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Dow Chemical DER 353 low 

viscosity epoxy resin

Air Products PACM20 curing agent

E-glass fibers

Incompatible sizing: tetraethoxy silane (TES)

Compatible sizing: glycidoxypropyltrimethoxy silane

(GPS)

Mixed sizing: mixture of TEOS and 

GPS (1:1GT, 1 wt %)

Hybrid sizing w silica: 1:1GT (1 wt %) + silica 

nanoparticles (20 nm, 1 wt %) optimized sizing

Hybrid sizing w silica&latex: 1:1GT (1 wt %) + silica 

nanoparticles (20 nm, 1 wt %)  + latex nanoparticles

(20 nm, 1 wt %)

Hybrid sizing w silica&MWCNT: 1:1GT (1 wt %) + 

silica nanoparticles (20 nm, 1 wt %)  

+ MWCNT*(1 wt %)

Best to date combination of IFSS and energy 

absorption is observed for hybrid sizing with 

hard (silica) and soft (latex) nanoparticles

Mechanical performance of fiber reinforced 

composite can be tailored by varying the 

interphase between fiber and resin

Two targets: higher energy absorption (improvement 

of  antiballistic impact properties) and higher fracture 

toughness (improvement of mechanical properties). 

There is a delicate balance  between energy  

absorption and fracture toughness properties: 

strengthening the  interphase leads to improved 

mechanical properties reducing ballistic  properties 

at the same time. 

Old approach: try to control the degree of chemical 

bonding between  fiber and resin. New approach: 

try to tailor both adhesion and texture.

Objectives 

Optimize sizing mixture composition for E-glass, 

Spectra and Kevlar fibers.

Enhance multifunctionality through nanoparticle

hybridization or chemical modification.

MWCNT*– Multi Wall Carbon Nanotubes oxidized 

with H2O2
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Optimized concentration range for TES/GPS 

and silica nanoparticles is between 0.8-1.5 wt% 
Optimized TES:GPS ratio is in the range1-1.5.

Increase of the nanoparticle size leads to a gradual

decline in both IFSS  and energy absorption

OHTiO2
ORTiO2

ROH

ROH = HO
NH2 HO

O
HO

Si NH2

OH
HO

(Aminopropylsiloxane, APS)(Glycidol)(Ethanolamine)

Chemical modification of 

hard nanoparticles surface 

doesn’t lead to statistically 

significant change in either

IFSS or energy absorption 

The combination of hard (silica) and soft (latex) 

nanoparticles works best for strength and energy 

absorption in E-glass fibers. The study shows that 

hard particles contribute to the surface roughness 

increase and interfacial strength, whereas rubber 

particles contribute to improved energy absorption.

The best mechanical performance of E-glass/Epoxy 

composite was observed in the following 

concentrations’ range: 0.8-1.5 wt% tetraethoxysilane

(TES)/3-glycidoxypropyltrimethoxy silane (GPS) 

mixture, and 0.8-1.5 wt% Ludox® silica nanoparticles; 

1-1.5 TES/GPS ratio, and 20 nm silica nanoparticles

size. Increase of nanoparticles sizes leads the decline 

in both strength and energy absorption. 
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The combination of hard-soft 

nanoparticles is the best for strength 

and energy absorption improvement. 

What is the  mechanism of hard-soft 

nanoparticles synergy?

Rubber species contribute to enhanced 

energy absorption
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