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Synthesis of intumescent flame retardants containing phosphorus and nitrogen and their regulation on

flame retardancy and mechanical properties of epoxy resins
KONG Yiru, LIANG Bing, LONG Jiapeng
(School of Materials Science and Engineering, Shenyang University of Chemical Technology, Shenyang 110142, China)

Abstract : Using dichloromethane as the solvent, benzenphosphonyl dichloride and ethylenediamine (EDA) were added to
synthesize the flame-retardant curing agent (PN-EDA) containing phosphorus and nitrogen elements. Flame-retardant epoxy resin
(EP) composites were then prepared by curing epoxy resin EP with PN-EDA. The structure of PN-EDA was characterized by Fourier
transform infrared spectroscopy, nuclear magnetic resonance hydrogen spectrum (‘H NMR), etc. The flame retardancy of the
composites was evaluated via limiting oxygen index (LOI), vertical burning, etc. The morphology of the residual char after combus-
tion was observed by scanning electron microscopy. The mechanical properties of EP composites were tested with a tensile testing
machine and an impact tester. The results show that LOI of PN-EDA/EP composites gradually increases with the rising addition of
PN-EDA. When phosphorus content is 0.64%, LOI of the composite reach 28.4%, which is significantly higher than 20.1% of EP
without PN-ED, achieving a V-0 rating of vertical burning with no dripping observed. Cone calorimeter tests reveal that compared
with EP without PN-EDA, the peak heat release rate of PN-EDA/EP decreases from 620 kW/m® to 286 kW/m’, a reduction of
53.9%. The total heat release drops from 121 MJ/m’ to 52 MJ/m’, a decrease of 57.0%, and the fire performance index increases
from 0.176 s*m>/kW to 0.255 s*m’/kW, indicating that PN-EDA remarkably suppresses heat release during combustion. In terms of
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mechanical properties, the tensile strength and flexural strength of EP composites show an upward trend with increasing PN-EDA

content, while the impact strength decrease slightly. At a phosphorus content of 0.64%, the tensile strength of EP composites reaches

70.64 MPa, the flexural modulus is 5 408.59 MPa and the impact strength is 8.50 kJ/m’. The composites exhibites favorable overall

mechanical properties, making them suitable for applications requiring high strength and high rigidity.
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Fig. 1 Synthetic reaction equation of PN-EDA
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Tab.1 E-51 halogen-free flame-retardant epoxy system formula

Samples E-51 DDM mass/ PN-EDA Phosphorus
mass/phr phr mass/phr content/%
EP-0 100 25.5 0 0.00
EP-1 100 24.25 1.25 0.16
EP-2 100 23 2.5 0.32
EP-3 100 21.75 3.75 0.48
EP-4 100 20.5 5 0.64
Epoxy resin
Stir SEE
Vacuum defoaming (/Y;(X H M\

PN-EDA

Curing agent

K2 FHIREP Z & FE R K
Fig.2 Flowchart of flame-retardant epoxy resin composites
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Fig. 3 FTIR spectra of EDA, phenylphosphonic dichloride and

PN-EDA

2.2 PN-EDA # NMR & /&

PN-EDA [ 'H-NMR E U1 & 4 fif 7, fb2# 00 8% 6
4 2.53 AR BT F-UEN 55 2 DMSO. 84 1.52 %
I B T 2 ARicAb—NH SR TR T, 8
2.76.2.91 AbXF 1 [l v 28548 207 3 iR IC Y —CH,
AT R T IE, 6 K 3.69 &bk I BT 4 b —
NH, SR FRI 15,60 7.24.7.31.7.26 Xt i [&]
HREE AL B VARSI AR IR B4R L Ta] XA &0 5T
W, 5 HR YR a5 XA S, TH-NMR 5 & i
—EH] T PN-EDA 1 £ 12

4 34 0y3 4 DMSO
HN~ NN NH, 3
32 12 3 2
!
11
1
1 4
10 8 6 4 2 0

)
514 PN-EDA i '"H-NMR j[&
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Fig. 5 Mass spectrum of PN-EDA
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Tab.2 Mass-to-charge ratios corresponding to different fragments

Item M A" M+2A"
Mass-to-charge ratio 242.07 180.97 362.15
Molecular formula C,H N,OP C,HN, C, H, N,OP
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Fig. 6 TG curves of PN-EDA and EP composites
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Tab.3 TG parameters of PN-EDA and EP composites under air

atmosphere
Samples T,,/°C R0 /%0
EP-0 316.8 11.7
EP-2 285.6 15.8
EP-4 219.4 19.0

Notes: T, refers to the temperature at which the mass loss of the
sample reaches 5% during thermogravimetric analysis; R, . denotes the
char yield of the sample at 700 °C, namely the percentage of residual

carbon mass relative to the initial mass of the sample.



