower power (150W, 20 kHz, 15 min) to prevent sheet

fracture

e Zn(acac), is pre-dissolved in minimal acetone before addition to HDCNS-containing mixture
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Chapter 6: Synthesis and Fabrication Protocols: Lab

Execution

6.1 Phase I: Synthesis of Epoxidized Hempseed Oil (EHO)

Scale: 1 kg batch

Apparatus: 2 L three-neck round-bottom flask, mechanical stirrer, reflux condenser, digital

thermocouple, peristaltic pump
Reagents:
o Cold-pressed hempseed oil: 1000 g
o Formic acid (88%): 92 g
o Hydrogen peroxide (30% aq.): 680 g
e Anhydrous MgSO,: 50 g

Table 6.1 EHO Synthesis Procedure

Step Action Parameters Critical Control

1 Loading Charge oil, stir at 350 rpm —

2 Heating Oil bath to 50°C +1°C tolerance

3 Acidification Add formic acid Single portion, 15 min equilibration
4 Oxidation H,0, dropwise addition 5 mL/min, monitor T

5 Thermal management Maintain 55°C <60°C mandatory

6 Reaction dwell Hold 55°C 5 hours

7 Separation Transfer to separatory funnel Discard aqueous layer

8 Neutralization 5% NaHCO, wash pH 7 endpoint

9 Drying MgSO, addition 30 min, then filtration

6.2 Phase I1: Epoxidation of Technical Lignin

Scale: 100 g lignin batch

Steps:

18
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1. Dissolve 100 g purified Kraft lignin in 300 mL acetone + 100 mL water

2. Add 400 g epichlorohydrin, heat to 60°C under reflux

3. Add 40 g NaOH (in 100 mL water) dropwise over 2 hours

4. React 4 hours total

5. Precipitate in 2 L acidified water (pH 2.0, HCI)
6. Wash until AgNO, test negative for CI”

7. Vacuum dry at 40°C, 48 hours

6.3 Phase III: Synthesis of Hemp-Derived Carbon Nanosheets (HDCNS)

6.3.1 Apparatus and Reagents

Apparatus:

e Tube furnace with N, flow (activation)
 Glass frit filtration system

¢ Vacuum oven

Reagents:

» Hemp bast fibers (decorticated, 50 g)

e Deionized water (300 mL)

o KOH pellets (85% purity, 150 g for 3:1 ratio)
» 2M HClI solution (for washing)

» Nitrogen gas (high purity)

6.3.2 Hydrothermal Carbonization Protocol

Table 6.2 HTC Process Parameters

500 mL Teflon-lined stainless steel autoclave (hydrothermal)

Step Parameter Value Rationale

Loading Hemp bast + water 50 g + 300 mL 1:6 mass ratio

Temperature Oven set point 180°C Sufficient for carbonization, preserves structure
Duration Hold time 24 hours Complete carbonization

Pressure Autogenous ~10 bar Self-generated, no external pressure needed

19
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Product

Hydrochar yield ~30 wt% Carbon-rich solid

Post-HTC processing:

1. Cool autoclave to room temperature naturally (6—8 hours)

2. Collect hydrochar, wash with DI water

3. Dry at 80°C overnight

4. Grind to powder (particle size <100 pm)

6.3.3 Chemical Activation Protocol

Table 6.3 Chemical Activation Parameters

Step Parameter Value Critical Control
Mixing KOH:hydrochar 3:1to4:1 Higher ratio = higher surface area

(mass)
Heating rate To 700°C 5°C/min Prevent thermal shock
Activation Hold 700-800°C  700°C = balanced porosity; 800°C = maximum
temperature surface area
Duration Hold time 1-2 hours 1 hour = sufficient; 2 hours = maximum porosity
Atmosphere N, flow 100 Prevent oxidation

mL/min

Cooling To room temperature Under N, Prevent air oxidation

Post-activation processing:

1. Wash with 2M HCI (neutralizes KOH, removes salts)

2. Hot DI water wash (80°C) until pH 7 and no CI” (AgNO;, test)

3. Vacuum filtration through glass frit

4. Dry at 80°C under vacuum, 12 hours

Yield: 15-25% of original hemp bast mass (depending on activation severity)

