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UL-94 V-0 2414 . {H PFAS B Fr Ak, 44 &
RPEFNEEPE, 72 ANRN ATRES] R e il W5
WAL S B0 ARG 112, 7 4= BR PFAS B 4558 ™ 1)
BT, HiMRZEMAEWEMET), %5
(155 R A 28 3 DA [R] B 35 A2 7 B LR 5 R OR LK,
B TGIEA R FEARMRE ) AR TECR R 755

A WU BE AR IO e SRRk U e 2% 32 B e
RAHPHANLEE, R ARE) Si—O—Si FHEL5H,
TERR e B2 T E MR R THE s 2 Si0, 1 P
BRI ZE, AT LS BRI B2 A ok JZ 00,
HT PCA S HA —E W SIKAe 1, ERINERE
Ahifa, PR B SR EFAT I, R R4
s pERs, HRFHEHRE SRS G, BER
Ik pHRR 1 U AF 00 B JE0HE 28 (pSPR) 4151, 7E AR
B 22 BT AR, SRR )\ R SR DURE S b
BT B ERE(PBS), 4 PBSENINE N2 wt%
i RP AT PC Il UL-94 ) V-0554%(3.2 mm), % PR
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Ty SR 55 R BRI N . BT DAAS R 4 s 8 TAE X
% PBS 5 Wy i B fig (LPR) & it , #14% 7 PC/PBS/
LPREAHMEL, £ PBSHILPRMRIIE A 10 wt%.
FiE N3 18], ZAE P pHRR. pSPR. EFHvkE
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TR, PERRERNF R AR AE mig
(Kaolin), W KZ Wl T HRAF .

1.2 PSNIEI#I#&
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Table 1 Composition of PC composites.

Samples PC PSNI Kaolin

Wt%)  (Wt%)  (Wt%)

PC 100.0 0.0 0.0
PC/10%Kaolin 90.0 0.0 10.0
PC/2.5%PSNI/7.5%Kaolin ~ 90.0 2.5 7.5
PC/5%PSNI/5%Kaolin 90.0 5.0 5.0
PC/7.5%PSNI/2.5%Kaolin ~ 90.0 7.5 2.5
PC/10%PSNI 90.0 10.0 0.0

(3% [ Perkin Elmer 2 &) bl 4 f8 BL i 21 41 6 1%
(FTIR), 374 75 [ 400~4000 cm™, 7 4ifi ¥k ¢
128K, 3¥i%E 4 cm™, X4 TEEHEHAT IR . R
F #4443 #19(TGA/DTG, TA STD Q600, 3% [H
Perkin Elmer A 1)), fER TR, HERA R
700 °C, FHEIHEZ 10 °C/min, XL ST #EE 2
PEMIR . A JL-CZF-5 32 sUR BRI L (R 5 1T 49
FrAb TACER T ) MAEURE 5 ¥ UL-94 3 B IR Ge 554,
M bR ASTM D3801, £ fh JX~) 4 130 mm x
13 mm x 1.6 mm. £ i ] LOI 7£ HC-2C %A 5 %L
W5 A (rE T A A TACES ) ) BT it
AR HE ASTM D2863-09, #£ ik 1A 130 mm x
6.5 mm x 3.2 mm. fff ] # JE & #4% (icone, R 5E
T = AR B AR A PR A 7)) TE 50 kW/m? 158 5 #4
i & T AT, MHARRAEISO 5660-1, A dh R
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FEI VSR E 1 A IR . SR 3 R S A 4
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Fig. 1 (a) Synthesis route to PSNI; 'H-NMR spectra of (b) PSN and (c¢) PSNI; (d) FTIR spectra of PSN and PSNI.
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7.67~8.47 b Hi LT A 45 F B FFAIE U . FTIR 15 &
b A 22 51 1699 F1 1650 cm! 4 H B 1 Pk S0 e A 3¢
FENE PRSI RFEVE, 7E 1340 F11384 cm™' &b HY
I C—N—C I 4 ik s RR AR I . DL b 45 SR 3R 0l
A P 20 IR R RS TN T IV i B AL
RRESEBE.
2.2 PCEEMBIMMIZEM

il TGA/DTG M FL 1 PCy PSNIL &%
TAIPC EAEMEIRIHFEENE, B 2K 2(b) A
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B b BRI (T WG IR P (Tsos)
556 K I B PEE (Toan) S AE 700 °C [ 5% 7% 26 (1) £
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F2 0 PC (TR #AE TG . 40 PC [ Ty 0, R T 23
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7.9%), XA F Dy R EREAE =R 5 R AR
i SR I LA B R M PR AR B ) . v R AE R
WO N LT A 23 i (5% 9K 2R 99.8%). K PSNI
FIANPCHARG, SEMEATEMEEE T,
Bifi A5 PSNI % & HH 0% 34 %2 10%, Tso, M 479 °C %
A 445 °C, PEMRIE 34 °C; T tHH 517 °CIE 2
510 °C. BRI HE N 26.2%, T A 23.5%. iX&
BH PSNI F) 42 H 23 8 BT 7= A 18 23 P2 0 vl e | R
PC/r FHEMIMWI R, HEREEKTMSIi—0 ot
Al g5 PCIRIR IR B R A M EAE T, R IEREAC
sl fil R N, R fEHE T PC IR R .
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Fig. 2 (a) TGA and (b) DTG curves of PC, PSNI, Kaolin
and composites under nitrogen atmosphere; (c) tand curves
obtained from DMA tests.

