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Epoxy Composite Use in Transportation
• Epoxy + Carbon or Glass Fiber Composite Benefits:

• Light Weight
• Resistance to Corrosion / Rust
• Unique shapes and forms due to manufacturing process.

• Drawbacks:
• Non-electrical conductivity
• Thermal properties

• Failure of structural composite well before ignition
• Flammability

• Inherently higher heat release when compared to metal
• Requires different fire fighting measures



Epoxy+ Carbon Fiber Aerospace Composite 
Examples



Extinguishing Carbon Fiber Composite Fires
• Due to differences in fire behavior, fire fighting is different for composites vs. 

metal/fuel pool fires.  
• Fire fighting foam has little to no effect on composite fires, as it does not 

cool the burning composite – re-ignition common.  
• Water / CO2 required to put out composite fires.

• Foam still required to address the fuel pool, as well as tamp down flying 
ashes from the fire.  

• Cutting into structure to put out fire or release occupants requires diamond 
saws to cut through carbon fiber.

• Guidance from Boeing on 787 fire fighting:  
• http://www.boeing.com/assets/pdf/commercial/airports/faqs/787_composite_

arff_data.pdf

http://www.boeing.com/assets/pdf/commercial/airports/faqs/787_composite_arff_data.pdf


Other Fire Hazards from Carbon Fiber Composites
• Recent studies have shown that carbon particulates are released when carbon 

fiber composites burn.
• More than just soot – parts of the carbon fibers themselves are released.  
• “Dangers relating to fires in carbon-fibre based composite material” Hertzberg, 

T. Fire and Materials 2005, 29, 231-248. 
• “Potential for the formation of respirable fibers in carbon fiber reinforced plastic 

materials after combustion” Eibl, S. Fire Mater. 2017, 41, 808-816. 
• “Smolder Behavior and Emissions Byproducts of Aircraft Composite Coupons” 

Hatch, J.; Wardall, A.; Jackson, J.; McNeilly, R.; Kirsh, J.; Parker, A.; Morgan, 
A. B.: Duran, C. Fire Safety Journal 2021, 123,
https://doi.org/10.1016/j.firesaf.2021.103366

• All fires hazardous, but additional care / SCBA equipment and post-fire cleanup 
may be required with carbon fiber composite fires.  

https://doi.org/10.1016/j.firesaf.2021.103366


Reactive Flame Retardant Additives for Epoxy

• Reactives are preferred from a durability / prevention of migration perspective.
• Reactives are FRs which can react into / with the epoxy during composite 

manufacture, epoxy + curing agent mixing.  
• Can change cure chemistry, glass transition temperature, and properties.
• Commercial examples above – but mostly limited to circuit board applications, no 

current use in structural aerospace composites.  
• Brominated reactives under regulatory scrutiny.  
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Preparation of the Target Compounds:  Hydrazine Monophosphonates

5a = P_Me_H
5b = P_Cyc_H
5c = P_Et_H
1a-I = 1P_Me_Me
1b-I = 1P_Cyc_Me



Preparation of the Target Compounds:  Hydrazine Diphosphonates

2P_cyc_Me 2P_Et_MeNot Yet 
Tested
[2P_me_Me]



Heat Release Reduction Results
• Epoxy functionalized flame retardants added to Bisphenol F (Epon 862) epoxy

• Epoxy cured with aliphatic amine
• Epikure 3274:  50-70% polyoxypropylene diamine, balance 4-nonylphenol

• Small 2.5 to 3 gram batches for MCC testing
• Larger batches for cone calorimeter testing.  
• All formulations targeted to have 2.5wt% Phosphorus

• Materials tested by micro combustion calorimeter (ASTM D7309-13) and cone 
calorimeter (ASTM E1354-18).  



Heat Release Data
• All samples show increased char 

yield, decreased total HR, 
decreased peak HRR values.

• Additional peaks of HRR found 
indicating a change in thermal 
decomposition chemistry for the 
epoxies.

• Additional studies needed to 
determine exact chemistry, but, 
mechanism of flame retardancy is 
likely condensed phase char 
formation



Heat Release Curves – MCC Testing
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Heat Release Curves – MCC Testing



MCC Summary of Results
• Phosphorus

-Hydrazides 
show 
reductions 
in HRR

• Greatest 
reductions 
in HRR 
selected for 
scale-up for 
cone 
calorimeter 
testing



Cone Calorimeter Testing
• Best candidates from MCC testing scaled up and tested via cone calorimeter.