6.3.4 Quality Control for HDCNS

Table 6.4 HDCNS Quality Control Tests

Test

Method Target

Action if Failed

20
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Surface area

Morphology TEM/SEM
Purity TGA (air)
Conductivity 4-point probe

BET (N, adsorption)

>1,500 m?/g
2D sheets, <10 nm thick
>95% carbon

>100 S/m

Increase KOH ratio or activation T
Optimize HTC temperature
Increase washing cycles

Higher activation temperature

6.4 Phase IV: Surface Functionalization of HDCNS

Objective: Graft epoxide groups for covalent vitrimer integration

Protocol: Epichlorohydrin Route

Step Reagent/Action Condition Duration
1 Oxidation (optional) H,SO,/HNO, (3:1), 80°C 4 hours
2 Washing DI water to pH 7 Until neutral
3 Drying Vacuum, 60°C 12 hours
4 Suspension Epichlorohydrin (10 mL/g HDCNS) Room temperature
5 Addition NaOH (40% agq.), dropwise 2 hours at 60°C
6 Reaction Reflux, 60°C 4 hours total
7 Precipitation Acidified water (pH 2) Immediate
8 Washing DI water, then acetone Until neutral, no CI”
9 Drying Vacuum, 40°C 48 hours
Alternative: Silane Route (for moisture-sensitive applications)
Step Reagent Condition Duration

1 HDCNS suspension
2 GLYMO addition

3 Reaction

4 Washing

Ethanol:water (9:1), 2% acetic acid
10 mmol/g HDCNS
Reflux

Ethanol, then acetone

30 min sonication
Room temperature
12 hours

3% cycles
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5 Drying Vacuum, 60°C 24 hours

Quality control: Epoxide content by HBr titration (ASTM D1652 modified) — Target: 0.5-1.0 mmol
epoxide/g HDCNS

6.5 Phase V: Carbon Fiber Surface Preparation

6.5.1 Desizing

o Method A (Solvent): Soxhlet extraction, acetone, 24 hours (lab-scale)

o Method B (Thermal): 450°C, N,, 15 minutes (industrial)

6.5.2 Reactive Sizing Application

Sizing bath composition:
» 3.0 wt% Epoxidized Lignin (EL) in acetone
e 0.5 wt% Zn(acac), (relative to EL)

o Optional: 0.1 wt% HDCNS (for gradient interphase)
Application: Fiber passage through bath, inline drying at 80°C

Coating thickness: 40-60 nm

6.6 Phase VI: Matrix Compounding and Degassing

6.6.1 Sequential Dispersion Protocol
Critical: HDCNS requires sequential addition to prevent agglomeration with CNCs

Table 6.5 Sequential Dispersion Protocol

Step Component Action Parameters

1 EHO + FGE Mix 60°C, 200 rpm, 15 min

2 Sebacic acid Add Until clear, homogeneous

3 CNCs Probe sonication 20 kHz, 300W, 30 min

4 HDCNS Probe sonication 20 kHz, 150W, 15 min

5 Zn(acac), Add 5 min stirring (pre-dissolved in acetone)
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6 EL Add 10 min stirring

HDCNS dispersion notes:

» Lower power prevents sheet fracture
 Visual check: No visible black aggregates, uniform gray color

« Optional: Three-roll milling for industrial scale

6.6.2 Degassing

e Vacuum chamber, 80°C
e Gradual vacuum to <50 mbar

» Endpoint: Optically clear, no surface rolling

6.7 Phase VII: Composite Manufacturing

Layup: Vacuum-assisted resin transfer molding (VARTM) or prepreg

Cure cycle:

» Stage 1: 80°C, 2 hours (gelation, exotherm control)
o Stage 2: 120°C, 2 hours (advance cure)
» Stage 3: 160°C, 2 hours (full cure, a > 98%)

o Post-cure: 180°C, 1 hour (interface activation)

6.8 Safety Engineering: Runaway Prevention and HDCNS Handling

6.8.1 Exothermic Auto-acceleration

e Ciritical limit: Internal temperature <210°C

» Mitigation: Multi-stage dwell cure (Section 6.7)