ALK, 55« S R IR R BR85S RS DR BELAA AL 1A RE A 4% 63

EP-2 5 EP-4 M RHAH L0 LA i, Bl PN-EDA [ 7%
TR WG 2, MO B i Fa B A B 5 7E 700 °C
i, EP-0 B4 B 5% 2 2240 11.7%, 1 EP-2 Fl EP-4
oA B4 358 e 260 ) 2 5 15.8% A1 19.0% . X 2 [
i PN-EDA/EP & & 41 K53 2544 Hh 1) P—N il P=
O A , X SeW J {1 it 2R G WK L , 145
T EPZ AR , PRI e 318 i

% 2 [H 5 PN-EDA/EP & — F i - & 13 [] BEL I
F, HAr T4 & P—C . P=0 25 & Wl ki fl C—
NS R, fRkbetftrh , Sttt , 4
U TR v e 12 R R 28 T2 467 R PR 1k 0 I, X 6 )
AR i IR E Wi W , (5 75 J 2 PR et g P R i
T, T A 4758 SRARFEARVE T, SR 4k be . JF HLAE
T, SRS R PO - \HPO FITHPO, - 55 H
F I, BB S B 1 PR 3T DL R AR ORI K S AR
() H- \HO- F10- A 3, il 1 28 kX 2o 15 M [
H EP WA Sswemi S b e . e Ah, ATA AR TN
SR FE IR RE, & AU C—N Z i = R AU
RN RRAAR, SR 1 s SUAH R , 2 — 254 il
WREE. R, PN-EDA/EP i i3 i - 2 Uh IR 4 FH (B 2R
AR AR AR ) p A KRR BN i 5 R R A
YII BRI R B PERE
2.5 PN-EDA/EP MLEA4K % 69 LK 66 54T

PN-EDA/EP BH#A S & 44 LY LOL A 1 & FL A
PRGN 4, EP-0 M BHEAT L2 J5 , LOTE A
20.1%. FEENIPN-EDA 2 J5 , EP 1) LO1{E fifi % PN-
EDA ()3 Jill i 12 5 ¥4 /il , EP-1,EP-2 ,EP-3 il EP-4
MR IS T 24.0%.26.4% .27.3% F128.4%., iX
J& K2 PN-EDA "' () N JT & 16 5 i R 43 48 il
NH, N, SRS, BB S SR AR AR T 1
B LOT fH 2 #i 4% K o W] PN-EDA MY A 7EfE ik T
EP JE U K ¢ J22 , i s A i 40 <, s i LOT{EL
B, [A]IH B PN-EDA B8 1, PN-EDA/EP FH
WRER TR V-0 2, HAERRBe s B2 b Tl 4
W] PN-EDA W] LUK 7 EP [ 47 A4 BEBA 4 RE o

*4 EPSEEMMERMRKERTERLOIE
Tab. 4 Evaluation of vertical burning grade and LOI value of EP

composites
Samples P content/% LO1/% Vertical burning

grade

EP-0 0.00 20.1 burn

EP-1 0.16 24.0 V-1

EP-2 0.32 26.4 V-1

EP-3 0.48 27.3 V-0

EP-4 0.64 28.4 V-0
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Fig. 7 Heat release rate and total heat release of EP-0 and EP-4
composites
&5 PN-EDA/EP £ 5#BHVHER ERHIREIIKER
Tab.5 Cone calorimeter test results of PN-EDA/EP composites

FPI/(s*m**
Samples TTIs PHRRAKW-m™) THRAMJ-m?) k/\(:r,';’
EP0 109 620 121 0.176
EP4 73 286 52 0.255

Notes: TTI refers to the time required for a specimen to sustain
sustained ignition under an applied heat flux; PHRR denotes the maxi-
mum value of the heat release rate during specimen combustion; THR
means the cumulative total heat released per unit area of the specimen
throughout the entire combustion process; FPI is defined as the ratio of
time to ignition to peak heat release rate, which is used to characterize

the fire safety level of materials.
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PN-EDA 5| AR T EP &2 4 4 RHEREbe ot
FE b IR L, AR T SRR R XU . EP-4
FBFEY THR M 121 MI/m?® F& & 52 MI/m?, [ & 35
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Fig. 8 SEM images of EP-0,EP-1,EP-2 and EP-4 after combustion
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Fig. 9 Mechanical properties analysis of PN-EDA/EP composites with

different ratios
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