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Preparation of flame-retardant functionalized boron nitride hybrids and their

properties in epoxy resin
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(1. School of Materials Science and Engineering, Tongji University, Shanghai 201804, China; 2. Key Laboratory of
Advanced Civil Engineering Materials of Ministry of Education, Tongji University, Shanghai 201804, China)

Abstract: Boron nitride (BN) exhibited poor compatibility with epoxy resin (EP) due to its inert surface, and its
flame-retardant efficiency in EP was low. In this study, a coordination compound (FeD) was synthesized by a reac-
tion between 9,10-dihydro-9-oxa-10-phosphaphenanthrene-10-oxide derivative (DMZ) and Fe(NO);. FeD was
grown in situ on the surface of BN to prepare a flame-retardant functionalized boron nitride hybrid (FeD/BN).
FeD/BN was incorporated into EP to prepare thermally conductive and flame-retardant EP composites. Limiting
oxygen index (LOI) and vertical burning (UL-94) tests indicate that EP composite with 15wt%FeD/BN achieves a V-0
rating in the UL-94 test with a LOI value of of 33.2%. Cone calorimetry test results show that the peak heat release
rate, total heat release and total smoke release of the composite decrease by 28.2%, 18.9% and 30.1%, respectively
compared to those of pure EP. Thermal conductivity of 15(Fe/B)/EP is 235% higher than that of pure EP. Tensile and
impact strengths of 15(Fe-B)/EP are enhanced compared with those of pure EP.

Keywords: flame-retardant functionalized boron nitride hybrid; epoxy resin; thermally conductive performance;

flame retardancy; mechanical properties
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f) BN (DBN), Fifi 5 fifi FH {8 B¢ 57 KH-560 % BN i 17
Ab B, 15 3| KH-560 1% 1fi ) DBN (k-DBN), 4 k-
DBN & & & 30wt% i, k-DBN/EP & & #1 K iy 5
HRBCH 0.89W-m K, & A [F i & BN/EP &
AR 125.5%, 24l B 1) 450% .
FERFHRAGBBREZN HTA, BT EXK
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1) W2 R 45045 %k (LOT) Ky 32.9%, Jf fiE % 35 %] UL-
94V-0 %%, He M5 Bl T — Fiop AU & 8 B 7 6-
(3-(2-F HE ALY HL) K I -[1, 2] S 2= B 6-%1
k% (HP-DOPO), ¥4 T EPFHIK, KIS H
5wt% [ BHAR 7 (1) EP & & 448 LOL 4 35.6%, 1RE
IR E] V-0 9, S~ T i BN/EP & & 4 k) BH %
PERE, WF9CE W &k 2 m B K ) BE L 4 2 ) BN

FE b BEORE, il £5 B A 5 44 1) BN/EP & & 41 R,
Li 55 U9 R FH R L f 2 7 W 7R X BN a2E 47 B 2 g
b, 2ot BN B & b 12.1vol% i), EP & &
B SR ECN 0.79W-m K (5% EP 4 5 T
478%), %5 A BRI IE (R AR (pHRR) 1S #4
B (THR) 43 %1 B A% T 68.9% Fll 42.3%., 2K 1,
i T i BN/EPRE & A RHEAT BT 1 S 20 iR I RH
BRPERE, BOME BN S7 ZEREWM, XFESE—E
PR I 52 m BP &5 AR 124 M RE

ASCH A A AE K T, R A S AP BRI
B —Ff 9, 10- = & -9-% 4% - 10-#% 2% JE -10-A 1L )
(DOPO) B 45 4 W) 5 Fe(NOs); [z I 15 2 Bt f7 1k &
Y1 (FeD) X} BN #E 17 BH A i, il % BELBA 2 fig 1k
i BN 221k ¥ (FeD/BN), #F%% T FeD/BN X EP
PHERTERE . SRR . 2= MERESERm, H1T T
HAE EP A BELIAHL A

