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Fig. 1 TG (a) and DTG (b and ¢) curves of EG,APP and EG/APP composites in N,



834 5 as

2 e 2013 4

260 CN EG %A 582Kk, APP 4750 [ fAOIR 45
350 C'N EG E2glk, Z 8 2 & AT EG il
ARER I 5550 CF EG i HUR AR e 1 FR B A A
PO {5 ;800 C '~ 5 5.4l EG =¥ X HXT b,

EG/APP & & ¥ 5% % A X5 o A 0% . EG/APP #
fifk 7k % B ORI B0 B4 R AE I 32 T AR T Y I 9T 45
FLHAPP 5 EG [H] A7 0 AH B AE FH 3G 58 T 5 i
TR U S R e

Table 1 Data of TG and DTG for EG,APP and EG/APP composites in N,

Sample. Step Temperature We.ighl loss R’pmk/Tp%‘k CR“pa( %) CRcaIb (%) ACR®
(mass ratio) range (°C) partial (% ) (% ~min~'/C) (800 C) (800 ) (800 C)
AP ; §§(5) :;zg é; 129..69//363500 14.5 — —

e s 0o o 15,7/ s - -
15((;7/1121))P ; ﬁllgg :288 ?1 125,.58//510905 54.0 35.0 19.0

“CR,,, is the experimental value of char residue;” CR_, is the calculated value of char residue;°ACR = CR,,, - CR,

EG/APP-350 °
<

EG/APP-800 °C =

EG/APP-550 °C

EG-800 °C

& RPUF/APP char residue

1 hS
.

Fig. 2 SEM micrographs of the char samples,including (a) ~ (e) obtained from EG/APP at (a) 260 °C,(b) 350 °C,(c¢) 550 C,(d)
800 Cand EG at (e) 800 °C in a muffle furnace in air and (A) ~ (D) obtained from RPUF and flame retardant RPUF after smoke density

test
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TG (a) and DTG (b) curves of RPUF,RPUF/EG,RPUF/APP and RPUF/EG/APP composites in N,

Table 2 Data of TG and DTG for RPUF,RPUF/EG,RPUF/APP and RPUF/EG/APP composites in N,

Sample Tsq " Temperature Weight loss Rpeir/ Tk CRN, (% ) CR, (%) ACR
Step
('mass ratio) (C) range (°C) partial (% ) (% +min~'/C) (800 C) (800 C) (800 C)
1 134 ~410 70 14.2/334
RPUF 242 13.2 —
2 410 ~ 580 14 2.7/490
RPUF/APP 1 154 ~410 53 17.1/300
254 32.7 13.5 19.2
(80:20) 2 410 ~ 580 11 2.5/448
RPUF/EG 1 160 ~410 57 11.4/310
238 29.9 19.3 10. 6
(80:20) 2 410 ~ 580 11 2.0/467
RPUF/EG/APP 1 131 ~410 54 13.6/307
234 33.2 17.6 15.6
(80:14:6) 2 410 ~525 10 1. 6/469

*Tsq, is temperature of 5% weight loss.

Kl 4 5% 3 450 TBHHE RPUF 7E2S S4AUT Y
PR R BB, S AU LB, BHER RPUF
I b B 2 BEAE S 3 B, E AR A M
R (1) R FR A e J W X6 7 1 LB X A A
5 — B B 1) i R B T R B N B K I B
800 °C 4% i it H 1= 2 /9 i J¥ RPUF/EG/APP
> RPUF/EG > RPUF/APP 5 LOI( L 2.4 ¥ % 5)
FH R ZI /NIy & — B0 5 (2) 5 H A BH X RPUF
AL, RPUF/ APP 55 — 3 fiff [ B 1Y) 2% T S8 /)
17 565 = A ik B B 114 2 o R 38 K R i L A8 A 2 A K
1, 3X B IR G 2= I KK & RPUF/APP A K 4y B
2= ik 45 & 7k 2 RPUF/EG/APP 5% ik 1 #1441
R EELF. 5300, WA RS 2= A T Rk 2 1Y)
AL ACR CRE AN S5 8K R &R
s R B, i RPUF/EG/APP & % (1) ACR,,
/0N BV 52 24 A AL Y BE ) T 5

