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ZIUEE, FE UG HE Al T ) 2% 74 0T BEL A R 5 2R R UK . B R
LYoy 300, T T IR R M R A BR AR AR HA B 24,3
vol %610 o VS Jin Y EL A8 % 3 Ao 7 R I A AR vof BELJR R DA 4 B
IR I O A BN R A R A b, AR R AR A e W
JHF 50 R A R R W BRI ) A 4 s A Ak W . 208, Rk
B2 %k . WETRTE S 4 . Thirumal S5KE &0 A6 55 A = B R R &2 L
FH T 5 3R S BRI TR SR . & B2 7 S R 4y 31k 100 £y
120 By i, 5 GG A 3 A PR A48 SR ik 29,5 vol %Y. Luo
N PV A= B GUNe- HYRE A i s e 2 Ak 2R Bl R B T T A 5 2R
SRR IRBELRE . R IR0 28 Ak SR W 1R 4 Tk K M B B 3R 2R
B IR AE 60 °C 4 T AL BE 36 h # KR4 45 B ik ) 25.0
vol %, Fif it UL-94 V-0 25|,

R ik A B AR Sy — B i B BELIA SR el L ) BEL A
AELA R AR e PE T2 B F R M. EVA B IR 19 B .
Zheng %545 I K £1 B8 5 1 M A B A 700 2 & 3R DO 0 BEL#
T 9% & BRI Bl A 58 R i Bl 784 BEL A 390 V2% 4 43 51 R 100 Wt %6
20 Weoo i, BN E &M Rk BR A 38 £k #) 33. 2 vol % JF
it UL-94 VO GO . Ye S5 i £ 5 W 3 79 05 2 PP G 1o e 2
LI Ik £ 88 (pEG-PMMA) , 1T LA & 38 & I ik A 28 5 6 o
A TR SR AR A . 10 Wt pEG-PMMA i 1558 Jit 88 4%
i 76 TR A b AR BR AR HIGA B 26,5 vol 0T

HAiT, A MM A A 0 5T 3 S mR v ok B I 5 . &
TN T PR OCR 1M, X T PR AL 58 A X A, Bk
Tt RN R E S 5. UL-94 3 B R B Il T 90 18 3 38 41
T 60 VR B2 B 28 5 M RE BHLJR 1R . SR P ER - L 4
SPOLIEEE I (TG-FTIR) L K& X i £k 06 WL F BB 3 (XPS) 45 i8¢
TEAMTHE A, 454 97 R (SEMD £ 45 BF 55 T 5 38 44 168 30
W/ KA B E A M (RPUF/EG) BLEA ML . DL EBFSE N 15
AR A AR BE A ML H Jo A BEL R 503 iy o 1 4 L 0 s
it 60 S B A A

ISR

1.1 #RE5F

WL IUHE (LY-4110), Tk, 1075 & U5 3 # R RE
BHWRAT: =8 B (A33) . Tl g, 71954 5
BB A RAR: 20 HHEZ R L JFFHMRE (PM-200), T.
g, T7 Ak 4R A R ®] 5 ik T 9 R B R (AK-8805) ,
Tk, BT EBAEIARAA; =2 (TEOA), b2
g, EHERAMFRAFARAR AR T 3G (O,
fh2eal, =S TAHBRA A Ak 8 EG, 80 H, &
M B BRA ] s ZEIEK, SCE Bl .

1.2 {uge

JI-1 B Sl B p 4% CIL 90 R X ER ) ) 101-1AB Y i #4
BT ER A CREER IR A A R . HC-2 A& 45 50X
LT 5 HALES ), CFZ-2 B K S 2 H R 58 T 52 A (T 7 4
FrAL# ), TGA Q5000 A Hr X (1 TA AR, Nicolet
6700 {8 B M- 21 4p )% 3% (36 B Thermo Scientific 2% @), K-
Alpha®il X 5}k 6 i T fig 1% 1X (2% [E Thermo Scientific A #]) ,
JSM-6490LV B 4 i 7 2 i B8 (H AL F AR US4l
1.3 F#i&