6.8.2 HDCNS-Specific Safety

Table 6.6 HDCNS Safety Considerations

Hazard Risk Mitigation

Dust explosion Fine carbon powder, high surface area N, inerting during handling, grounded equipment
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Respiratory Nanoparticle inhalation NIOSH-approved respirators (N95 minimum), fume hood
Skin contact Mechanical irritation Nitrile gloves, long sleeves
KOH activation Corrosive, exothermic Face shield, acid-resistant gloves, neutralization station
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Chapter 7: Characterization Protocols and Material

Validation

7.1 Spectroscopic Fingerprinting: FTIR and NMR

7.1.1 FTIR Markers

Table 7.1 FTIR Diagnostic Peaks

Peak (cm™) Assignment Stage

823 Epoxide (oxirane) Pre-cure

3010, 1650 C=C-H, C=C Raw oil (should disappear)
3200-3500 Hydroxyl (-OH) Post-cure (emerges)

1740 Ester carbonyl (C=0) Stable throughout

1575 HDCNS aromatic C=C HDCNS fingerprint

1250 Epoxide on HDCNS Functionalization check

7.1.2 NMR Quantification

o TH-NMR: Epoxide protons at 2.9-3.2 ppm
e BC-NMR: Confirmation of ester linkages at 170—175 ppm

7.2 Thermal Analysis: DSC and TGA

7.2.1 DSC

o Cure profile: -50°C to 250°C, 10°C/min
» Target degree of cure: o > 98%

o Tg target: 85-115°C (FGE-dependent)

7.2.2 TGA

Table 7.2 TGA Target Metrics
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Metric Target HDCNS Impact
T5% (5% mass loss) >280°C HDCNS increases to >300°C
Char yield (600°C, N,) 15-22% HDCNS increases to 25-35%

7.3 Dynamic Mechanical Analysis (DMA): The Vitrimer Proof

7.3.1 Storage Modulus and Crosslink Density

/
v, = plateau (7-1)

"~ 3RT

Measured at Tg + 50°C

7.3.2 Stress Relaxation Methodology

Definitive vitrimer proof:

o Constant strain: € % 1%

o Temperature: 160-200°C

e Measure: G(t)/G, decay

o T*: time to 1/e (37%) of initial modulus

e Arrhenius plot: In(t*) vs. 1000/T - Ea from slope

HDCNS effect: Expect faster relaxation due to catalyst distribution on high surface area

7.4 Morphological Characterization: SEM, TEM, and AFM

7.4.1 SEM

Fracture surface analysis:

 Fiber pull-out with matrix sheath (cohesive failure) = good lignin bonding
o HDCNS pull-out and sheet traces = 2D reinforcement mechanism

» No micron-scale aggregates = good dispersion

7.4.2 TEM

Ultra-thin sections (50-100 nm):

o Lignin gradient at fiber surface

26



Chapter 7: Characterization Protocols and Material Validation

e HDCNS location: Should observe at fiber-matrix interface and distributed in bulk

e CNC orientation: At interphase, perpendicular to crack propagation

7.4.3 AFM

HDCNS thickness confirmation:

» Tapping mode on diluted dispersion

o Target: 2-10 nm thickness, confirming nanosheet morphology

7.5 Electrical and Thermal Characterization

7.5.1 Electrical Conductivity

Method: 4-point probe or van der Pauw

Sample: Cured neat resin (no fibers) with HDCNS

Table 7.3 HDCNS Conductivity Targets

HDCNS Loading Expected Conductivity Application

0.5 wt% 10761073 S/m Antistatic

1.0 wt% 1073107t S/m ESD protection

2.0 wt% 107'-10* S/m EMI shielding (>30 dB at X-band)

Percolation threshold: ~0.3—0.5 wt% (due to high aspect ratio)

7.5.2 Thermal Conductivity

Method: Laser flash analysis (LFA) or guarded heat flow
Target: 0.5-2.0 W/m-K (vs. 0.2 W/m-K for neat epoxy)

