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Abstract: To improve the flame retardancy and ceramization efficiency of ceramifiable silicone sealant (CSS),
polyborosiloxane (PBS) was synthesized using a,w-dihydroxy polydimethylsiloxane (PDMS) and boric acid as raw materials.
CSS/Pt/PBS composites (Pt: Karstedt's platinum compound) were prepared by the blending method. The synergistic effect of
PBS and Pt on the mechanical properties, thermal stability, flame retardancy, and ceramization performance of the composites
was systematically investigated. Results indicate that the synergistic effect of PBS and Pt endows the CSS/Pt/PBS composite

system with optimal flame retardancy. The limiting oxygen index (LOI) increases to 40.5%, the vertical burning rating
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reaches UL94 V-0, and the peak heat release rate is reduced by 66.1% compared with that of pure CSS. After high-
temperature ablation, the system forms a dense and continuous ceramic layer. The three-point bending strength at 800 °C and
1200 °C are 12.94 MPa and 40.07 MPa, respectively, and the average backside temperature during the fire resistance test is as
low as 90.1 °C, demonstrating excellent structural integrity and fire resistance performance.
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1.1 FERFRH

o,- "R FR T A AU (PDMS): Tl 9%, 25 °C R FE 80 Pars, VIG5 &2 KA MUREA PR A); — H 5
REH: Tolkg, 25 °C B 350 mPa-s, P (G Ak (b ) A7 BRZA B BRAR 4 Tl g, I SO ER BR i A RHAT FRZA
Al w0 4 Tl 9, P SCTH R FR I KO R BRA Bl BRR 4% (ZB) : 4y B 4li, i S R A2 H AR A IR A B <
FHE R Tolk g, R 150 m¥/g, #95 LM150, R FRe i B4 T (VLP9) A PR A ) S 8L (MH) : 73 B
afi, 122 e MRAE AR B A7 FRZA W) 5 B (BA) - 43 #r 4, S EE 99.9%, 11 42 SO A AL B B4 A BR 2 5
OO = T i Rk bt . 20 3 = T WAl S m e Tk 9%, R RURE AT MLAE BT M R AT BR A R - N 3L — R0k
fEBE(KHS50) . — H R — T #:45 (DBTDL) : 43 #r 4k, Ffh T a5 (76 ) A B F]; Pt Tolk 9%, XM-3030-1 %1,
KREETT M EA WEERHE A RA A .
1.2 WX 5 RAE