2.3 BE RPUF y XPS 447

X-SFEO6H TR (XPS) 2] T3 Bkt it
FETm o6 & WAL 2R . X RPUF/APP, RPUF/EG
% RPUF/EG/APP {k & 7F 25 5540 F 550 C il
800 °C B3R s #E AT T XPS FRAF , A 45 AH OC e A1
1 XPS 43 #77 "' % Fi Gaussian-Lorentzian 3 %}
Cls 1% 47 7 i & L&, 7 i O 284.6,285. 4,
286.2 F1 289.1 eV 4 AN, 43 X B T C—C,
C=C(AEmMEAEIFREK),C—N,C—0,
C(0)O FWAl, [FIBF 5 T AR 3R 4 FE AT AR X & 5 1
ST AR A I, G5 R W R 4k )ZE T C—C M
C=C Jy HHX 5 A2 2 19 45 44, i 4 42 Ak fig ) AH
Xffe . I, Bk b C—C il C=C 1 & & 85,
TR & BT PR AL R D R . FR 3R 4 AT LR Y TR
M 550 C 7} % 800 °C i}, RPUF/APP % 7%t C—C
I C=C (M & EREE 52.6% , 0 3 MMAZR &
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Fig. 4 TG (a) and DTG (b) curves of RPUF,RPUF/EG,RPUF/APP and RPUF/EG/APP composites in air
Table 3 Data of TG and DTG for RPUF ,RPUF/EG,RPUF/APP and RPUF/EG/APP composites in air
Sample Tsq, St Temperature Weight loss R ead” T ek CR,,, (%) ACRy.,*
Sle
(‘mass ratio) (C) P range (°C) partial (% ) (% +min~'/°C) (800 C) (800 C)
1 117 ~410 54 10. 8/307
RPUF 228 2 410 ~720 46 9.2/567 o o
) 1 150 ~410 40 13.8/297
l{(PgUolj/Z}(\)})’P 253 2 410 ~610 21 4.2/545 6.8 25.9
' 3 610 ~900 39 5.1/785
170 ~410 38 7.3/297
}EZEF;(];)G 240 2 410 ~ 695 47 7.0/561 8.2 21.7
' 3 695 ~900 14 3.7/800
1 144 ~410 39 9.4/295
RP([;I;{IEE/GA)PP 240 2 410 ~ 663 38 6.5/556 12.0 21.2
o 3 663 ~ 900 13 2.2/772

*ACRy , is a CR'Mp difference value between in N, and air.

Table 4 Cls curve-fitting of char residue of flame retardant RPUF at different temperatures

550 C 800 C
RPUF/APP RPUF/EG RPUF/EG/APP RPUF/APP RPUF/EG RPUF/EG/APP
Identification
BE* Ab BE A BE A BE A BE A BE A
(eV) (%) (eV) (%) (eV) (%) (eV) (%) (eV) (%) (eV) (%)
C—C, C=C 284.6 65.1 284.6 57.9 284.7 62.8 284.6 52.6 284.6 61.1 284.7 72.5
C—N 285.4 15.9 285.2 28.5 285. 4 6.9 285.4 25.1 285.2 38.7 285.3 14.0
C—0 286.2 12.9 286.2 12.9 286.3 27.1 286.2 18.3 286. 2 0.2 286.2 13.4
C(0)0 289.1 6.1 289.1 0.7 289.1 3.2 289.1 4.0 289.1 0 289.2 0.1
*BE-binding energy ;" A-Peak area percentage
2.4 RPUF/EG/APP SiEHIRMEE RPUF/APP fi /Iy, 3 W 3145 1k 2 T ik 1) 45 5
25 4L T RPUF/EG/APP BRI EARE AR T RPUF RYBLRRPERE.
R I A SR DA FRRT UL 5 i A (5] 2 LA 7R T B AR o R X dR RO % (MSD) Al

J&, & R LOL ¥y AN A) 2 1 B9 #2 v, Horh M AR 20 (SDR) B9S2, U 5 B 5k MSD, SDR
RPUF/EG/APP ff) LOL f% 7, RPUF/EG K 2, %% T &AL 507 5 &t 19 MSD 1 SDR, ) MSD I
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SDR,,,, T3 26 2 20T A i FF 1 7 A 4t 5 g i ik
WAE LA 2 5 804 ol UL, RPUF 49 7 4 4t 1R
I, (HGA 2 R 47 BH R R B, 77 4 i 3 K. BH R
RPUF ) MSD,, Fil SDR ¥ i /1N 51 K B K
RPUF/APP < RPUF/EG/APP < RPUF/EG. I
RPUF/APP K Z 1 ;= M & 5% 1%, {4 H LOI Y
25.6% Ik AN FBIXERR S5 1 RPUF il A EG/APP
HEWE, e S RPUF A1, B2 & A 46 5
) [ B, 7 0 o A5 1) A 284 o

G55 LS g I R o R I At S B e ) SR R
F B 2(A) ~2(D) 4 SEM X 5% 7% JE 55 1) 1 W
FAEGE A, AN X URE LOT K 0 %5 BE ] ¢ & 1Y)
BEf. RPUF B THRBE 7 43, v 18] 2 rhml Dl HE 3% o
AN R R BOE R 7 0 i 55 I RPUF/APP 5%

HRAM TG B (WL 2(C)) , WA AL /N
o) PR 7 0 i A 5 (R A R A2 B K e AR Y
B it R AL BE T AN I, B LOL(25. 6% ) I K
5. HE 2(D) 8] W, RPUF/EG/APP “ I ft " IR %%
AN T B AR B LT RPUF/EG(UWLIE 2(B) ),
AN F RPUF/APP, Jir L H 7= 4 &= % RPUF/EG fI%,
i RPUF/APP . B F RPUF/EG/APP 11y 5% % L)
U AR e Ry A2 HOBUR i BCA AR g O B, Y
I H LOL A X & & , 1 RPUF/EG ) LOL Ik 2.
I, B2 B BHE% RPUF {4 5 9 LOT F1 = 4l i 5 44
BRI % ok ik Sk e it FA SR AL RE 0 A 6. BB
A2 THT ORI DN 5 B e e A i A
AL fE f #aE  LOT St k.

