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Abstract: A phosphorus/nitrogen-containing flame retardant (PNFR) with amine end groups was synthesized and then
applied to epoxy resin as reactive-type flame retardant. The chemical structure and applicability of reactive flame retar-
dant of PNFR were confirmed via 'H NMR and DSC, respectively. From LOI and UL 94 test, all of the flame retarded
epoxy resins showed relatively a larger LOI value and V-0 rating compared with neat epoxy resin. These results implied
that PNFR has the condensed-phase flame retardant mechanism for epoxy resin. However, with increasing the amount
of PNFR, thermal stability and flame retardancy of epoxy resin were relatively decreased due to the decrease of cross-
linking density and amount of charring agent of flame retarded epoxy resin.

Keywords: epoxy resin, phosphorus/nitrogen, flame retardant, thermal stability, flame retardancy.
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of bisphenol-A(DGEBA)ZA] Sigma-AldrichA M4l 4313
om, o ZA] FaHequivalent epoxy weight, EEW)S 172 g
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(PPDC) 28] 3L 4,7,10-trioxa-1,13-tridecanediamine(TTDDA)
& Sigma-AldrichAtoll A 48t om, §4 Al Whg Sl =
AHEE triethylamine(TEA = A2 sslEeA s &=

205

¢

i W\/\MJWWMM"‘

FNFR

Figure 1. Chemical structures of DGEBA, DDM, and PNFR.
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Scheme 1. Synthesis of PNFR.

St tetrahydrofuran(THF), ethyl acetate(EA), acetone, N,N-
dimethylformamide(DMF)<] %7187 2} magnesium sulfate
(MgSO,)= 8 st=ollA Fulstith. AHE-E DGEBA,
DDM, Z22]3. PNFRE] 3}8+%Z Figure 19 YERNSITH
ol ¥ EHAE gRshke oMol B, & Al
¥ PNFR2 o ZA] 28} 0k3-3 4= J%=% TTDDAE A}
&3] G deol] NH, #5715 7S AAsIlen,
g e TRl ARBINIT). 2 v S22 113.02¢
2] TTDDA(0.513 mol), 25.95 g2] TEA(0.257 mol) L2 3L
S el THF 100 mLE ¢ 3, 2N AT, S83] o
A7 &, Asl Zu71E 43t 20 & PPDC(0.103 mol)
THF 200 mLE 28} Zwj7]ol] Fisk3ict. o], PPDC
He dF=olM T2 vhe ko] HA3] A stslad
Aot &R HF, oA 6xzt w3t ‘?}w—% Z18y 813
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| elell TEA salt7} @4 A A€ v °l Q‘ri
AAE TEA salts oJFsto] A7 sl 314 %;71 =3
o BRI AN, 05 T ol S ERE
oo BASH 55 Aol ole] Al 53]
), EA S8 do] PIAZO R acetone® 2 A F I o] F,
MgSO.E AHgale] 12 AAS 873 55718 185
o &ujE A Al HEFHO=Z HAo] =L MAre] PNFR
< I TH(Scheme 1).
LS BRSI= UM B4, 3HIE PNFRO| 3}
T2 4L Brukerrle] 'H NMR(400 MHz spectrometer)
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Table 1. Formulation of the Neat Epoxy Resin and Flame
Retarded Epoxy Resins

Sample* EP EP-91 EP-73 EP-55
DGEBA(g) 20 20 20 20
DDM(g) 5.769 4612 3.056 1.986
PNFR(g) - 1.430 3.630 5.498
W% of PNFR - 55 13.6 20.0

“Each sample was named EP-91, EP-73, EP-55 according to the molar
ratio of DDM and PNFR. EP means neat epoxy resin.
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At BE AZo] U EAL F2EH@EAte] AR A
#7](FT-LOI-404)E ©]-8-3l LOI &g &743192H, LOI
42 ASTM D 2863¢] we} legatgict. gk UL 94 H]
2E= ASTM D 3801 &l wah AAIstatt. olw, LOI
H2E 2 UL 94 HZEo|A ARE-3F A]HE 15 120 mmx
60 mmx>30 mm 27|12 4|51} LOI 498 A3k &
o}9lE #od&ol tha] HITACHIAFS] FE-SEM(S-4800)% ©]
g3lo] =] wH BAS At
a2 o EE