1.3.1 H&H%&

WHE LN, BREZTE., ZBK, Z2H K.
TEM . = OB . BB T S8 L ik R —
A 1000 mL #UEHBERR . MU HE 3~5 min 25, KB
FETC L 2 W W AL 2 28 0k 2 S IR IR (PAPD PR i A B 5%
W, BEFE 10 s BRE . A3 200 TR G 9 e ) A 45 4
MR F SR & . 155) RPUF/EG & &8 k. #1451 59 390 7Kk
TE 80 CHMTHL S h, WA R FERARAF 24 h FEAT ARG
K.

%1 RPUF LK RPUF/EG £ & ##HAK

Table 1 Compositions of RPUF and RPUF/EG composites

i LY4110/g PM-200/g LC/g AK-8805/g A33/g Water/g TEA/g EG/g

RPUF 100 150 0.5 2 1 2 3 0
RPUF/EG5 100 150 0.5 2 1 2 3 5
RPUF/EG10 100 150 .5 2 1 2 3 10
RPUF/EGI15 100 150 0.5 2 1 2 3 15
RPUF/EG20 100 150 .5 2 1 2 3 20
RPUF/EG25 100 150 .5 2 1 2 3 25
RPUF/EG30 100 150 0.5 2 1 2 3 30

1.3.2 H&kie

e B2 4248 H ik SR AR BR A4 B 3 ASTM-D2863
FrifEd il RPUF LA K RPUF/EG & & M BHR FR A HE 80, FE i
R-F2H 127 mm X 10 mmX 10 mm;

T BRI I . SR K T 28 BHA R  E AR 4 ASTM-
D3801-2010 #r#E 3% RPUF Ll J RPUF/EG & &4 8 3 &
KRB A, FES R SR 127 mm X 13 mm X 10 mm;

PORE-ZLAMEE I R BVE A IS L08R

AR A E, 5~10 mg HEMAERTHAE T 20 C -
min 'l F R ANE 800 C . SR AL AN 3 55 W 7 A A TR
R O e U RS W N W

I ALBE - KRR TE S 3P b 600 °C TR MBS 10 min AT
B R A L T X2 BB X A i SOV T S AT 00 5

JLE AT F AL TE S I AP R 600 TC TR I 10 min 3R]
Bt R X SR e T RE T (O i 0 3R A AT 0 AT
IRl XPS PEAKAL BB T i b EZIUH Co No O &5
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Gk Wi, B 1(c) RPUF/EG30 %9 £140 55 18 F . Al 05 i

2 HER5EHE

2.1 FEBKMEBE R

2 5 RPUF LU K RPUF/EG & & 1 R BH #5032 45 5
i 27 )L, RPUF # FR & $5 50N 18. 8 vol %, T B R 5e 2% il
e T, 1k B T 5 R v R TR AR . MR 5
EG 5, RPUF/EG5 R R &E 4580 L7+ = 20.3 vol%, FHEAS
SRR B A VI G BEE EG IRINE M N, RPUF/EG
A FERE B AR PR AR BOR E EF T R RS I P A — Rk
BT AR T . X EG W mi 2l 30 f3 i), RPUF/EG30 )
FRAEFEH ETF 2 25. 2 vol % . T ELIRBE G 9453 VO 2%, BH#%
W2 B L i Bl B T L B S 4 o A T SR R TR I U 174 BELJR
fig.
2.2 mEWESW

[ 1 5 RPUF #il RPUF/EG30 sk Hitisi . & 1
(a) i RPUF A5 E i B IR A, ] I H R e 5 B A ok i
By, EmAAREHA 246, B 1(b) 4 RPUF &5 R T H i
A, M REEmMA NN S, XEEEHTE
Jo 5 S R 0 TR AR B — 5 R P L B Y Y R T o
FERRSS, FE R be I R R R I L R A B e SR v R R AR
@)% =43