Mechanism: Phonon transport through HDCNS network

7.6 Water Uptake and Hydrolytic Stability

Protocol: 25°C and 70°C immersion, 30 days
Target: <3% mass gain

HDCNS concern: High surface area may increase initial uptake; verify no degradation of Tg after

drying
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Chapter 8: Mechanical Modeling and Predictive

Frameworks

8.1 Introduction to Multi-Scale Prediction

H43 operates across four length scales with HDCNS at the nanoscale:

Table 8.1 Multi-Scale Modeling Approach

Scale Feature Modeling Approach
Molecular Transesterification kinetics Arrhenius, activation energy
Nano HDCNS, CNCs, EL interphase Shear lag, Halpin-Tsai
Micro Fiber-matrix interface Cohesive zone modeling
Macro Laminate behavior FEA, RVE

8.2 Matrix Level Modeling with HDCNS

8.2.1 Modified Elasticity Theory

The matrix modulus (Em) now includes HDCNS contribution:

En = ®womaticEar + (1 — @aromatic — ®aDCNS) Ealiph + N20® HDCNS EHDCNS (8-1)

Where:

* n,D = 2D reinforcement efficiency factor (0.6-0.8, accounting for random orientation)
» EHDCNS = 0.5-1.0 TPa (in-plane, reduced for out-of-plane loading)

o OHDCNS = 2.0 vol% (approximate from 2 wt%, density ~2 g/cm3)

Expected impact: +15-25% modulus increase at 2 wt% HDCNS

8.3 The Adaptive Interface: Modified Cox Shear Lag Model

Standard Cox model with adaptive parameter 3* (Section 4.6)

HDCNS contribution to interfacial transfer function H(T,t):
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H(T,t) = Hiignin(T) + / Napens(T'st) - Eapens © Pronded(t) AViapens (8-2)
14

Where @bonded(t) = fraction of covalently bonded HDCNS (increases with cure, decreases with

exchange at T > Tv)

8.4 Hierarchical Rule of Mixtures (HROM)

8.4.1 The Four-Phase Equation

With HDCNS, the composite modulus becomes:

E. = anfEf + Vinatria B

*
matrix

(8-3)

Where the nano-reinforced matrix modulus E*matrix incorporates both CNCs and HDCNS:

1+ CnCNcVCNC} . [1 M2 - & - Vipons (E-4)

* =F
matriz m
|: 1 Ncne ! CNC 1 V HDCNS/ ! HDCNS ,max

o & = HDCNS aspect ratio (lateral dimension/thickness, typically 100-1000)
e VHDCNS,max = maximum packing fraction (~0.05 for 2D sheets)

8.5 Fracture Mechanics: G and K Modeling

8.5.1 Mode I Energy Release Rate (G,c)

GIc — Gmatriw + Gfiber + Ginterphase + Gdissipati’ue + GHDCNS (8-5)

GHDCNS contribution:

 Sheet pull-out energy
e Delamination between HDCNS layers

e Crack deflection around sheets

Target with HDCNS: >1000 J/m? (vs. 800 J/m? without)

8.6 Self-Healing Kinetics Simulation

Healing efficiency equation:

O recovered t 1/4
nhealing(ta T) = - = T*(T) (8-6)

O'initial
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HDCNS effect on healing:

 Faster catalyst distribution due to high surface area
» Potential barrier: HDCNS may restrict chain mobility if over-functionalized

o Optimal balance: 0.5-1.0 mmol epoxide/g HDCNS

8.7 Electrical Percolation Modeling

Modified McLachlan equation for HDCNS conductivity:

n m
1 — Vupens Vapens — Vpercolation
Ocomposite — Omatriz * + oHDCNS - (8-7)
1-— V})ercolation 1-— V})ercolation

Where:
e Vpercolation ~ 0.3-0.5 vol% (0.5-0.8 wt%)
» n, m = fitting exponents (typically 1.5-2.0)
o oHDCNS = 211-226 S/m (in-plane, Section 5.6.1)

8.8 Simulation Frameworks: Finite Element Integration

Representative Volume Element (RVE) includes:
o Matrix viscoelasticity (Prony series)
 Fiber anisotropy
e HDCNS as 2D cohesive elements with damage evolution
 Interphase gradient properties

Cohesive Zone Modeling (CZM):
 Traction-separation law with HDCNS-enhanced peak traction
o Damage initiation: HDCNS debonding

e Damage evolution: Sheet pull-out and bridging
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Chapter 9: Failure Analysis, Risk Mitigation, and
Scalability

9.1 Introduction: The Engineering Reality

Failure modes in H43 span chemical, mechanical, interfacial, and nanocarbon-specific domains.

