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SE R B e (PSNI). B & 72 LK 1(a).
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Table 1 Composition of PC composites.

w(PC) @(PSNI) w(Kaolin)

Sample
(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 23 ) bl 12 fdf B A8 6 21 4
JEHE(FTIR), 94876 H 400~4000 cm™, FF5 %L
128 %, iR 4 em™, Ko TEEM BTN . R
FH #% & 4» HTi5(TGA/DTG, TA STD Q600, 3%
Perkin Elmer A#]), EATAA N, HERA R
700 °C, FHEHZ 10 °C/min, X FE5HEAT #FaE
PEMIR . A JL-CZF-5 32 sV I L(FE 5 1 49
BT A AR ) WAEURE i 1) UL-94 3 B IRGe S5 41,
A5 HE ASTM D3801 (T EL A & [ 44 ¥ k) nf
Eb R KA 1 U 79, FE R SE N 130 mm x
13 mm x 1.6 mm. £ i ] LOI 7£ HC-2C %A 5 %L
D52 A (FE 3 T A A A AR T ) b AT DA, )
RARE ASTM D2863-09 (37 457 5 Rtk ORI ¢
(1) f /N SRR P D B RO AR AR 36 7 vk (3R 5D ),
FE SR SF A 130 mm x 6.5 mm x 3.2 mm. {5 i 4
e E# X (icone, RIET = AN HAZA R A H])
7E 50 kW/m? R ST #ui & NI, bRk
1SO 5660-1 CRFK S N RTE—HREI. 77 A& 2ot
BHURE 130 ABIUERE GEE R
2 ), BRSNS 100 mm x 100 mm x 3 mm. J# i
PRI 22 5 R T FE I U SOR B E 1 AR IR SR
3 R 7 SR (SEM,  ZEISS sigma300,
H A B P ik U 4 h) SR PC & A W RME T 2 430
W E IFR R TESR, WS T 7E R i 2 T e 04 4
K 2R SO Ll - 1 (Py-GC/MS,  Agilent
5975/CDS 1500, 3 EzHERFHEA A F)X PC
REMEH SRR =T 9307 . R AR
ZefRir T, RRRRE 550 °C, FENESR. 2
J&i FIHP-5 4 (G [ 2 BHE A IR A 7)) 7 2
SARFE HRE N TR . SR 13-20 1812 20 iR
MUK AT & Be A 38 1 & A Al MK PC 2544
B EE B O b i, DIARAE GB/T 1843—
2008 (PER} B R ph B B RIE Y, #F5RST
N80 mm x 10 mm x 4 mm, HRIAAVE.

2 #ER51R

2.1 PSNIRIEHIRIE

B AZ R IL R A B ("H-NMR) A1 FTIR %} PSN
J PSNI AL 7 S5 My 34T 7 3RAE . B 1(b)F 1(c)H?
0=0.00 AL HFAE U6 X6} B T Si—CHy, EFITE AR 1 3
HENAZ B Si—O 25 R I R Ak A ke Y. B 1(b) 1 6=
1.40 FFAIF 06 % B — NH, 25 #4851 N\ 2 R 1k U0t
e R 1A, BT Si—OZ5 M R E
5, 1£900~1200 cm™" ¥t [l P H BLXS B Si—O—Si
SERITEE . B 1(d) ™ 2966 F1 1257 em! [ IS4 K
1LY 1(c)F 5=2.61. 1.25F10.45 &b FIHEFAEIAAIE
BRI EI N T —(CH,);— 454422, FTIR Al 'H-NMR
Mk g R B A B T PSN. 4 PSN it — 2P
51,8-Z8 “HREF s b, "H-NMR 3 & o 15 5 W
L3 5=1.40 A& —NH, P FFAEIEH 2%, [N AL 6=
7.67~8.47 Ab H AL 75 A5 45 #4 B FRAE I . FTIR 3%
U %2 31 1699 F11650 em 4 H 30 IV frae A 35
FER AR SRR, 7F 1340 F1 1384 cm™' Ab iH
W C—N—C K g IR s R kg . DL 25 2R
T P AP RO R A BTN T R B A
RS
2.2 PCEESMEIMMIZEM