Table 5 Data of LOI and smoke density for RPUF ,RPUF/EG ,RPUF/APP and RPUF/EG/APP composites

Sample (mass ratio) LOI (%) MSD (% ) MSD,, (% g ) SDR SDR,,, (g D)
RPUF 19.8 35 264 20 151
RPUF/APP (80:20) 25.6 47 167 37 131
RPUF/EG (80:20) 34.1 76 257 49 164
RPUF/EG/APP (80:14:6) 35.4 67 224 47 156

Fig. 5 Digital pictures of char residues of RPUF and flame retardant RPUF from smoke density test

2.5 #EREBHLUREDR

KT kU EG/APP Yy B A 22 i ik 45
LS F EG/APP T & i B RPUF, 47
THEIE i B0 (CONE) #% Be 4 fiE I 1. RPUF/
TCPP/EG/APP 5 H A K 1A & Y BRE il R
(HRR) A= % (SPR) & CO Bl # 5 (PCO)
(I 25 S 0L I 6. 5 RPUF LA, & pi BHLR 1A %

RPUF/TCPP f#j HRR I4{ ( p-HRR) 4 f F F&, {2
SPR J PCO [ % #8 k. 5 RPUF/TCPP #f L,
RPUF/TCPP/EG/APP & & ) p-HRR F [%& B &,
JEHJE SPR J¢ PCO K B B IR, e T EG 5
APP 255 A A B AT BEAR 0 3, L BHA7 90 &
RPUF & Z#4be it B 40 K& CO B 15 .

341, CONE 320K 68 14 B (9 JL A 55 s (A 15
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SGHE. (1) RPUF ) p-HRR it #, SPR HL {6, PCO TCPP, FBLAHE N T 2. 3 5 2 B M 45 45
Mk 29 170s J5 i T AW R UL R BEAR 1 AR 7 1) BRI A G (3) RPUF/TCPP/EG/
RPUF TERA e $AORE s B 7= M 5 P )y T8 X A 0 APP {k & ) SPR J& PCO % 50 s J5 JT fy Wk 3 &
(2) RPUF/TCPP/EG/APP {A Z i) HRR JEA Sy — %, BRI Z AR 2R 10 A J2 95 R 4 S, S0l 5 o AR R
AN, 100 s J5 @ T RPUF, 150 s J5 i T RPUF/ MW S CO 1 RE TR 3R .
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Fig. 6 Curves of heat release rate (a) ,smoke production rate (b) and the CO production rate (¢) of RPUF, RPUF/TCPP and RPUF/

TCPP/EG/APP composites

The mass fractions of flame retardant; TCPP =16% ,EG + APP =16% ,EG: APP =7:3

3 it
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THERMAL DEGRADATION AND SMOKE PRODUCTION DURING
COMBUSTION FOR INTUMESCENT FLAME RETARDANT
RIGID POLYURETHANE FOAMS

Dong-mei Xu, Jian-wei Hao, Guo-sheng Liu, Song-ming Xie

( National Laboratory of Flame Retardant Materials, Beijing Institute of Technology, Beijing 100081 )

Abstract The thermal degradation behavior and combustion of rigid polyurethane foams ( RPUF) with
expandable graphite ( EG) and ammonium polyphosphate ( APP) were investigated by thermal gravimetric
analysis (TG) ,X-ray photoelectron spectroscopy ( XPS) ,limiting oxygen index ( LOI) and smoke density test.
On this basis, the effect of EG/APP on the combustion of RPUF/tris ( 8-chloroisopropyl) phosphate ( TCPP)
composites was studied by CONE calorimeter. The results showed that the interaction between EG and APP led
to lower weight loss rate of EG/APP at high temperatures and a significant increase of char residue at 800 °C.
The char formation between EG/APP and RPUF could be mainly contributed by APP. Compared with RPUF,
the LOI of RPUF/EG/APP increased from 19. 8% to 35. 4% and the smoke density changed little. Compared
with the RPUF/EG ,RPUF/APP and RPUF/EG/APP,the more the amount and the higher thermal oxidation
resistance of char residue,the higher the LOI is;the more compact of the residue surface,the lower the smoke
released is. It was found that the heat release ,smoke production rate and CO release rate of RPUF/TCPP were
decreased significantly by the addition of EG/APP. The results embodied the advantages of a combination of
chemical and physical intumescent flame retardants in the EG/APP system.

Keywords Rigid polyurethane foam, Intumescent flame retardancy, Thermal degradation, Expandable

graphite, Ammonium polyphosphate