1 KWMBEAE
1.1 FE##

9, 10-— & -9-% 4% -10-# 2% 3E -10-F 1k W
(DOPO, 98%, I3 v kA= b BE £ e 4 A BR 2
Al); 1-Z ks (VMZ, 99%, LB T 4E1k
PHE A A PR A5 4, 4-— 2 5 K H 4 (DDM,
99.0%). JLIK & fif FR Bk (Fe(NOs)3-9H,0, 98.5%),
25 48 Ak F 0 A BRA R 7S5 246 (h-BN,
FERSE 5 pm, FEEGCRBHE A RAR); 7
HAMAE ESL (M E AL TR AR A ), O
(95%, i3 R Ak 2= A BR A A
1.2 KIEHZE

FeD ffil # i3 2 UL /€] 1, DOPO (0.22 mol) T~ 4%
M TFHEE 140°C, A 1-Z 0 Kk (0.20 mol),
TH Z 160°C 1137 2 B 12h; KRR % 80°C, il A
200 mL JoUK 4 B, fEPRA A, 1989, 10- A -9-
AR-10-BE 24 dE-10- A AL W AT £ W) (DMZ) ) S B
W, IR EEEE, F Fe(NO,);-9H,0(0.033 mol)
1) 2 BV OB T I DMZ 19 S BV W, ek
Lhg, Mm¥aad s, kM, % FeD,
i F DMZ H % N 57 I 7, o] Lewis
iz, 5 Fe*fefs &AM VE T, (i RE A% A S 1
.

¥ BN (1208) M F 4 BE T, EiE T 5 DMZ
A - R R IS I = SN 7 SR )
Fe(NO3);-9H,0 (0.033 mol) Y £ B T, 4k 22 4 +F
lh, Y& g0 . WM T, 153%] FeD/BN,
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o#h 0 > o Ethanol solution

H o0b—d of Fe**
DOPO ; Mixing

+ Nﬂ:} ’ —
160C, 8h Dissolving in ethanol ; o
/NS High-speed stirring Washing and drying
N DMZ Ethanol solution
of DMZ

VMZ

DOPO—9, 10-dihydro-9-oxa-10-phosphaphenanthrene-10-oxide; VMZ—1-vinylimidazole; DMZ—9, 10-dihydro-9-oxa-10-phosphaphenanthrene-
10-oxide vinyl imidazole derivatives

F1 9, 10-—5-9- 5 Ak-10-BAE-10-54L¥) (DOPO) HIRTA 45 Fe(NOs); S EIRLALIL A4 (FeD) i #id HR 214

Fig.1 Schematic illustration of preparation of iron ion coordination compound of 9, 10-dihydro-9-oxa-10-phosphaphenanthrene-10-oxide

vinyl imidazole derivatives (FeD)

WA 2 firRs . M4 BN, FeD. FeD/BN F{# 2 5 52 FER A, AR R 5 & 1 [ {1k 57 DDM Jf:
g R, 5 1 FeD 5 FeD/BN i Ji & 1Y 24.1%. RZEiFE 2 DDM A, H25 Biya Ab B 5 min, R

FREC— 7 5 9 EP, JHE 2 100C, 2R 545 tH JGAE 120°C [#4k 2h, 150°C J5 4k 2h, #5153
% i & i) BN, FeD 5{ FeD/BN Jil A | EP 1, i EP Z & MK, EP B & MBI 7 WK 1.

(O~

0=P-0 Fer
DOPO y
N Ethanol solution
E —
160C, 8 h NS of Fe”

/>N High-speed stirri ixi

N H‘. 1gh-speed stirring DMZ . Mixing -
- &, . .
VMZ Mixing in ethanol LY ’. Washing and drying FeD/BN
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BN
€2 FeD/BN Bl frid firm R lA]
Fig.2 Schematic illustration of preparation of FeD/BN
1 WERPE (EP) EAH RIS
Table 1 Formulations of epoxy resin (EP) composites

Sample EP/wt% DDM/wt% FeD/BN/wt% BN/wt% FeD/wt%
EP 80 20 0 0 0
5(Fe/B)/EP 76 19 5 0 0
10(Fe/B)/EP 72 18 10 0 0
15(Fe/B)/EP 68 17 15 0 0
15(Fe-B)/EP 68 17 0 11.38 3.62
15BN/EP 68 17 0 15 0
15FeD/EP 68 17 0 0 15

Notes: FeD/BN—FeD functionalized BN; n(Fe/B)/EP—Epoxy composite with nwt%FeD/BN; 15(Fe-B)/EP—Epoxy composite with 15wt%
FeD and BN compound (The compound ratio is calculated according to the load ratio); 15FeD/EP—Epoxy composite with 15wt%FeD;
DDM—4, 4-diaminodiphenylmethane.