9.2 Chemical Failure Modes and Mitigation

9.2.1 Stoichiometric Drift

 Failure: Deviation in acid value or EOC
» Consequence: Tg decrease up to 30°C, plasticization

e Mitigation: HBr titration for every EHO batch (ASTM D1652)

9.2.2 Catalyst Poisoning

e Failure: Residual moisture coordinates Zn center
» Consequence: Loss of self-healing

e Mitigation: Vacuum drying at 60°C, 24 hours, <500 ppm water

9.2.3 HDCNS Functionalization Inconsistency

 Failure: Incomplete epoxidation of HDCNS
» Consequence: Agglomeration, poor dispersion, reduced conductivity
« Mitigation:

o Standardized oxidation time (4 hours, Section 6.4)

o Titration of epoxide content (target: 0.5-1.0 mmol/g)

o Batch rejection if <0.3 mmol/g

9.3 Mechanical and Interfacial Failure Taxonomy

9.3.1 Adhesive Interfacial Failure

o Identification: Bare carbon fibers on fracture surface

o Cause: Incomplete lignin epoxidation or insufficient cure
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e Risk: ILSS reduction

9.3.2 Viscoelastic Creep (Cold Flow)

o Mitigation: Engineer Tg > 40°C above maximum service temperature

9.3.3 HDCNS Agglomeration

Identification: Micron-scale black clusters in SEM

« Cause: Insufficient sonication or over-functionalization
« Consequence: Stress concentrations, reduced conductivity

e Mitigation: Power-controlled sonication (150W), dispersion quality checks

9.4 The Heat Management Problem in Scalability

9.4.1 Thermal Gradient Modeling

T
T . (wvT) + pAH™ (9-1)

o
p dt

P ot
HDCNS benefit: Enhanced thermal conductivity (0.5-2.0 W/m-K) reduces thermal gradients during

cure

9.4.2 The Biot Number Analysis

For thick sections (>10 mm):

e HDCNS improves heat dissipation

o Still require: Heating rate < 1.5°C/min

9.5 Industrial Safety Engineering: Pilot-Scale Protocols

9.5.1 Performic Acid Management

» Risk: Decomposition at >70°C

e Protocol: Rupture disc, automated cold-water quench if dT/dt exceeds threshold

9.5.2 Epichlorohydrin Handling

» Risk: Carcinogen, alkylating agent

o Protocol: Closed-loop systems, alkaline hydrolysis of waste
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9.5.3 HDCNS Dust Explosion Prevention
» Risk: Fine carbon powder, high surface area, explosive in air
e Protocol:

o N, inerting in all powder handling
o Grounded equipment, explosion-proof motors
o Dust collection systems with HEPA filtration

o Personnel: P100 respirators, static-dissipative clothing

9.6 Supply Chain Robustness

Table 9.1 Feedstock Variability Mitigation

Feedstock Variability Mitigation

Hempseed oil Iodine value £15% Batch adjustment of H,0,

Lignin S/G ratio variation Hydroxyl value titration

Hemp bast Fiber quality, retting degree Standardized decortication, annual supplier audit
HDCNS Surface area, conductivity QC batch testing, dual suppliers
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Chapter 10: Industrial Applications, Market

Positioning, and Circularity

10.1 Introduction: The Value of Adaptability
H43 offers functional capabilities traditional CFRPs cannot match: repairability, reshaping, recycling,

and multifunctionality (electrical/thermal).