SEl " 20kv/ = WD 10mm "§855 & '\5ogum'-'___

BB KRR AR R 5 B 1Dy RPUF/EG30 = A %47
TEHBE . T UL RE K A AR U HOR 7 S5 4 ZF A TR AL 2 W) . R
ALV BN, Iy KRR ZEWES. F)28H 20
PN G ES S TR

%X 2 RPUF 1 RPUF/EG E&# #l LOI L&
UL-94 MK 45 R
Table 2 Results of LOI and UL-94 test for RPUF
and PRUF/EG composites

o LOI UL-94 10. 0 mm bar
o /vol% t/t:"/s T V% Z5
RPFU 18.8 28.2/0 Y NRP
RPFU/EG5 20.3 20.5/0 N V-1
RPFU/EG10 21.2 17.8/0 N V-1
RPFU/EG15 22.3 15.2/0 N V-1
RPFU/EG20 23.4 13.9/0 N V-1
RPFU/EG25 24.6 12.5/0 N V-1
RPFU/EG30 25.2 10.6/0 N V-1

Note: ¢ and ¢, ,» average combustion times after the first and the sec-

ond applications of the flame; » NR, not rated

200V WD12itim @ SS55

AN R

SEM. 20kV WD10mm  $S55 \ 50pm

1 RPUF L% RPUF/EG30 /i HHEBEER K
(a, b): RPUF; (¢, d): RPUEF/EG30

Fig. 1

SEM images of char residue for RPUF and RPUF/EG30

(a, b): RPUF; (¢, d&): RPUF/EG30

2.3 HE-EEBEMHIEREA(TG-FIIR) 43 #7
% M TG-FTIR %} [L#F 58 RPUF L) & RPUF/EG30 4 fi#
SRS, DiE R AL . B 2 i RPUF A1

RPUF/EG30 BA &M F TG-FTIR 3K 9 3D &%, nf Wi
[ fife 45 fiF 06 3£ B2 43 A 7E 3 700 ~ 3 800, 3 300 ~ 3 400,
2 200~2 400, 1 700~1 800, 1 500~1 600 F1 1 100~1 300
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Fig. 2 3D TG-FTIR spectra of gas products in degradation process for RPUF (a) and RPUF/EG30 (b)
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Fig. 3 FTIR spectra of pyrolysis products at maximum
decomposition rate for RPUF and RPUF/EG30

[ 4(a)ly RPUF #1 RPUF/EG30 g #2443
B il 28 (Gram-Schmidt {1 £8) . 7 UL A# 5 58 40 WG 90 1K A9 34
Sy BB B, A — A B B R T SR R 4 F B B %
filt s BEfRSEY) BB RRBREEICAEY . MR Y. A%
AEY . CO, UUKEREMAEW ", BB BOS N TR A
E T HEBCBL I MR B 4(a) T WL, RPUF/EG30 55—
B B 4 7 0 1) 38 3 I 05 T RPUF, 45 — W BR 2L = M1 1y
WEW BT RPUF, X FEEESE—HMEBH, ka8
G RBEBRMEY F (H,SO,, HNO,) , 768k 1 78 v 4> fig 7=
A R TR P AR (15 2 Al 8l 2 il T 0 iR S
Tl ot R ek PR o T R R 4 5 — B B 1 B A T
AR BUE . B A 28 Y I R 2 R A R O R

. AEIESE B B R R 43 T 8 SR B A ) AR o =
54535 3 AT 7 0 i RR R SR SR A R . 1E S G B
BA s, [ 4(b) Al (o) 43 i) RPUF Al RPUF/EG30 #4
il A BB AL A ) LA B CO, 55 BE Wt I 1) 28 fb B £k, Al WL B
LA WA CO, BRI ETE 750~1 250 s X [H] . J& T4 —k
Br=¥ . RPUF/EG30 iX ¥ # 7= ¥ 58 £ % 5% T RPUF, & 4
(d) i RPUF il RPUF/EG30 #Aff = 4: CO 38 B Bt i} [7] 25 fk
Mgk, Al CO B X ] FBAE 2 000~2 500 s X [i] . J& T48
Z BB, RPUF/EG30 A i CO 58 B B i 55 F RPUF,
LRML 5 Gram-Schmidt il £k 25 5 5 — 2.