PNFR2| &M, 3% PNFRY] 3} 25 'H NMRE&
olg3le] BAs9. o, olu CDCL; &S AME-319th(Figure
2). '"H NMR ZA#}25€ Al 72]2] 4:(7.8-7.9 ppm, 7.4-
75ppm}— 1/].5].1,]]1: Ez]z%o] _4_:3__/] g}zﬂﬂ O] ] ]E% =
3l $dol MY A RIS gk 3.2 2.1 ppmell
Al Z¥zk O=P-NH-CH2-9‘r O=P-NH-CH,-CH,®] &% 1= ¢
2] o]l ﬂﬂ&]ﬂ% 0] PPDCS} TTDDAS] Ago = ¢l
3 AxE & 5 v}k O=P-NH-CH»-$} -CH,-NH,-2] &
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PNFRe| ¥X £4. PNFRY] & A 2 &84S &
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3k A3= Figure 33} Table 20114 B oIS Q). of7]A
Z7] B E(Tew)E 5 wit% 747 dAsh xo)w,
residue%= 800 °Coll Al Folgls o &9 kS w3t}
Figure 30 YEPH TGA AHZHE PNFRE 330 °C(Tnaxi1s)
o} 410 °C(Traona)® 7 TS Hall & AA= RS &
T Aok AHA Z3l DA = C-C bondoll HIsH ZdThZ]
o7 dA o] w2 P sigtEe] Afe] wallE= Aol

S8 A 8l @Al PNFRO| el =|HA] 27]00] &4
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Figure 2. '"H NMR result of PNFR in CDCl, solution.
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Figure 3. TG/DTG curves of PNFR.

Table 2. Parameters of Thermal Properties for PNFR

Tmax (OC) .
Ts, (°C) Residue% T, (°C)
Ist 2nd N
280 330 410 7.7 -16.1
=i
E
z
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10 P 80 100 120 140 160 180

Temperature ("C)

Figure 4. DSC curve from the cross-linking reaction between
DGEBA with PNFR.
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Figure 5. TGA curves of the neat epoxy resin and flame retarded

epoxy resins.

Table 3. Parameters of TGA Results of the Neat Epoxy Resin
and Flame Retarded Epoxy Resins

Residue%
Calculated
394 -
370 18.3
351 17.4
347 16.7

Sample Trnax

Measured
18.9
22.7
18.3
16.8

EP
EP-91
EP-73
EP-55
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= TGA 2418 &3l AA S E EP9 residue%°|™, B=
PNFRE A|£]F o ZA] 7)) wi%elth. A ol &A] &
A Azl AFEE PNFRE] wi%e Table 19 7195 o] e}
Table 3914 818 4= 915©] PNFRo] &-fd ZE WA
ol ZA] =29 A residue¥% S 2 (1) Ed8f 4& o
B #En 2 #S e AS & Utk & &9, EP-
919 thal] o] 222 residue%r 18.3%°] R Tt A =4 %
e 22.7%= ¥ F kS 7T PNFRS &3t dad o
A FA = ARE el 91 9 Aa sigtEo] 2 E ] 9o
o] ZA Q1 Foll vlsl the] =5 AT weba] F9E
PNFR 4 A] o ZA] £2]9] 212 S ZXA7]E o
S Stk AS o F Uk ddA -l o) A A
2 A4 7 dAE AATE 98F SAol dlFA]
9] ol Houks PAste] d B B9 0|58 Apdtet
o ¥ a3E Fogi,

PNFRe] ol W& o|ZA] =22 =4 H residue¥%s Y]
B3-S W, EP-91S 22.7%% EPET} 2 residue% S 7}
A= WhAol| EP-73% EP-559] 73 residue% %ol ZF2t 183,
16.8%% EPRTF A& o2 2ZHS residue¥% #-S ZHe=the
S IRIF F AUtk olggt A= 7 7] PR Qg
Aoz A AHAE FAA 2 o] Frlsh wE
AzH oAFA] FA]9] 7tuE FawiEolth? o= HiA
o] ZA] Aol E3HE PNFRO| §Ho] o FA] +2]¢] 7k
Lol PX= G AR 918 DSC 418 B3l g1
4 A tH(Figure 6 and Table 4). EP2] T,= 139°CE “gt)
Ao 2 #e T,5 7HKIth ¥HAo|, PNFRE 3 S7tol w