10.2 Strategic Application: Automotive Structural Panels

10.2.1 Crashworthiness and Energy Absorption

HDCNS-enhanced benefit: Electrical continuity for crash sensors, battery management systems

10.2.2 Post-Manufacturing Thermoforming

Benefit: Flat sheet curing — complex geometry thermoforming above Tv

Cycle time: Approaches metal stamping efficiency

10.2.3 Battery Enclosures

HDCNS value proposition:

EMI shielding: >30 dB at 2.0 wt% (protects electronics)

e Thermal management: Enhanced heat dissipation from cells

Lightning protection: Conductive path to ground

e Structural integration: Load-bearing + functional in one material

10.3 Strategic Application: Wind Energy Systems

10.3.1 Leading-Edge Repair

Vitrimer solution: Localized heating blanket + pressure pad — smooth aerodynamic profile restoration

10.3.2 Modular Blade Assembly

Chemical welding: On-site segment joining above Tv creates seamless covalent connection
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10.3.3 Lightning Strike Protection

HDCNS integration: Eliminates metallic mesh (copper/aluminum) typically embedded in blades
Benefits:

o Weight reduction: 5-10 kg per blade segment
o Corrosion elimination

« Damage tolerance: HDCNS network self-heals with matrix

10.4 Strategic Application: Aerospace Secondary Structures

Applications: Interior panels, cargo liners, radomes, non-structural fairings
HDCNS value:

o EMI shielding: Cabin electronics protection
» Electrostatic discharge: Fuel vapor safety
o Thermal management: Galley equipment heat spreading

« Lightning strike: Radome protection without metallic strips

Certification path: FAA/EASA non-structural approval faster than primary structure

10.5 The Circular Economy Model: LCA and LCC

10.5.1 Carbon Footprint Analysis

CO2,total = Z m; - GWPZ + Eprocess - CsequesteTed (10-1)
g

HDCNS contribution: Csequestered includes hemp biomass carbon fixation (120-day growth cycle)
Compared to petroleum DGEBA-epoxy:

e Matrix reduction: 40-60% CO,

o HDCNS vs. carbon black: 70% lower embodied energy vs. furnace black

10.5.2 Lifecycle Costing (LCC)

Table 10.1 Lifecycle Cost Comparison

Cost Factor Traditional CFRP H43 with HDCNS

Initial material Baseline +10-15%
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Repair vs. replace 100% (replace) 20% (repair)
Fiber recovery value 20% (chopped) 80% (continuous)
EMI/thermal functionality Additional components Integrated

Total Cost of Ownership Baseline -30 to -50%

10.6 Recycling Protocol: The Matrix Dissolution Mechanism

10.6.1 Chemical Mechanism

Alcohol solvent (ethylene glycol) + heat shifts transesterification equilibrium toward dissolution

10.6.2 Laboratory Recycling Procedure

Table 10.2 Recycling Procedure

Step Action Parameter

1 Immersion Ethylene glycol + 1 wt% Zn(acac),

2 Activation 190°C, 2 hours

3 Fiber recovery Continuous tows, original sizing intact
4 HDCNS recovery Filtration, washing, potential reuse

5 Matrix recovery Distillation + reformulation

HDCNS recovery: HDCNS remain intact (thermal stability >800°C); can be filtered, washed, and

potentially reused in lower-grade applications or activated for second life

10.7 Competitive Landscape: A Comparison

Table 10.3 Competitive Comparison Matrix

Property Traditional Epoxy PEEK H43 Vitrimer H43 + HDCNS
Modulus High High High Very High
Recyclability None Melt-only Chemical/Melt Chemical/Melt
Repairability Patching limited Limited Full Healing Full Healing
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Bio-Content 0% 0% 55-70% 60-75%
Process Temp Low Very High Moderate Moderate
Electrical Conductivity Insulating Insulating Insulating 10-100 S/m
EMI Shielding None None None >30 dB
Thermal Conductivity 0.2 Wm-K 0.3 W/m-K 0.2 W/m-K 0.5-2.0 W/m-K

10.8 Barriers to Market Adoption

Table 10.4 Market Adoption Barriers and Mitigation

Barrier Mitigation Strategy

Regulatory inertia (dynamic materials) Generate long-term creep data, propose safety factors
Supply consistency Dual-source hemp, standardized decortication
HDCNS scalability Pilot HT'C/activation facilities, technology licensing
Certification cost Partner with automotive for non-structural entry
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Framework

11.1 Introduction: The Burden of Proof
H43 must transition from laboratory success to statistical certainty.
11.2 Design of Experiments (DOE): The Multi-Factor Approach