LIAMEIEAL (3£ Agilent 23 F] Cary660+620 % ). Xf PDMS ., PBS K i HEAT R84 2 518 HL A5 4 2T 13
(ATR-FTIR) 3, 49 4 7 Fl 400~4000 e, 94 £ 32 K, 70 BE 4 em™'o A% G L IR P E I (F2[E Bruker
/v H] AVANCE I 400 MHz #4) : DUJRAR S0 R 5 550 %5 fif A 5 PDMS., PBS, I LA 6 2L 4R 85 (1'B-NMR) .
BEIE B 5 (L (£ [E Agilent 23 7] 1260 HT Infinity 1T %) . A =5 F bt J 75 70 1 i B & PDMS., PBS, % FH Bk
e 1% 1%k (GPC) M H 4 5 o I Z3 B A (T [T 3t 23 W) TG2091F B 7R 28 T, AR E 704k
(TG) X K¢ S A8 8 PEUEAT I, FHIEE R 10 °C/min, 5B 5 Fl 50~800 °C. J7 A BHAR ML (FEE Zwick 2
A Z1.0 B, 1 kN): 4K 4% GB/T 528—2009 A I 2k fik: Fil 25 5 e hr A BE, £ 25 N1 25 mmx4 mmx3 mm, 13
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200 mm/min, ST REABHAIEHL (FEE Instron 23] 5567 Y, 30 kN): (1) 4KHE GB/T 13477.8—2002 Fr ]
PR PERR, FE AR 50 mmx12 mmx 12 mm, 3£ % 5 mm/min; (2)43% GB/T 9341—2008 45X 1B e e
Wi 32 5% A W e AT = 2 il i R AR, 35 2R 0.5 mm/min, #£45 R 5F 80 mm=10 mmx4 mm, 7K - ELERBE i
FEALCHR N B Z IR 25 A A I 4 AR A RN ) 5202 B : AR S GB/T 10707—2008 A o I 12X AeE P 2 8 fie BELR S5 9%,
FEARSE 130 mmx13 mmx3 mm. S48 £ 52 13 F5 M BHIZ IR R A3 R i 3 R A BRZA ) 580-1 #4) « &k #i% GB/T
10707—2008 F /I 12XCReE: P 25 3 e b PR A48 3 (LOD) , 45 ST 100 mmx6.5 mm=3 mm., HETE i AL (P E 95
I BH U IR R 23 K 7 AR A FR A 7] 6801 AY ) - Il it fik: P 235 1 I BA B PERE , £E 5 S 100 mmx 100 mmx3 mm, $i
B 50 kW/m?2,  Ih i 4 (22 80 D1 B e i £ H R AT BRZAS R MF-1200C-M &) . FHE #R 10 °C/min, I8 5 25~
1200 °C, HF PR IRAYIBSE . X ST L AT 3 (72 1E Bruker /A H] D8 ADVANCE DAVINCI %) 45 [
K 5°~90°, {ff A CuKo S £k A 5(°) /min A9 4 2 22 47 K . 948 fF W 730 8% (SEM, H 7K Hitachi 23 H]
S4800 U )+ X M4 Ab BE IS 1Y) P 2 5% A W W T 10 AT OO 45 K L, R S T SC B R AE S I b 2D AM AR AY
(2% [ Fluke 23 A TiS20+7 ) : 445 GB 23864—2009 Arif il il Bij K M fiE, [ T e AR B KA K B 80 mm,
DL I SME RS RE 20 min, FF 5 TR O B T B R A % B, SE 100 mmx 100 mmx4 mm, Bt A5 2050 A
ARSI AR f 5 1T L

1.3 #RHE&E

1.3.1 PBS #94]&U51  PBS W& MALIE AN 1 s, 4% 3 g BA 5 100 g PDMS fil A =S5 A1, 60 °C T fi
P20, R EART TRIRA WA ZE 120 <C, HiifE 1 h 515 213 P80 PBS MR Y, W Ry icE T 5
2R, AE 150 °C R 4RSI 4 h, fig)5 15 PBS.

OH CH, CH,
| | > 150 °C o, |
A +  HO Sli—O OH 1._:B_G_S|i.......
T . A
HO OH SH, b,

Kl 1 PBS AL
Fig. 1 Synthesis mechanism of PBS
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SRR, 184 g; Fil i 2 S 50 (FH 3k =Tl g 6k e 5 200 ik =T i S ek e 190 5 2 EE R 10/1), 17 g5 -
RN = LIRS 15 g AR T 34,01 g,

CSS Myl & A R T, ¥ PDMS. PBS 5 " H AR AN A Sh B FEALR, 4 3 #Hhn A B B ALk

(A HE A FE 5 min, 3 10 min) , IG5 T 3 — $ 1 CSS KA A kR 7
WU B #2545 R BUR BT il 2 120 °C, #£-0.09~ Table 1 Formulation of CSS and its composites

—0.1 MPa K25 B2 N HE 2 h, SRR 4R 2Rk 23

Sample m(PDMS)/g m(Pt)/g m(PBS)/g

E AU IR R KK T 200 mg/kg Ji 2 1F ik, 44

Frss, ARG HIK, BHIZE 60 C LIF, Jehn S 100 0 0
T i 2 A2 B0 23 B P 30 min, FEITASAH H % CSS/PB 100 3 0
Ak sk B s B P 30 min 5, Ben I ARE ke (8 Bk CSS/PESS o5 o S
. A MG LA Pt 4E 4 B 25 i FE 30 min, B 77

WA 300 mL i FH 3R R A, SRR CSS/PO/PBSS % ’ ’
K BRI A R VU 31 £ B 5, 17 3R I 25 BR CSS/PBS10 90 0 10
L, FEY 14d 58 RE IR E AR, 45 80 AR CSS/PG/PBSIO % 5 0

