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Abstract Phosphate ester compounds display good flame

retardancy effect in epoxy resin systems. In this paper,

several novel phosphate esters, used as curing agents for

epoxy resins, were synthesized based on P2O5, phosphoric

acid, and different types of alcohol. The structures of

phosphate esters were characterized by 31P nuclear mag-

netic resonance (31P NMR). Then, a series of flame retar-

dant epoxy composites were prepared by curing the epoxy

resins (E-44) with the phosphate esters. The flame retar-

dancy and thermal degradation behaviors of flame retardant

epoxy composites were investigated by cone calorimeter

test (CCT) and thermogravimetric analysis (TGA),

respectively. The results of CCT indicated that phosphate

esters can significantly decrease heat release rate, total heat

release (THR), and smoke production rate. The sample

cured by butyl phosphate ester from phosphorus pentoxide,

phosphoric acid and butanol showed the best flame retar-

dant performance among all samples. The TGA results

showed that phosphate esters could enhance char residues

of flame retardant epoxy composites when compared with

those of a composite using T31 as a curing agent at high

temperature. It may be concluded that good flame retardant

properties of flame retardant epoxy composites are related

to the formation of a protective phosphorus-rich char layer.

These phosphate esters have a good future on flame

retardant epoxy composites.
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Introduction

Epoxy resins are one of the most versatile classes of

polymers [1–3], which are widely used in casting, coating,

adhesion, and composite applications, showing good

mechanical and electrical properties [4–6], such as tough-

ness and low shrinkage [7–9]. However, their flammability

limits their application in electrical applications (printed-

circuit boards, encapsulations) and transportation (auto-

mobiles, trains, and aircraft) [10–12]. Therefore, it is

important to develop flame retardant epoxy resins [13, 14].

Two main approaches have been reported to achieve

flame retardant epoxy composites: using additive and

reactive flame retardants [15]. Traditional flame retardant

epoxy composites are flame retardant mixtures prepared

widely by halogen-containing polymers or halogen-con-

taining flame retardant compounds [16–18]. Halogen

flame retardant epoxy resins have many advantages, such

as high-flame retardant efficiency. However, there is a lot

of smoke and toxic gases generated in the combustion

process, which can cause environmental pollution and do

great harm to human’s health [19]. Environmental prob-

lems caused by the toxic substances generated in com-

bustion of halogen-containing flame retardants have

aroused wide criticisms. Therefore, the development of

environmentally friendly flame retardant epoxy resin is of

great significance [20].

Halogen-free flame retardants mainly refer to the

phosphorus-based compounds and metal hydroxides, which

are known as pollution-free flame retardants. In addition,

there are also silicon-based flame retardants [21, 22],

nitrogen-containing flame retardants [23–25], and other

types of new halogen-free flame retardants. These new

halogen-free flame retardants become new products in line

with the trend of the developed international standards.
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