• P-Et-H, P-Me-H easily scaled up, but P-Me-H interfered with epoxy curing – too 
reactive.

• 1P-Cyc-Me could not be scaled up
• 2P-Et-Me could be scaled up and was tested, even though MCC did not show 

superior performance.  
• P-Et-H, 2P-Et-Me blended into Epon 862 with Epikure 3274
• Cone calorimeter testing at 35 kW/m2 heat flux, 3mm thick, with and without 

frame and grid.
• Samples showed some deformation during burning – used frame and grid to 

force them to lay flat during testing.  



Cone Calorimeter Testing

• No strong reduction in peak HRR, MARHE
• Notable reductions in total HR, total smoke, average effective heat of combustion



Cone Calorimeter Results
• Erratic 

results 
due to 
strong 
physical 
effects of 
burning



Cone Calorimeter Results
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Cone Calorimeter Chars

Control Sample Epoxy + P-Et-H Epoxy + 2P-Et-Me



Mechanism of Flame Retardancy

• Organophosphorus Hydrazides show both vapor phase and condensed phase 
flame retardancy:
• Reduced effective heat of combustion.
• Increased char yield, decreased total HR.
• Mechanism likely a combination of nitrogen release and vapor phase 

phosphorus, along with phosphorus / epoxy interactions in the condensed 
phase.  
• Thermodynamic modeling of chemical structure shows a pathway to this 

potential flame retardant release.  



Phosphorus Hydrazide Conclusions
• Peak HRR, MARHE not reduced as much as desired.

• Unexpected benefit:  reduction in smoke release

• Chemistry may be useful to combine with other flame retardants.

• Further study needed to verify utility, effect on epoxy Tg, and 
reactivity into epoxy matrix.
• Epoxy reactivity assumed based upon known chemical 
interactions between epoxy, aliphatic amines, and phosphorus 
esters at elevated temperatures. 
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Phosphine Oxide Bisphenol A Epoxy (P-DGEBA)



Phosphine Oxide Bisphenol A Epoxy (P-DGEBA)



P-DGEBA Polymerization and Properties

• 4 blends produced:
• 100 A /   0 B     + C (at stoichiometric balance) → control
• 75 A / 25 B     + C (at stoichiometric balance)
• 50 A / 50 B     + C (at stoichiometric balance)
• 25 A / 25 B     + C (at stoichiometric balance)

• small samples (< 1g) mixed by hand to minimize usage
• DSC and TGA used to analyze



DSC and TGA results (resin blends)

● Good cure characteristics at all ratios
● Tg slightly increased with increased P-DGEBA

(68.5 to 76.1 °C ) 

● Char yield increased with increased P-DGEBA 
● 50/50 blend determined to be best candidate

6.8 - 14.8% 
char yield



P-DGEBA + Epoxy Heat Release - MCC

• Increasing P-DGEBA use does 
increase char yield, lowers heat 
release, changes decomposition 
pathways.  



P-DGEBA + Carbon Fiber Composites
• Goal: produce aerospace quality composites for cone calorimeter testing 

• limited supply of P-DGEBA available < 23 g !
• Formulation: 50/50 P-DGEBA / EPON 825 (+ curing agent) → over 60 g of resin
• Process: carbon fabric wet-layup, autoclave curing

Flacktek mixer: 
prepare blend



Composite Panels

3.5 in x. 3.5 in. well consolidated
Vf ~ 0.5

DMA results, Tg:
Control        72 °C
P-DGEBA   82 °C



P-DGEBA + Carbon Fiber Epoxy Heat Release –
Cone Calorimeter

• Minor reductions in heat release noted.
• Flame retardant effect appears to be 

solely vapor phase (no char formation)
• Char formation effect seen in MCC not 

seen in cone calorimeter testing.  
• Carbon fibers may be interfering with char 

formation effect, or there is not enough 
“residence” time in cone calorimeter 
testing for stable chars to form.  
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Conclusions
• Reactive FRs for epoxy have been documented in the open literature, but very 

few have been commercialized.  
• Little to no studies of these reactive materials on aerospace grade carbon fiber 

composites.  
• Results in this presentation represent basic research (TRL1) being advanced to 

higher TRL.  
• These chemistries would not be used by themselves, but would be combined 

with other fire protection schemes to improve properties and fire performance. 
• Example:  P-DGEBA for vapor phase effect + char formation FR + co-

bonded/cured fire protection barrier.  
• More research needed, as well as funding

• Very little to no research for aerospace-grade fire safe epoxy composites in US 
academia.  
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