CSS K HA G MBI TT WA 1.
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2.1 PBS 5 PDMS HIEBED 1T
211 “#M545F %442  PBS 5 PDMS () ATR-FTIR JGiE W& 2(a) frix, 75 1340 cm! &b 30 T 4R 1E P 119
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Fig.2 (a) ATR-FTIR spectra; (b) ''B-NMR spectra; (c) Molecular weight distribution curves of PBS and PDMS

M3 oA i 2k (1 2(c) ) AT UL, PDMS (1) £ I F 1g(My)=5.0 &b, XTI My, i 126447; 1fif PBS [ 31§
LEF 7 1g(My)=4.3 4k, XF 1 3453 F AU 65327, H A4 73+ )\ PDMS 1) 63 555 [ % PBS [ 22196,
PDMS £ 76 & il F2 b & AR T B B WidE, A T 43 F &= B /N PBS. [A I, PBS 11 4 i 43 1§ 4L
(PDI=2.94) It % & T PDMS(PDI=1.99) , Ui, B Ibr4E 5 P48 5 il BRIE WL T 2 0 Bt 5 =), X — 4 5 Liu
S0 $5 Y SRk AR 1 S RS P JEL 3 AT ) AL R4 - P4 B AL — 3K, i — 2D e T SR A AU Y )
A
2.1.2 #A&E M gemX  f PBS 5 PDMS (19 TG #h 2k (&l 3(a) ) 1] %1, 800 °C Hf PBS [ 5% 43 W) i 1t 70 B K
42.1%, W1 % &5 T PDMS M58 R I it 7340 (29.3%) o BRIt /- B0 $2 7, Skt PBS 7 & il #A i ot /8 rp
50 TV 1 i 252 B0 I I e S 5 i )22, % e 2 T R A BB RR A T, B A AL a3 5 43P AUE T PBS
() AR E PE UL T PDMS. PBS 19 5 K #A ¢ H1 3 6 X6 7 A 3 B (7,,) 16 463.5 °C, 3 PDMS [ 412.3 C #&F+ T
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FREERE, A AW T A R i B A S R,

(a) (b)

100 ¢ —PBS
—PDMS
S g0t
2
&
© 60+
=
=
5
Z 40l
& —PBS
—PDMS
20
0 200 400 600 800 0 200 400 600 800
7/ 7
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Fig. 3 (a) TG and (b) DTG curves of PBS and PDMS
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FE SRR R, MW 2 S RN (] 4(a) ), X J& T PBS /RN RMEA S I AR R G, HorFHE 2R
NI ) 55 T CSS FEAA it Il X 25 S5 48, (iR 2R A6 52 Ji s o 5 R AR A B i RS s (H SR R b5 A 3 g 19 P, FE
i A7 iR B BE A AR R AR, IR R A0 I 2 R AIG, 32 e T Pt IR B 2R 5 CSS By 40 FRE R A A A
T RIS o R FE RN 5 A B — B AR (L AL : PBS B 51 AURSFE 8 B2 A T REAIG, T Pt 1Y% fin i 7E
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N T TE B A BRI %) CSS/PYPBS &A1 R 1 )2 e A2 T 67 1) IR 4
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Fig. 4 (a) Tensile properties and (b) adhesion properties of CSS and its composites

2.3 HMIQEM

f£ CSS/PUPBS E & 1A Z v, W% PBS H it (34 i, B &K R 7E 800 °C N A5k A1 i i 43 B Hh 64.3% i
T 71.8%(18 5(a)), T, W4l CSS (1) 417.7 °C F& = 408.3 °C([H 5(b)), X &M TR T PBS & 4L Ml 3 &
ST SR , IR AT A R ARG 25 A o4 B A R o B BV AR R, AR B s AR R v JE ML e 1) SR A 5 S AL,
AT 92 68 e ok o v 0 B S G, e AR TR AR B A 4B T Tva ARG B, W2 B T PBS H B #445
fiff R EE WA T CSS LA, DA 25 W fl B ARG AR 22 0 e AR VR