Table 2 Detailed data on the thermal stability of PC, PSNI, Kaolin and composites.

Sampl Tys0 Tax Residue at Theoretically estimated value T,
ampte (°C) (°C) 700 °C (%) of residue (%) (°C)
PC 479 517 25.2 - 159
PC/10%Kaolin 470 518 33.2 32.7 157
PC/2.5%PSNI/7.5%Kaolin 476 520 29.1 304 157
PC/5%PSNI/5%Kaolin 467 519 30.0 28.1 157
PC/7.5%PSNI/2.5%Kaolin 462 515 27.9 25.8 158
PC/10%PSNI 445 510 26.2 235 156

PSNI 395 466 7.9 - -

Kaolin - - 99.8 - -
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BB} Tso, [AITHE 476 °C, FEEAEPC /K Thadd
F]520 °C, NFTAFE S EE, FPC/10%PSNI
SyAFEE T 31A110 °C. 4R, Bl PSNI 5 Lhidk
— PR (25%), Tysw B BT % . PC/10%PSNI [
IS M FRARTE R BRI A R TR 1 PC ) $2 A1 %
B R BRIk A TR, EICAR R SLME S
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K LOT A1 UL-94 it — B iF4 T PC R HE
A AR BLIAPE BE (3 3). 4l PC /I LOI N 27.5%,
UL-94 2545 4 V-2 H R pe ik B2 Hp ARG 1, R
FLE A PRV e AT B . O 10% =108 )5
LOI #2514 38.2%, {HUL-94%45 V-2, HIE
TG ARG EINGE], B SR B —E MY
PERARREIER, ABJCEEA R BRI A o i A fi
V& . PSNI B GINRF - F+ 1 PC I FHA 1 e
PC/10%PSNI [¥] LOI #2 15 %2 42.3%, UL-94 i& |
V-0 2% HICH5 . PSNI 5 =i -5l J5, Fifi PSNI
g7 BE 3R R, LOIL 2 56 s B 35 (PC/5%PSNI/
5%Kaolin 5 51, 43.7%), 1HFTA 2R R 4%
FFV-0 2 H I . 1X— 45 1K 0 PSNT 5 @ik +

B R () Wip 7] BER 508

HETE B AT B LS K Rk e, SR AN
Bk e PERe M EEFB . B3 APC KE &M E
()RR JBGE R (HRR) 5 BB JIU(THR) B il
TR (SPR)MLEIHAE i 2 (TSP £k, AH S EE 51
T4, SIRERN(TTI) S T AR F R 1 &
FUsREE ). AiPCHITTI N 97 s, BRI R .
BRI 10% =08 5, TTIEFEE92s, FKBH
e U 16 PC KR E MR I AT R M /) . PSNITI
SINEESE T EAMERITTI, PC/10%PSNI )
TTIH{ N46s, X5 TGAMILE R —#, i PSNI
A2 HT 0 PR AIS T MPRLEI P SRR RE 0 . Sl Nl
+TJE, ERAARKTTIHEREF, HE 5
B INE RAoR GBS, R GG R 1
PSNIX PC 4P 51 &< /EH . HRR M THR 252
i) 5% 7% B A FE 1R O B 22 4. 41 PC ) pHRR
THR 7354 594 kW/m2 F166.8 MI/m?, BABEIZ .
TN 10% =4+ )5, pHRR [£Z 441 kW/m?, THR
W75 61.7 MI/m2, AHELPC 23 BIFEAIK T 26% F18%.
PC/10%PSNI [#] pHRR # — & [f & 347 kW/m?,
FH L PC F#AIK T 42%, {H THR 54l PC AL, X
J& HHF PSNILE A {2 3 PC 32 a0 B4 ff o I
TE R B R SR T A B A LA L3 ap
BRI R B BE AR Y, AT RGeS |

Table 3 UL-94 and LOI results of PC and PC composites.