BT TGA/DTG AT 7 T PC. PSNI. 4
TRPCEAMEIHFENE, B 2R 200) 84
[EFE I TGA DTG HiZE, Kl 2(c) M tans k. £
At (B AR E (T WIUR 0 RIS (T 50)
35 R I B (Tax) B AE 700 CC I HR IR 28 (1) P
WAEMEMAS TR 2. NR2ATULEH, 546
MR T, 5 AR AN AR R B3 - PC (1 BELAR o o oK
S PC IR #A 8 B LS . 26 PC (1) Ty 50, F T 77
HINATORIS1T °C, 700 °CHEH AN 25.2%. HHELZ
T, PSNIFAEEE PR ZE (T 55=395 °C, FRIK %
7.9%), X2y IR e EREAE =R T 2 K AR
il 5 5 LA A R PR AR B ) . v R AE MK
5 FEJE N LT AS 73 i (5% 9K 26 99.8%). K PSNI
FINPCHEAL )G, SEMEMHATREERE T,
Bl PSNIJ5T &0 H 0 wt% i 42 10 wt%, Tyso M
479 °CPE %2445 °C, PEMEIE34 °C; T 517 °C
45510 °C. FRIRFE N 26.2%, T 1H5HAH 23.5%.
X5 B PSNI [ 1i 73 fife BT 7= A= 10 40 ffe 7= 0 v g
1R PC o FHEMWI R, HEEELH M Si—0
G RE L PC kR IR ZE AR AR AR ELAE T, it
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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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Fig. 2 (a) TGA and (b) DTG curves of PC, PSNI, kaolin

and composites under nitrogen atmosphere; (c) tand curves

obtained from DMA tests.

()RR JEGH R (HRR) 8 BB JIU(THR) R il
TR (SPR) LSV AE A B (TSP I 28, AH S EHE 71
T4, SIREFRN(TTI) Sl T AR F R e 1 &
YU REE Sy Ai PCHITTI N 97 s, #kasE AL .
FPRIN N 10% =y 5, TTIBSPE 4292, KW
{56 PC F#AFS 8 14 1 £ T 52 1R 457N . PSNI )
SINEESE T EAMEITTL, PC/10%PSNI )
TTIM N46's, X5 TGARIZER—5, ViH PSNI
K7 7 e (A v SN O =8 Y A | AN =1
Wyt 5, BEAEZNTTIHE T, HEE

TEMNA RSB, REEELHN
] 7 PSNI X PC #4 [% M (1) 51 & AF H . HRR Al
THR A2 520 K 5 7™ B2 B 1R R B S 400 B 3(a)
A3(b)yr] LA 1, 46 PC ) pHRR A1 THR 73 51 A4
594 kW/m? £l 66.8 MI/m?, JAKERIZL . I 10%
%+ J5, pHRR [% % 441 kW/m?, THR ff %
61.7 MI/m?, AHLEL PC 73 5l FEAIK 7 26% 1 8%. PC/
10%PSNI [ pHRR 33 — 2[5 22 347 kW/m?, #HLL
PC &1 T 42%, {HTHR 54iPCHHIE, XA&HT
PSNIE A i PC H2 1T FE M R FIPE T, TR
RZRR TR JE AL B T B, B S DL S ) T k44 %
Vit IR R AR, NI ROELE T v I
TR R BERA MR, RC TR E, (R RR
JEFRRF AR RIGIN, RIS A LA
HAL RIS AR IR 5E 2R )e . X T PSNI/Kaolin &
Bifhk %, W LUE 3 3 MAS A ST LU () 52 6 61 )
FLABETBOSAR T B A8 Jn PSNIL B =108 R R &
¥EE. PC/2.5%PSNI/7.5%Kaolin ] pHRR ik %] 1
B A1233 kW/m?, B4iPCIEMK T 61%, THR N
56.9 MJ/m?, #:4f PC [k T 15%. PC/5%PSNI/
5%Kaolin ff] pHRR A 261 kW/m?, 54l PC [&MK T
56%, 1 THRAY A 50.4 MJ/m?, %54l PC 3 3 P& K
25%, 1% FZ5H THREBAKHIFE A . PC/7.5%PSNI/
2.5%Kaolin [] pHRR N 346 kW/m?, [&K42%, 5

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

S ) Tys0 Tinax Residue at Theoretically estimated T,
ample (°C) (°C) 700 °C (%) value of residue (%) (°C)
PC 479 517 25.2 - 159
PC/10%Kaolin 470 518 332 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 23.5 156

PSNI 395 466 7.9 - -

Kaolin - - 99.8 - -
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Table 3 UL-94 and LOI results of PC and PC composites.