11.2.1 Factorial Variables

Table 11.1 DOE Factorial Variables

Factor Range Governs

A: Catalyst Loading 1.0-5.0 phr Exchange rate, relaxation time

B: Epoxidized Lignin 2.0-8.0 wt% IFSS, interphase modulus

C: Fiber Volume Fraction 25-40% Structural modulus, strength

D: HDCNS Loading 0.5-3.0 wt% Conductivity, modulus, toughness

11.2.2 Optimization Objective Function

Composite Desirability Function (D):

1/4
D = (dstrength : dmodulus : dhealing : dconductivity) / (11-1)

11.3 Statistical Analysis Framework

Table 11.2 Statistical Requirements

Requirement Specification

Minimum replicates (n) >5 (bulk), >15 (micromechanical)
Outlier detection Grubbs' Test, physical defect verification
Hypothesis testing One-way ANOVA, Tukey HSD, p < 0.05
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H43-specific hypothesis:
» H,: No difference in ILSS with/without HDCNS

e H,: HDCNS increases ILSS through enhanced interphase

11.4 Sensitivity Analysis

11.4.1 Catalyst Concentration Sensitivity

1 E
* a
™(C,T)~ — -Aexp | =—= (11-2)
’ C R
Tolerance: +10% catalyst error — <20% shift in Tg or stability
11.4.2 HDCNS Loading Sensitivity
Table 11.3 HDCNS Sensitivity Analysis
HDCNS Variation Impact Control Strategy
0.3 wt% Conductivity £50% Precise weighing, masterbatch
Functionalization +0.2 mmol/g Dispersion quality Batch titration, rejection criteria
11.5 Comparative Benchmarking Strategy
Table 11.4 Benchmarking Groups
Group ID Matrix Type Validation Goal
CTRL-PET Standard DGEBA/Amine Performance parity
CTRL-BIO EHO/Acid (No catalyst) Vitrimer effect
CTRL-UNS H43 (Desized fibers) Interface chemistry
H43-STD Standard H43 (no HDCNS) Baseline vitrimer
H43-HDCNS H43 with 2% HDCNS Full system evaluation
11.6 Performance Index (PI)
Otensile * Tlhealing * O conductivity
PI (11-3)

- Carbon Footprintrca
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Where oconductivity = log(conductivity in S/m), normalized to 0-1 scale

Success condition: PTH43-HDCNS > 2.0 x PIpetroleum benchmark

11.7 External Lab Reproducibility Protocol

Table 11.5 Reproducibility Protocol

Step Action Trigger

1 Blind testing with pre-mixed materials Baseline

2 Round-robin (3 facilities) Determine cR
3 Environmental audit Variation >15%

HDCNS-specific: Provide pre-characterized HDCNS (BET surface area, conductivity certified) to

eliminate feedstock variability

11.8 Validation Criteria for Pilot Readiness

Table 11.6 Pilot Readiness Gates

Gate Criterion Target

1 Mechanical Tensile modulus >45 GPa, ILSS >60 MPa
2 Dynamic Stress relaxation <60 min at 180°C

3 Thermal Tg >90°C, T5% >280°C

4 Electrical Conductivity >1 S/m

5 EMI Shielding effectiveness >30 dB

6 Circular Fiber recovery >95% strength retention
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12.1 Introduction: The Scientific Lineage

H43 synthesizes progress in polymer chemistry, fiber science, sustainable engineering, and nanocarbon

materials from biomass.

12.2 Foundational Vitrimer and CAN Science
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64-73.
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12.7 Regulatory and Testing Standards

Table 12.1 Applicable Standards

Standard Application

ASTM D3039 Tensile properties

ASTM D2344 Short-beam strength (ILSS)

ASTM D790 Flexural properties

ASTM D4065 Dynamic mechanical properties
ASTM D4935 EMI shielding effectiveness

ASTM E1461 Thermal diffusivity by flash method
ISO 11357 DSC

ISO 11358 Thermogravimetry
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13.1 Execution Framework