UL-94 (1.6 mm)

Sample LOI (%)

t(s) 1, (s) Dripping Rating
PC 27.5 18.1£3.5 6.1+1.9 Yes V-2
PC/10%Kaolin 38.2 11.5+4.1 3.5£2.6 Yes V-2
PC/2.5%PSNI/7.5%Kaolin 39.0 1.5+0.9 4.1£2.5 No V-0
PC/5%PSNI/5%Kaolin 43.7 2.1£0.5 6.2+1.8 No V-0
PC/7.5%PSNI/2.5%Kaolin 41.6 1.9+1.1 5.5+3.4 No V-0
PC/10%PSNI 423 1.2+0.8 5.1£2.1 No V-0
Table 4 Data of cone calorimeter test for PC and PC composites.
Sample TTI pHRR THR pSPR TSP pCOP FPI Cy®
(s) (kW/m?) (MJ/m?) (m?/s) (m?) (g/s) (m?s/kW)  (Wt%)
PC 97 594 66.8 0.19 17.1 0.014 0.163 21.9
PC/10%Kaolin 92 441 61.7 0.15 16.2 0.009 0.209 29.2
PC/2.5%PSNI/7.5%Kaolin 65 233 56.9 0.09 12.5 0.007 0.279 -
PC/5%PSNI/5%Kaolin 67 261 50.4 0.11 7.4 0.008 0.257 38.2
PC/7.5%PSNI/2.5%Kaolin 69 346 60.0 0.12 13.1 0.009 0.199 -
PC/10%PSNI 46 347 66.7 0.12 13.6 0.011 0.133 24.0

aData loss was caused by physical interference of the intumescent char layer with the apparatus.
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Fig. 3 (a) HRR, (b) THR, (c) SPR and (d) TSP curves of PC and its composites obtained on cone calorimeter.
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+HIE AR PC/2.5%PSNI/7.5%Kaolin [ pHRR
AT AR 233 kW/m?2, 5246 PC K T 61%,
THR 4 56.9 MJ/m?, %4l PC %1 T 15%. PC/
5%PSNI1/5%Kaolin ] pHRR 4 261 kW/m?2, #4li
PCF#{I 1 56%, 1l THRA K 50.4 MJ/m?, 54l PC
2 PR 25%, 2 1% &R 51 H THR SR 1A 5
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PSNI 5 0 - AE S AR T80T 1T H AT S 25 W R 2
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FORLTE R J2 R 2 T e LIG o i JE A, ik
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R FEL R P e RS S ST R,  E R ME  A
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Fig. 4 Digital photos and SEM images of char residues from PC (a, al), PC/10%Kaolin (b, b1), PC/2.5%PSNI/7.5%Kaolin
(c, cl), PC/5%PSNI/5%Kaolin (d, d1), PC/7.5%PSNI/2.5%Kaolin (e, el) and PC/2.5%PSNI/7.5%Kaolin (f, f1) after the cone

calorimeter test.

K 5 N PC N HE B RHEHEE & 305 5%
KEIFTIR WK . 54l PC 7% AHEL, PSNI/Kaolin

S AR RAR IR AE 1095 em™! i HU B 1 B 5 e
fiEUE, 3 %y PSNI Al i 0% -+ 79 Si—O—Si K1k



8 #oa

Fok

PC/10%Kaolin

1708 em\ ! N
N
line

PC/2.5%PSNI/7.5%Kao

PC/5%PSNI/5%Kaolin ~

P71 et N 1095 o

PC/10%PSNI

2500 2000 1500 1000 500
Wavenumber (cm™!)

Fig. 5 FTIR spectra of the char residue for PC and its

composites.
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Fig. 6 GC spectra from Py-GC/MS for the pyrolysis products

of PC and its composites.
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Table 5 Table Composition of the main degradation products from PC and its composites obtained by Py-GC/MS.

Number Structure 12 2b 3¢ 4d 5¢ 6f
1 H,0, CO, 14.1 15.4 43 13.0 12.8 145
N
oSto
2 9070 0 0 0.9 3.0 36 23
Si. .Si
770\
3 Ho—_) 1.7 11.6 7.8 9.0 72 57
/
5,81-0\/,
4 RN 0 0 0 26 26 28
Si, O
/ O-Si<
/
5 Ho—<__)— 15.6 175 24.4 16.7 16.7 17.0
6 HO—@—/ 98 10.1 13.1 10.0 9.7 8.8
7 HO—©—< 6.1 6.1 9.0 75 75 72
8 HO Q \_NH 23 26 3.5 2.1 3.1 28
=0
9 no—_ )~ 125 96 8.3 7.1 6.4 6.9
10 1.1 0.7 0.4 0.8 0.6 0.4
1 {OAH)-om 44 4.1 57 6. 6.7 55
0
12 O 2.4 3.6 5.0 44 43 3.6
[ T oH
13 PN 0 0 0.97 3.0 18 23
H
14 o~ _y—1«")-on 0 0 0 23 3.9 2.7
15 HOOH 20.0 18.8 16.5 11.9 13.2 17.5

aPC, ® PC/10Kaolin; ¢ PC/2.5%PSNI/7.5%Kaolin; ¢ PC/5%PSNI/5%Kaolin; ¢ PC/7.5%PSNI/2.5%Kaolin; fPC/10%PSNL.