O:

-

=

Heat flow (W/g)

le..l I

T T T T T
-10 o 0 4 60 8 1iW 120 140

Temperature ("C)
Figure 6. DSC curves of the neat epoxy resin and flame retarded
epoxy resins.
Table 4. T, of the Neat Epoxy Resin and Flame Retarded
Epoxy Resins
Sample EP EP-91 EP-73 EP-55
T, (°C) 139 92 43 24

2t dAA ol FA] FR) T T Bhske AS B 5 9
T}, ©]71& PNFRo] F7hgel we} b o FA] 4] Az
Al o] ZA] A We] 7Tt o] 7] HEdS & 3l
ow, o3 A= nlEg o2 PNFRE & V1= 2

W AR QlE) G lFA] A9 EF bl
A residue% Aol FAas AL QI 4= Q) 1

g olFA] A S EP919] A, AHACE =2 TLE B
fral, ANFA] FA] AP o290 Ago] 7FsE AR AlR
H}

FHAlE dAAL st St e A2E Y] 9
g charring agent?] ¥4 3hgHEe] HF A ol P o]
= T AN TR EE a7l

OIZAl +=X[o| HHed SM. LOI HI2E9} UL 94 HAES
Ak dAS Hrtel] flgh 83 ol nE AlxE
FA9] ¢ B3-S I flste] AR om ¥ o]e
it A5 Table 59 LYERAATE B35 UL 94 HIZE A
3} 9] AJAS Figure 79l YERNSITE S22 LOI 3t
o] 268t 2 F& 7MW, 1 Bdo] 1?4 s T
QATFAL R} PNFRO] SH7-514] S8 EP2] 74, 25.8%
o] LOI 35 7K™, UL 94 Bl2EdA S Z71x] ¢4 3]
ALE7] Wil ¢ S5 28T & gl olek Bl
g o, EP-91-2 31%7F LOI ol 571si5eH, UL 94 )|
ZEA Azt F 10x ool A7) &3MdS 7H= BAl
dripd/do] AR kol 7MY 93 < 585U V-0 &
F< YeRIITh AlE HA] 5 PNFRE] s dHoHE
(W%)Z AXFEI9S o EP-912] 7% <F 5.5 wit%o]”] w&
o, ol Aoz A& diA|e FHFo T ofFA] 43|
o] 95t b 5] Ko7t rhssithe AL onlsit).
o+ olyz}, PNFRO| S8 2E of|ZA] 2= UL 94 ©| 2~
EolA V-0 55 AeH, EPS] LOI #toll vlal Athze
2 & LOI @2 Zhethe 28 ER1E < Ui

22} PNFRE] steFo] S7ighel uhe} b o ZA]
] LOI %ol BiA oz ashs 218 & 5 Aok out
Aoz WA o] dasiiar 225 s Haire
Fug B4 sgtEo] EAalof gttt vhg Y A=A
PNFRE Z-8A171 & Aol A= PNFRE| gHgo| 571l
w2t 212 FAEFE WAl 78S 953k DDMQ| gho)
BiF o g ZhastA Ho] Xp= gl 7|vte] He w4 3}

ogh

Table 5. Flame Retardancy Test Results (LOI and UL 94) of
the Neat Epoxy Resin and Flame Retarded Epoxy Resins

Sample EP EP-91 EP-73 EP-55
LOI (%) 25.8 31.0 30.1 26.9
Ignition time (s) - <10 <10 <10
Drips N N N N
UL 94 rating N.C. V-0 V-0 V-0

Zay, Al4338 A23, 20193
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Figure 7. Photographs of the neat epoxy resin and flame retarded
epoxy resins (a) before; (b) after UL 94 test.
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Figure 8. Morphology of char after LOI test (a) EP; (b) EP-91; (c)
EP-73; (d) EP-55; (e) EP; (f)EP-73 (a-d: high magnification, e-f:
low magnification).
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