13.1.1 Phase I: Personnel and Training

Table 13.1 Personnel Requirements and Training

Role

Responsibility

HDCNS-Specific Training

Lead Polymer Chemist
Composites Engineer
Analytical Technician

Nanocarbon Specialist

EHO, EL synthesis, stoichiometry
Fiber treatment, layup, VARTM
DMA, DSC, SEM characterization

NEW POSITION

HDCNS functionalization QC
HDCNS dispersion protocols
BET, 4-point probe, TEM

HTC, activation, safety

13.1.2 Phase II: Laboratory Infrastructure

Table 13.2 Required Equipment

Equipment

Specification

Purpose

Explosion-proof fume hoods
500 mL autoclave

Tube furnace

BET surface analyzer
4-point probe station
Precision hot-press

Probe ultrasonicator

DMA with stress relaxation

Class 11

200°C, 10 bar
1000°C, N,/Ar

N, adsorption
1076-10% S/m range
300°C, 20 MPa

20 kHz, 300W

Performic acid, ECH handling
HDCNS synthesis (HTC)
Chemical activation

HDCNS QC

Conductivity validation
Composite molding
Dispersion

Vitrimer proof

13.2 The Hempoxies 43 Golden Batch Protocol

Success criteria for first batch:
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Table 13.3 Golden Batch Success Criteria

Parameter Target Tolerance Failure Action

Tg 105°C +5°C Quarantine, non-structural use only
HDCNS surface area >1,500 m?%/g <1,200 m?/g Reject batch, adjust activation
Conductivity (2% HDCNS) >1 S/m <0.1 S/m Check dispersion, functionalization
Relaxation time (180°C) <60 min >90 min Catalyst adjustment
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Chapter 14: Final Technical Synthesis and Conclusion

14.1 Final Synthesis

Hempoxies 43 is not merely a material; it is a Kinetic Architecture with Multifunctional Intelligence.
By leveraging:

o The natural unsaturation of hempseed oil

e The aromatic complexity of lignin

e The 2D nanocarbon excellence of hemp-derived carbon nanosheets (HDCNS)

o The UV-stable, thermal-buffering properties of hemp biochar

We have created a system that mimics the structural permanence of aerospace thermosets while utilizing
the adaptive mechanisms of vitrimer chemistry, with integrated electrical and thermal functionality that

traditional composites achieve only through additional material systems.

The five-level hierarchy—vitrimer matrix, dynamic lignin interphase, carbon fiber reinforcement,
HDCNS multifunctional nanocarbon, and biochar micron-scale filler—solves the traditional Bio-Composite

Performance Gap while addressing the Multifunctionality Gap of conventional CFRPs.
For the first time, a carbon-fiber system can:

o Heal micro-cracks through transesterification

e Reshape post-manufacturing above Tv

o Provide EMI shielding and lightning protection through embedded HDCNS percolation networks
e Enhance thermal management through phonon-transporting nanocarbon

e Return to constituent fiber tows through low-energy chemical recycling

14.2 Key Technical Achievements

Table 14.1 Key Technical Achievements Summary

Innovation Performance Impact

Bio-based vitrimer matrix 55-70% renewable content, reprocessability
Lignin-mediated dynamic interface High IFSS, healable interphase

Hemp-derived carbon nanosheets +15-25% modulus, 10-100 S/m conductivity, >30 dB EMI
(HDCNS) shielding
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Hemp biochar UV stability, thermal protection, cost efficiency
Hierarchical 5-level architecture Synergistic mechanical-electrical-thermal-UV functionality
Catalyzed recycling protocol >95% fiber recovery, circular material flow

14.3 Closing Statement

The data and protocols within this monograph establish the theoretical and practical feasibility of a

structural-grade, circular, multifunctional composite.

The integration of Hemp-Derived Carbon Nanosheets (HDCNS) transforms H43 from a passive
structural material into an active, responsive system capable of meeting the mechanical, electrical, thermal,

and environmental demands of next-generation sustainable infrastructure.

As global regulatory landscapes shift toward mandatory recyclability and multifunctional performance
in aerospace, automotive, and renewable energy sectors, Hempoxies 43 stands as a pre-validated solution for

the next generation of sustainable, intelligent, circular composite materials.

End of Monograph
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