100 @ (b)
£ 90t
172}
3
=
S 8} —CSsS —CSS
El ——CSS/Pt3 ——CSS/Pt3
2 ——(CSS/PBS5 ——(CSS/PBS5
& J0l —CSS/P3/PBSS —— CSS/Pt3/PBS5
——CSS/PBS10 ——(CSS/PBS10
—— CSS/Pt3/PBS10 —— CSS/Pt3/PBS10
60 . . : ) . . . . )
0 200 400 600 800 0 200 400 600 800
T/°C T/°C

Bl5 CSS KHEAHEHN(a)TG F(b)DTG ik
Fig. 5 (a) TG and (b) DTG curves of CSS and its composites

2.4 BRBAMERE

CSS/PUPBS & A K & (1) LOI Je T FLERBEME R Z5 R an 3% 2 o . Bl PBS FHEAYIG N, & & M kL
YR 1 F KRS B (O BRI 6. &) 349 52 5 20 4 S e 3, LAl ELRBe S5 40 h E 43 (NR) #2728 UL94 V-
149, XEMT PBS A FEMP & A Si—0—B 5 B—O #HA & /= Bk RE, 7 41 0 5 i e 1,
AT T2 AR BUREE ST . SRR TSI PG, 6. 6 WESE, B AR BLIATE GEfS 2t — 4R 7
T EIRPE S R TE 2 UL94 V-0 2%, LOT 45 75 2 38.5%. Pt AY BRI 85Ul 35 B AR B AE 9 7 1 . — 7 18 T A
KA CSS T4 1 AU THE RN 2L R, WD Sy /Ny F P R AR B 55— TN = R A T Re S Ak o T
R s 1 — 2SS B RN, PR BT £ R G 7 A S K B R )RR b B R ) R S kA, Hod,
CSS/Pt3/PBS10 4 414 22 (19 BELAME e e A0, LT B BRI 1] 30F — 25 4, 3R 300 5 ok BV RS A 7K OF , e R 4848 4
(LOT) S J& 2T+ 2 40.5%, JEE B/ A MM (F 2) .

AR PR I R (HRR) 5 B VB i (THR) i 2k A&l 6 fifzs . PBS 7 il ke i 78 rhn] % A 4%
Al {5 BN, T G 8 3K ) B R A2 B S )2, P R A D B AR B, R A A BEL B Bt 5 AR ) R
PR AL, M 25 B AR PR /K - . CSS/Pt3/PBS10 &2 A 1 28 v (] $UB i 2R (pHRR) 1K 60.16 kW/m?2,
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F 2 CSS KHE G R R EFEECR UL-94 (X 45
Table2 LOI and UL-94 test results of CSS and its composites

Sample H/s b/s Rating LOI/%
Css 9.842.2 314433 NR 34.740.2
CSS/Pt3 5.3+0.8 2.8+0.6 V-0 38.5+0.4
CSS/PBSS5 6.2+0.9 15.742.6 V-1 35.440.4
CSS/Pt3/PBSS5 3.940.6 1.540.4 V-0 40.4+0.3
CSS/PBS10 2.640.6 14.5+1.8 V-1 36.940.4
CSS/Pt3/PBS10 2.140.5 1.640.4 V-0 40.5+0.3
200 (@) ()
40
—CSS
—— CSS/P3
150 | —— CSS/PBS5
& —— CSS/Pt3/PBS5 & 30r
= ——CSS/PBS10 =
> —— CSS/Pt3/PBS10 =
Z 100 - S 201+
< S —CSS
g 2 — CSS/PB3
T 5 = —— CSS/PBSS
I 10 —— CSS/Pt3/PBS5
—— CSS/PBS10
—— CSS/Pt3/PBS10
0 200 400 600 800 1000 0 200 400 600 800 1000

t/s t/s

FEl6 CSS KHE A KN (a)HRR #1(b) THR Hik
Fig. 6 (a) HRR and (b) THR curves of CSS and its composites

FHEL T4l CSS FEMFRME T 66.1% (& 6(a) ); BB E— 2R 2 31.32 MIm2 (& 6(b) ) .