UL-94 (1.6 mm)

Sample LOI (%) — -
t(s) t,(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 4.142.5 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
600 |(a) —a—PC (b
—o— PC/10%Kaolin 60l ~——PC
~ 500} —4— PC/2.5%PSNI/7.5%Kaolin = —0— PC/10%Kaolin
E —v— PC/5%PSNI/5%Kaolin E 5L
. o)
5 400 | PC/7.50%PSNI/2.5%Kaolm =
. —<— PC/10%PSNI 2 40|
E 8
g 300} 2 30)
= g
2200t = 2
g Eldl —4— PC/2.5%PSNI/7.5%Kaolin
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Time (s) Time (s)
020F(c) —o—pC @ onepe32TToo0,
R —Oo— PC/10%Kaolin 15 F=—PC .
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2 \ PC/7.5%PSNI/2.5%Kaolin -5
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=]
g olot =
s £
£ g
9 2 5t 4
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Fig. 3 (a) Heat release rate (HRR), (b) Total heat release (THR), (c) Smoke production rate (SPR) and (d) Total smoke

pruduction (TSP) curves of PC and its composites obtained on cone calorimeter.

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%PSNI1/2.5%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

2 Data loss was caused by physical interference of the intumescent char layer with the apparatus.
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B THR. AL 2 K, PC/5%PSNI/5%Kaolin
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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, e1) and PC/2.5%PSNI/7.5%Kaolin (f, f1) after the cone

calorimeter test.
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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.

BEE 45/ 2 5 T PC LRI 2 . 50 25 P4 i
72 ) A2 B Tk X 2 R 2L 5K Fries EHETE
SR 0 0 S 25 R ) 5 g 3 — 0 W 2R A 252,
H T PC 5 PC/10%PSNI F) Xy 255 [ At 7= 0 5 =
FH, B DA BT 248 B At = 1 BT S 1% 2 2
Y Fries ELHAT O¢, ZEIE W eI L 1) 5 N3G 58 1
AL BN, BHAS T Fries HHEAT 7 105 T A
ANTCIIERTE G, i AR PSNI & 2R3 0,
AR ) i R ILT B B S XU 2 B A
V)R ERARRER RS, B s TFHEER
P/ la] g A . BE 25 PSNIT 25 5 0 186 i XUy 285 B At
FEPI I T Je kb 5 R, PC/5%PSNI/



BRI A DB 5 2RI U R ek 4ot ) ) e S L5 v U~ W R BELIA SR BB R S 1F 7 9

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

Number Structure 1@ 20 3¢ 44 5¢ 6"
1 H,0, CO, 14.1 15.4 4.30 13.0 12.8 14.5
2 N 0 0 090 3.0 36 23

o~Q

o
3 HO—@ 11.7 11.6 7.80 9.0 72 5.7

/
4 ~st-o_/ 0 0 0 2.6 2.6 2.8
\Q. Sll\
To-sil
/
5 HO_O_ 15.6 17.5 24.40 16.7 16.7 17.0
6 no~_ )~/ 9.8 101 1310 100 9.7 8.8
7 o~ )~ 6.1 6.1 9.00 7.5 7.5 7.2
8 HO< > 2.3 2.6 3.50 2.1 3.1 2.8
NH
=0
9 HO—©—< 12.5 9.6 8.30 7.1 6.4 6.9
10 1.1 0.7 0.40 0.8 0.6 0.4
O~0°

11 OH 4.4 4.1 5.70 6.5 6.7 5.5
12 OH O 24 3.6 5.00 4.4 43 3.6
13 |\ OH 0 0 0.97 3.0 1.8 2.3

N YN

H
14 o« ) ()on 0 0 0 23 3.9 2.7
15 HOOH 20.0 18.8 16.50 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; " PC/10%PSNI.

Table 6 The relative content 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%PSNI/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
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Fig. 7 Mechanical properties of PC and its composites: (a) Tensile properties; (b) Impact and flexural properties.

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
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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%XKaolin, (¢) PC/7.5%PSNI/2.5%Kaolin and (f) PC/10%PSNI; (g, h) SEM images of kaolin.
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Preparation of Naphthalimide-containing Polysiloxane and Its Synergistic
Flame Retardancy with Kaolin in Polycarbonate

Sen-hao Lei'?, Jie Liu**, Tao Tang!**
(!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
(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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