1.3 RAEMK (Thermo corporation, Nicolet IS5) #f 17 23 #F, %
FTIR )t 3% {H F 8 B o 21 &b %% 3 5t 3% 1Y JH KBr J& Jr 2%, PG FlJ2 4 000~500 cm™
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XRD % JH #i € 52 D8 ADVANCE X 5 £k i 5§ 1%
BEATINA, MR 40KV, SR FH AR BEE S 8 R D
# (P 1=1.5406 nm) , i Fh 5°~60°, i
MR 4°/min,

THOWE IR 2 R Ak 27 20 B o8 3 & S 13 4 i 1
f# %% (SEM, ZEISS Sigma 300) il fiE ii% 1X (Oxford
Xplore 30) #47F#AE, FRmEFTm 4 0B,

T H A bE (UL-94) 45 20 & CFZ-3 B3 A ke
TR (R VLT AT A Es A R A RD) A7, R
54130 mmx13 mmx3 mm, 5 & M 5 WHCEY

% B 480 F5 %4 (LOT) 3 i HC-2 %A 5 B #% (-
TR B AR AR PR w)) AT I, A R
4 130 mmx6.5 mmx3.2 mm, & MR 5 RECEY

BAM BT il 2 GOVMARK [ MCC-
2 7 # JE 1 #4{ (Cone calorimeter, CCT) i 17 il
K, MR EE R 35kw/m?, # 5 R SE A 100 mmx
100 mmx3 mm,

R R BA e J e o 1 7 2 Ol 1% 38 ) 1k [ HIY 24
A 2B 77 (1) HR800 15 43 B 2 L & 6% A A7 73 7
IR HOCTER RO, WK h 532 nm,

3 fifk R Gl ok $AE S5 B X (Perkin Elmer
STA 6000) #EATWF5Y, MK AE A A N it fr, Wl
R E R 30~800°C, FHilR M A H 10°C/min, Ff i
o B S AE (10£1) mg.

SR g L A R EUY (Hotdisk, Hot Disk
TPS25008) AT, A M 3 HCE- 3,

$ir A P B8 18 1T 7 g i % ML (Instron, 3365)
HEAT I, RE AR O WA B AR, H R Oy
10 mm/min, #F]E 5 ECEY

it 1 i e 42 o e gAY (SR AR I Tl &
iR F], E21550) AT, A 5% R JoEk H i
FHH4, N8 80mmx10 mmx4 mm, 4508 E
M 5 WHCE- 3 .

2 #R5ie
2.1 FeD/BN HJR1E

BN. FeD. FeD/BN i FTIR [& i 4 /% 3(a) fif
No X T FeD 5, 758 cm™ AW Ui F P—C
B 45 PR S04, 1384 cm™ 4L IEIH T C—N REH1 Y
Wz s e 0O %k BN &, 1370 cm™ F1 816 cm™
W Wi W 3 51 %E R T B—N—B () 3 B R Ah
B—N [ $i7 {1 i 3 16 2, FeD/BN [ % &1 8 35 T
FeD 5 BN fJHREIE

BN. FeD. FeD/BN f#J XRD & 3 U €] 3(b) it

(a) FTIR
FeD
758 —
1384

N
BN

—

1370 816 —
FeD/BN 4758
e L1370 B16—="| -
1400 1200 1000 800
4000 3000 2000 1000
Wavenumber v/em™!
(b) XRD
FeD/BN
(002)
BN (100) (101)(102) (004)
FeD
1 1 1 1 1 1
10 20 30 40 50 60
20/(°)

[§13 BN. FeD #1 FeD/BN [ FTIR [&lii (a) I XRD &1 (b)