ARV 53 526 RV S BRI S 19 3R A 5 HE TR o PRl s (3R R e S Q81 7 Bieos o AN n b
FEARN (R0 B RE i, L ERBE SR A W e A A HICIR — S Ak 23, TC W i 540 52 4k (181 7(a) ) 5 AR b,
T AR A TRV RE S PRBE A T AR 2548, AR U 1 B2 (] 7(b)) o Bl PBS IS A, & A4 kR
ERBEJE TR TE R T )2, EI2 e % 2 1 e el i o s B 22 Ah TR S, 55 R 3 S B IR 5 LA T o AR
B BALRR AL M B 2, FNAEAE FLAE e T I 4, T A RO BRIt s . MR RPN Pt s, &
B ABHHETE 1 AR AR W A BB P A 42 T, (HA5H A IE A T 5%, R SE L 5E i 22 HOH IR BB A
YA TH F B0 8 0l T SRR AR, B % 2 8 B M R A9 SR A k3 . SR, 76 PBS 5 Pt W0 B W4 FH 19 CSS/Pt3/
PBS10 & A1k Z b, 3 B BB e ik 7= 4 26 1 B i T 3% 41 HLEURE I — LB % 2, T B 8 s fLpR . R R,
AR R I HE T i PR A Wt S 0 5 ) S S 1 P R 2R A, R B 3 1 D R R T S A Ak b i A v P
B E R R T R S SR AR e M

=, 2 T

g i

= o S

css CSS/Pt3 T CSS/PBSS CSS/Pt3/PBSS CSS/PBSIO0 CSSIPB/PBS10
Fl7  CSS BHEZAREHBEmEEARY): (a) T EIRGEIRARY: (b) M i HURARY)

Fig. 7 Ablated residues of CSS and its composites: (a) Vertical burning residues; (b) Cone calorimeter residues
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2.5 PBHNERE

CSS K HE A MR B K MAZE R AN 3R 3 Fis . WA X4l CSS IE M AT he i, LD /MRS I 75
495 THT 55 e T (Tonan) S 151.8 G, BRUER N Pt A4 CSS/PE3 R i U IR ( Toonira) 5 I ( Toyerage) WA FRAIK,
Hf T2 176.1 C(F 3), HIHBeih sk Axd) 2 BB 28 P m i, X & i T 5 — Pt AR I i Ao 1) P 97 I,
TG IY WG S P G A i e 2, o BEAY Kk 412 1k (&1 8(a) )5 1T Pt 55 PBS & [t (1) CSS/Pt3/PBS10 £ i, Hof
e I BE PRI EE A BB 2R 12101, 90.1 °C, BRIHER AR Y 454 S B HoBE Il 20 min A9 ZLAM RS (1] 8(b) ) LA
FRIR XA 3=, 3 2 i T PBS 76 i il 06 il B8 0 YRR TR 25 B e, (8 0F 3508 R 2 A2 B, 5 Pe 174 BH AR
FHPRA], SEBL T A il $A4 BB A = i XUE 8O, A R T T 97 kP RE

3 CSS KHE BRI KL, R

Table 3  Fire resistance test results of CSS and its composites

Sample Tna/ C Teentral! C Toverage! C
CSS 151.8 143.6 121.0
CSS/Pt3 176.1 109.1 102.3
CSS/PBS5 160.1 139.3 114.3
CSS/Pt3/PBS5 123.0 119.3 99.5
CSS/PBS10 154.0 148.8 126.1
CSS/Pt3/PBS10 121.1 119.8 90.1

180

140

100
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Fig. 8 (a) Photographs of ablated residues and (b) infrared thermal images after 20 min ablation of CSS and its composites
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Fig. 10 Digital images of CSS and its composites after ablation at 800 °C
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Fig. 11 SEM images of composites
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Fig. 12 ATR-FTIR spectra of CSS and its composites after ablation for 1 h at different temperatures
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Fig. 13 XRD patterns of CSS and its composites after ablation for 1 h at different temperatures
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Fig. 14 (a) Flame retardant mechanism of Pt??!); (b) Ceramification mechanism of the silicone sealant
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