-1
Gram-Schmidt 2930 cm’
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Fig. 4 Intensity of decomposition products for
RPUF and RPUF/EG30 vs. time

(a): Gram-Schmidt spectra; (b): Hydrocarbons spectra;

(c): CO; spectra; (d): CO spectra

2.4 X ST TFEEIE (XPS) o 4T

&l 5 % RPUF Pl &% RPUF/EG30 #4455 % i s i XPS
WHREE R w0, EFUR AN AR i S A C,
OM N =Fx®, H&umuHh 77.63%, 12.07%
10.30% , RPUF/EG30 #Bs )5 mitith C, O FI N =ZFfhocE &
B4R 82.18%, 8.35% M 9.18%, AN C tE G EH
Wi, O TR &AW BRI, BRitkElst, RPUF/EG30
PR AR ST S T HE . A 0.22% 1 0.07%
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Fig. 5 XPS spectra of char residue for RPUF and RPUF/EG30
HNTH—LWRRE T FEITRMES RS, R XPS
PEAKAL #fpxfmih FZLE C N A O #7084
6 % RPUF 1 RPUF/EG30 % & C(1s) 4> gl & & 3,
284.7 eV Ryt LA C—C it C—H B AR CITHE, X hL
TR A SRR AR 5 285.5 eV s L C—O 5 C
NI NAF AR C, X EBEXT N F o 2 R MIER . BE L B2, B4
4EHh; 287.4 eV HEH L (=0 8 C=N B C.
FEX R F AR LRI . R GED) . BREE. AL A
YRR CTY L, 3% 3 25 RPUF M RPUF/EG30 kit i R
M54 C T & & &, H & RPUF i C—C/C—H, C—
0/C—N, (=0/C=N Z5WTEEMN C &4 %k 51.38%,
38.89% M1 9.73%, 1Mii RPUF/EG30 rth =Fh &5 # iy C & &4
R 53.99%, 37.62% 1 8. 39% , BLHAIE KA RAY I A5
H C—C/C—H g5t/ C A fr EJF, M AE 75 2 i 55
R CE G
(a)

—=— Total
——C-C
——C-O/C-N
—v—C=0/C=N

Total (b)

Relative intensity/a.u.
Relative intensity/a.u.

280 284 288 292 296 280 284 288 292 296
Binding energy/eV Binding energy/eV

B 6 RPUF #1 RPUF/EG30 7% E B C(1s) i
(a): RPUF s (b): RPUF/EG30 & ift
Fig. 6 C(1s) spectra of char residue for RPUF and RPUF/EG30
(a): Char residue of RPUF; (b): Char residue of RPUF/EG30

%3 RPUF LB RPUF/EG30 RiBh C TEZBARASE
Table 3 Bonding state content of C element in char
residue for RPUF and RPUF/EG30

b C—C/C—H C—0/C—N (—0/C—N
" 284.7 eV 285.5 eV 287.4 eV
RPUF 51. 38 38. 89 9.73
RPUF/EG30 53.99 37. 62 8.39

& 7 4 RPUF #l RPUF/EG30 5 i N(1s) 434l 4 K
T, Horp 398.8 eV XF hy T LABE G DL KRS A W L
NH—Z5#fE7E 19 N, 400.5 eV XF 3 T 3% 24 34k & 9 LA
—N= Z5W{ETEM N, 3 4 & RPUF fl RPUF/EG30 1 N
TE A B XM X & &, RPUF & & P LI—NH—AI
—N= &4 & & 4> 5k 49.06% F1 50.94%, 1fii RPUE/
EG30 Jifih —N= Z5#& it L7t & 56. 04 %, ULIAMAK A
S IMAE R T N ICRIE RS L5 . 0 ER g5 A R T
T B0 B 2 DA 410 S R 58 X 3 40 ot % g 1 1 iz . 34 )
[FREERITR

(a) —=— Total (b) —=— Total

—e— -NH-

Relative intensity/a.u.
Relative intensity/a.u.