Fig.3 FTIR spectra (a) and XRD patterns (b) of BN, FeD and FeD/BN

/N o BNYE 26.7°, 41.5°, 43.8°, 50.1°F1 55.1°f) —
ZYVERE ISR 0% % T (002), (100). (101). (102)
1 (004) f i K& SF- 187 25 FeD 7E 20°/ 47 1 5& 445 5
WKW, FeD B &L ; 7E FeD/BN /) XRD
T W ¢ 3 BN 1Y A AT 5, 3R FeD 1Y 1 4%
ANZ250 BN I bR 2548 o

BN. FeD. FeD/BN F {00 35 11 JE 5 Fl 4k 2% 41
B &l 4(a)~El 4(h) Frss o XF He BN Fll FeD/BN Y
SEM %1%, FeD/BN [/ SEM & & 7/~ BN % [ GE %
WEE B — L JG I ik ; EDS 45 R R, 7E FeD/
BN R T &A BMNILEA, B&&MH P, O
fl Fe S, KW FeD 7F BN i [ I 2k .
2.2 EP E&# A9 BAMERE

82 A MORHY T ELA RS (UL-94) %5 20 RTRR R 42045
HoLon g5 R anEl 5 Uros . EP 1 LOL{UA 22.5%.
T 15wt%BN J5 , 15BN/EP & & #4 K} i LOT 34 Jin
% 24.7%, B EP T T 9.8%. BN 1ERN—Fh )2k
TCHLAE R, R fel R B A RE 98 /)N R BE Bl EP
i) LOL, % 15wt% FeD [y EP & & #1 ¥} (15FeD/EP)
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¥4 BN (a) #il FeD/BN (b) /) SEM [¥l{%; FeD/BN f EDS F{%: (c)B; (d)C; (e)N; () O; (g)P; (h)Fe

Fig.4 SEM images of BN (a) and FeD/BN (b); EDS images of FeD/BN: (c) B; (d) C; (e) N; (f) O; (g) P; (h) Fe

36 |
34.2
33.2 —
32 319 V-0 Vo
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S 2 V-0
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NR—Natural rubber
5 EP AR R AT E (LOT) IR RS (UL-94) 554
Fig.5 Limiting oxygen index (LOI) and vertical burning (UL-94) results

of EP composites

1 LOI ik 34.2%. (Fe/B)EP & 4 #1%H#% LOI [ FeD/
BN HIEHSINTZEHE K, 24 FeD/BN H& 0 15wt%
ff, 15(Fe/B)/EP & & #4 %} 19 LOI 34 Jin 2 33.2%,
T4 7] 7% i+ FeD 1 BN (IR S9N A S EP Hr,
H: 42 4 1 Bl 15(Fe-B)/EP HY LOI H A5 29.6%, W

FeD 5 BN 7t EP 1 H A — & BB 8/ o 78
UL-94 il 7, EP H1 15BN/EP 7% £ 45 4% (NR), T
15(Fe/B)/EP. 15(Fe-B)/EP Fil 15FeD/EP & 4 ¥t %}
HABREAL L F V-0 9,

EP & & M OB BR B T R an 18 6 R 3R 2 TR o
EP [ 0 {H #4 FE i 3 % (pHRR). & #4 B il &
(THR) F1 5 48 B 7 & (TSR) 43 %1 4 1 026 kW/m?.
111 MJ/m?* fil 2770 m*/s. Il A 15wt% [ FeD/BN
JG, B A B pHRR, THR Ml TSR 43 5l FEAR T
28.2%. 18.9% fll 30.1%, # W] FeD/BN fE % )i />
EP 1) $A R R 25 B il . 7 15wt% MR it
15BN/EP. 15(Fe-B)/EP #il 15FeD/EP /) pHRR 4}
3 EP %% 9.1% . 14.9% £ 40.9%, THR 43 ) 5 AI%
9.9%. 10.8% £l 18.0%. % 15BN/EP fll 15(Fe-B)/EP
5 4y M kL, 15(Fe/B)/EP ) pHRR Hl THR T [ i
FETE R, XF EP PHBK R GE A9 o0 0 1 % . R AT,
15(Fe/B)/EP 4 {H 1k fig # 4F . 15BN/EP. 15(Fe-B)/
EP F1 15FeD/EP [¥J TSR 43 Jl| B {I% 22.6% . 22.5% Fl
40.3%. % BN Fll FeD-BN, FeD/BN 7t EP " % Fi
o T G F AR P i