Table 6 The relative contenet of monophenolics and bisphenols obtained by Py-GC/MS.

Relative content (%)

Sample Monophenolics Bisphenols Monophenolics/bisphenols  Cyclic siloxane oligomers
PC 64.8 20.0 3.24 0
PC/10Kaolin 65.2 18.8 3.47 0
PC/2.5%PSNI1/7.5%Kaolin 76.4 16.5 4.63 0.9
PC/5%PSNI/5%Kaolin 63.3 14.2 4.46 5.5
PC/7.5%PSNI/2.5%Kaolin 61.6 17.1 3.60 6.2
PC/10%PSNI 57.5 20.3 2.83 5.1

2.5 PCEESMEIHINHMERE

Kl 7 8 PC J H & A W kI HLAR T 58 il 28,
AMBIWR TR, REHZLE T PCLHLEAM
RHEHURE I BE . B8 0 10 wt% Kaolin J5, PC
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93 kJ/m?2, IMFIEL29.2%; FifiisEE H 63 MPa/Mi

$E 15 2 66 MPa, WK 2 H 126% [ %2 99%,
o5l 55 i 1 99 MPa 1 & 103 MPa, 25 il 1 & i
2463 MPa #2£ 1 % 2628 MPa. ix % B i & & i +
A fE—E R EIG5R PC NI S ITE .

T FRL AR I PSNTINF, 4Rk IR 58 B2 RSS2 32
HH B AR B PSNI T PC (1) KA A 11 b o5 490 1
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Fig. 7 Mechanical properties of PC and its composites: (a) Tensile properties; (b) Impact and flexural properties.
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Table 7 The mechanical properties of PC and its composites.

Sample Notched impact ~ Tensile strength  Elongation at Flexural Flexural

strength (kJ/m?) (MPa) break (%) strength (MPa) modulus (MPa)
PC 72 63 126 99 2463
PC/10%Kaolin 93 66 99 103 2628
PC/2.5%PSNI/7.5%Kaolin 61 61 103 87 2130
PC/5%PSNI/5%Kaolin 55 59 123 80 1965
PC/7.5%PSNI/2.5%Kaolin 54 59 122 76 1863
PC/10%PSNI 54 56 126 71 1760

S pm (b)

Fig. 8 SEM images of fracture surfaces in (a) PC, (b) PC/10%Kaolin, (c) PC/2.5%PSNI/7.5%Kaolin, (d) PC/5%PSNI/
5%Kaolin, (e) PC/7.5%PSNI/2.5%Kaolin and (f) PC/10%PSNI; (g, h) SEM images of Kaolin.
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Research Article

Preparation of Naphthalimide-containing Polysiloxane and Its Synergistic

Flame Retardancy with Kaolin in Polycarbonate

Sen-hao Lei'?, Jie Liu**, Tao Tang!2*
(!School of Applied Chemistry and Engineering, University of Science and Technology of China, Hefei 230026)
(°State Key Laboratory of Polymer Science and Technology, 3Laboratory of Polymer Materials Engineering,
Changchun Institute of Applied Chemistry, Chinese Academy of Sciences, Changchun 130022)

Abstract In response to increasingly stringent regulations on per- and polyfluoroalkyl substances (PFAS) and the

demand for halogen-free thin-wall flame-retardant polycarbonate (PC) with low heat and smoke release, a

naphthalimide-functionalized polysiloxane (PSNI) was designed and synthesized. PSNI was synergistically

combined with kaolin to prepare a series of PC/PSNI/Kaolin composites, and the effects of the compounding

ratios on thermal stability, flame retardancy, and mechanical properties were systematically investigated. The

results demonstrated that PSNI and Kaolin exhibited a pronounced synergistic flame retardant effect. At a total
loading of 10 wt% with a mass ratio of 1:1, the limiting oxygen index (LOI) of PC/5%PSNI/5%Kaolin increased
to 43.7%, and the 1.6 mm thick specimen achieved a UL-94 V-0 rating. Compared with neat PC, the peak heat
release rate (pHRR), peak smoke production rate (pSPR), total heat release (THR), and total smoke production

* Corresponding authors: Jie Liu, E-mail: liujie@ciac.ac.cn

Tao Tang, E-mail: ttang@ciac.ac.cn
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(TSP) were reduced by 56%, 42%, 25%, and 57%, respectively. Through a synergistic mechanism involving
chemical crosslinking/charring and physical barrier effects, PSNI and kaolin promoted the formation of a high-
quality char layer, effectively suppressing the transfer of heat and smoke.
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