392 394 396 398 400 402 404 406 408 410
Binding energy/eV

392 394 396 398 400 402 404 406 408 410
Binding energy/eV
7 RPUF #1 RPUF/EG30 % E# N(1s) ki
(a); RPUF & (b): RPUF/EG30 kit
Fig. 7 N(1s) spectra of char residue for RPUF and RPUF/EG30
(a): Char residue of RPUF; (b): Char residue of RPUF/EG30

%4 RPUF UK RPUF/EG30 skigth N TEZZARRSE
Table 4 Bonding state content of N element in char
residue for RPUF and RPUF/EG30

e —NH— —N—

" 398.8 eV 100.5 eV
RPUF 19. 06 50. 94
RPUF/EG30 13. 96 56. 04

&l 8 3 RPUF #l RPUF/EG30 it O(1s) 4 W4l 4 &
T, Horp 531.3 eV XTI Tkl DU AL . BHAE . RIR (h) .
BRI FIE RN =0 454, 532.5 eV X 5 T sk i LA
e L BRI AE—O—&5 4, 533.2 eV X T LW K
AODFA MK (HOIEXAFTERN OTR. £ 5 2 RPUF
M RPUUF/EG30 sits O JT & # & IF XA X & 7, RPUF
s =0, —O—, O,/H,O = fh 45 # & 8 4> 9 K
19.30%, 16. 72% 1 63.98% , Af W, RPUF % it o K& 4> O
JE AW B SRR B K B AR, X R 2R T RPUF 5k

@ = Toul ®)

—=—Total
——=0

—_0- —0-
—v—H,0,0, —v—H,0,0,

Relative intensity/a.u.
Relative intensity/a.u.

526 528 530 532 534 536 538
Binding energy/eV

526 528 530 532 534 536 538
Binding energy/eV
8 RPUF #1 RPUF/EG30 % E i O(1s) ik
(a): RPUF %ik; (b): RPUF/EG30 it
Fig. 8 O(1s) spectra of char residue for RPUF and RPUF/EG30
(a): Char residue of RPUF; (b): Char residue of RPUF/EG30
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WECA A HZ LG A R T M2 b i SRR S
RPUF/EG30 7% it i = Fh &5 4 & 190 9y 25.57%, 36.60%
1 37.83% ., ¥ RPUF/EG30 Hscits Lk O./H, O 7 7E 1Y
OXETEHE TR, =0 M—O0-ERXFENOTEY
W BT, 2P U e B AR, f#17% RPUE/
EG30 kit O JGR A RS W B oA

* 5 RPUF XK RPUF/EG30 jxiEH O TEZEEREASE
Table 5 Bonding state content of O element in char
residue for RPUF and RPUF/EG30

2.5 RPUF/EG £ & # #BERAHLER 5 47

@it TG-FTIR, XPS P\ K SEM 4347, A] LA45 iy RPUF/
EG & &M B PLE . & 8 Iis . RPUF/EG & &4k
g7 M Ay 28 JBURE PR T A B TR A R A R M R e i AR T R A
ST FRRE TR B PR AR, IX B R P A A — Ty T i A T SR
e VL VR B B (1 B A o {4 L B8 — I B A i 7 ) R i kW) S 344
s [ AR K AR UKL kAR I K. T B BUR T 25 4
[ i MK A A n] D)8 BE A T SR BRI R P C I N S0 R
LS B a5 L OB B0 R 2, XS KR E 5 I%
HUIR 725 0 — L B o 1 MR P X B 3 I . A 3 ok B X
T DL M RE A vz . DA TGS B BELRA H A . e sh . B IK £ 2508
JEC A UTs HROBR 7 25 6 ) S B S AR R ORI A A R TR AR
T 2T 55 B BE I A 7= 4y (CO 28D 22 ) (9 40 L S L, (i 45 L 7
B e BE AR ¢, A S AR R AR 40 B A IS I A A 75 0