I o ™, 30
g 1000 fa) HRR, —EP £ 00 |® THR £ " eTse
= 800l A 15BN/EP S P ey
2 M I5(Fe/BYEP| < 80 o 2 S -
2 600 f Il ~ - 15(Fe-BYEP| 2 6 g g 18} e
= 400 iy 15FeD/EP K A —EP / =, g
2 - [ 2 : 15BN/EP L 12} , '
8 N g 40 4 I5(Fe/BYEP| & // {2&’3&‘;@
2 200 o> = 20 / ~ -15(Fe-BYEP| # 6} — - 15(Fe-B)/EP
é g S § / 15FeD/EP E oLt 15FeD/EP
bl eRRe L Lo T e ke . . . )
0 100 200 300 400 500 600 0 100 200 300 400 500 600 0 200 400 600 800 1000
Time /s Time #/s Time /s

6 EP ZAMEIIREEATH: (a) BEIUHEZE (HRR) Hik; (b) BAVEEICE (THR) BhLL: (c) B i (TSP) Hhek

Fig. 6 Combustion behavior of EP composites: (a) Heat release rate (HRR) curves; (b) Total heat release (THR) curves;

(c) Total smoke production (TSP) curves
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Table2 Cone calorimeter (CCT) test results of EP composites

Sample TTI/s pHRR/(kW-m™) THR/(MJ-m?) TSR/(m*s™)
EP 85 1026 111 2770
15BN/EP 125 932 105 2143
15(Fe/B)/EP 109 737 90 1937
15(Fe-B)/EP 102 873 99 2146
15FeD/EP 99 606 91 1 655

Notes: TTI—Time to ignition; pHRR—Peak of heat release rate; TSR—Total smoke rate.

EP & & A kL CCT 5250 J5 1y sk e I R, &l 7
ffi7s o EP A1 15BN/EP #A%E J5 A 5% B /0 B ko, T
A% R B Rk . & FeD/BN [ EP £ &
BB e I 5% e ST i Ay, e 2 v B A I R N

AT LLE i, 15(Fe/B)/EP ¥ 5% ok & B 5% o ot i 1
Z 1k T EP. 15BN/EP Hl 15(Fe-B)/EP, 15FeD/EP
B % ¢ fen B A PR, LBk e R HLEE , R W
FeD 7£ EP "1 ELA7 18 55 11 BELBR R A B /R H

(a) EP (b) 15BN/EP
Bl 7 EP ZAMEZHIL RN (CCT) JFNaR R

Fig. 7 Images of residues of EP composites after cone calorimeter (CCT) tests

A M OREER e 1 2R TH Y SR AL 2E 4 R an K] 8
PR o EP WYB% Rk R I MRk, PIERAT VR 2 LI,
) B 25 AR A A% 28 1Y, BP PELGA Pk RE 4K
2% 5 15BN/EP 5% ik 3% M A 1F 2 BN K1 19 WKL,
WA ZEFLIR , BNAENBERR)ZE, — B L
55 25 NI I F5 388 5 15(Fe/B)/EP 5% 5 1 3R 1T £
e RIRAS, B FeD 8 b 1Y) o )2 5 2 4K
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Table3 Comparisons of this work and other typical thermal conductive and flame retardant EP composites"”*>"

Filler Size Loading TC/(W-m™K™") LOI/% pHRR Tensile strength Ref.
h-BN 1-2 um 2wt% 0.23 34.3 -44.7% — [29]
h-BN 3-5 um 12.1vol% 1.04 — -68.9% — [18]
h-BN 1-2 ym 16wt% 0.69 — -58.2% +31.3% [17]
h-BN 5 pm 11.3wt% 0.47 33.2 -28.2% +4.4% This work
Notes: TC—Thermal conductivity; LOI—Limiting oxygen index.
3 éﬁ 'L/I? [2] XING W, CHEN L, ZHOU M, et al. Preparation of boron
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