Lamellar structure

| » Toxic gas

(2)RPUF/EG & & M BHA B B2 0 S i . 43 3l

oy =0 —0— 0;/H;0
o 531.5 eV 532.6 eV 533.7 eV
RPUF 19. 30 16.72 63.98
RPUF/EG30 25.57 36. 60 37.83
A B, $2m RPUF/EG 26 MR K& 2k .
EG particle
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Research of Flame Retardant Mechanism for RPUF/EG Composites Based
on TG-FTIR and XPS

LIU Xiu-yu, ZHANG Bing, ZHANG Hao, DU Xiao-yan, TANG Gang"
School of Architecture and Civil Engineering, Anhui University of Technology, Ma’anshan 243032, China

Abstract This work aims to research rigid polyurethane foam (RPUF) and rigid polyurethane foam/expanded graphite compos-
ites (RPUF/EG). Thermogravimetric analysis-Fourier transform infrared spectrophotometer (TG-FTIR) was applied to investi-
gate generation and change law of gaseous phase products in combustion process. Scanning electron microscope (SEM) and X-
ray photoelectron spectrometer (XPS) were used to investigate micro-morphology, elemental composition and bonding state of
the char residue, which combined to flame retardant tests to discover flame retardant mechanism of PRUF/EG composites. SEM
analysis revealed the existence of a lot of wormlike structure in char residue of RPUF/EG composites. TG-FTIR revealed that
RPUF/EG composites presented two stages in decomposition process; the first one corresponded to decomposition of hard seg-
ment of polyurethane molecular chain, while the seconded one corresponded to decomposition of soft segment of polyurethane
molecular chain. The pyrolysis products of RPUF and RPUF/EG composites included isocyanate compound, amine compound,
hydrocarbons, aromatic compounds, CO, CO, and esters, and RPUF/EG presented higher intensity of decomposition products
for hard segment compared with RPUF. XPS revealed that char residue of RPUF contained C of 77.63%, N of 10.30%, O of
12.07 %, while char residue of RPUF/EG30 contained C of 82.18% , N of 9.18%, O of 8. 35%. Furthermore, peak fitting for
bonding state of C element showed that C—C/C—H, C—0O/C—N and C=O0/C=N structure in char residue of RPUF were
51.38%, 38.89% and 9. 73% , while those in char residue of RPUF/EG30 were 53.99%, 37.62% and 8.39%, indicating EG
promote C element in polyurethane molecular chain to form stable graphite carbon structure, which was beneficial to form com-
pact char layer. Peak fitting for bonding state of N element showed that —NH-— and —N=structure in char residue of
RPUF were 49. 06% and 50. 94 %, while those in char residue of RPUF/EG30 were 43. 96% and 56. 04 % , indicating EG pro-
mote N element in polyurethane molecular chain to form stable aromatic heterocyclic structure, which was also beneficial to form
compact char layer. Peak fitting for binding state of O element showed that =0, —O— and O,/H,O structure in char residue
of RPUF were 19.30%, 16.72% and 63.98%, while those in char residue of PRUF/EG30 were 25.57%, 36.60% and
37.83% , indicating that the significant enhancement of compactness for the char residue of RPUF/EG composites. Based on
TG-FTIR, XPS, SEM and flame retardant tests, flame retardant mechanism can be obtained as follows: EG particles expanded
to form wormlike structure and released acid gas. which promoted the degradation of hard segment of polyurethane molecular
chain. At the same time, EG promoted C and N element in polyurethane molecular chain to form compact char layer, which com-

bined with wormlike structure to cover on the surface of combustion area, significantly inhibited mass and heat transmission,
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thus achieving the purpose of flame retardancy. The above researches provided experimental and theoretical basis for discovering

flame retardant mechanism of EG and expanding further application in relative fields.
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(Received Mar. 21, 2019; accepted Aug. 5, 2019)

* Corresponding author





