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A, AR SO BRI e SR PR L s 2T 4 ( GF@HBPN ), S%JH FTIR. XPS. SEM. TGA X Hi T 171k,
GF-KH550. GF@HBPN Hupliak 5 R psmsk (APP) VENPHIAFI A THR AR (PLA) E6#FH ( GF-KHS550/PLA
GF@HBPN/PLA . APP/GF@HBPN/PLA ) yiil#5. X GMRHHEREME . T FIBHSAMEREREA T T I, 25
FH, 5 PLA Mitk, GF-KHS550/PLA MYFIfHsREERA LS, (H GF By “UlNan” i b T HAR e MERR
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Interfacial flame-retardant glass fiber synergistically reinforced
polylactic acid with ammonium polyphosphate

RUAN Yangyang', CHEN Xiaosui'', ZHANG Aiging', QIAN Lijun’

(1. School of Chemistry and Materials Science, South-Central Minzu University, Wuhan 430070, Hubei, China; 2. China
Light Industry Engineering Technology Research Center of Advanced Flame Retardants, Beijing Technology and
Business University, Beijing 100048, China )

Abstract: GF-KH550 with amino-rich surface was firstly obtained from amination treatment of cut glass
fiber (GF) by 3-aminopropyl triethoxysilane (KH550). Hyperbranched polyphosphamide interfacial flame-
retardant glass fiber (GF@HBPN) was then synthesized by in-situ polymerization on the surface of GF-KH550
using triethylamine as acid binding agent as well as catalyst, POCIl; and 4,4-diaminodiphenylmethane as
monomers, and characterized by FTIR, XPS, SEM and TGA. Finally, polylactic acid (PLA) composites
(GF-KHS550/PLA, GF@HBPN/PLA and APP/GF@HBPN/PLA) were prepared from GF-KHS550,
GF@HBPN or mixture of GF@HBPN and ammonium polyphosphate (APP), and further tested for
analyses on their thermal stability, mechanics and flame-retardant properties. The results showed that
compared with that of PLA, GF-KH550/PLA displayed obviously improved tensile strength but worsened
combustion performance due to the "candle wick effect" of GF, while GF@HBPN/PLA exhibited
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increment both in tensile strength as well as combustion performance (UL-94 V-2). The improvement in
combustion performance of GF@HBPN/PLA was attributed to the inhibition of "candle wick effect" by the
interfacial carbon residue formed on GF surface, however, this improvement was not enough to achieve the
ideal flame-retardant effect. The 10%APP/30%GF@HBPN/PLA composites prepared with 10% (mass
fraotion) APP and 30% (mass fraction) GF@HBPN exhibited excellent fire safety performance with the
limit oxygen index of 26.8%+0.2% and the vertical combustion grade of UL-94 V-0. Moreover, the heat
release rate peak value, total heat release rate and average effective heat of combustion rate decreased by
31.39%, 23.57% and 18.80%, respectively, compared with those of PLA.

Key words. hyperbranched polyphosphamide; glass fiber; polylactic acid; flame retardancy; candle wick

effect; functional materials
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CINEoR L /NS ) S L m 2R i i i) 2R i
FRE, BA N s YRR . B AR
B AU PR S Z AR, T N T AL A
Bh R AE s BT R AR SR, PLA
WPRAFE R (LOT) Ik, Webpdihe, JREfRbed &
HOE R AR B K, KRG R . At
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W5 R PR L A AR GF/PLA )32 $Aali il di R,
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RIS AT BR 7] HC-2 B8 B0 242 . CZF-3 il
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FE R A 40 mL ZJEF1 18.05 g (0.12
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60 r/min; RJ5, FHREE Y2 EIREEGL, I
R /NBURE , PR T SR (R B D 180~
190 °C ), #434F PLA FrufifEsk. Friil#& 09 PLA
A MBT PLA . ke el 3 30 21 4 1 i 2R 7L e Sk
ZAHME (xGF-KHS550/PLA,, Hi, x {3 GF-KH550
HI T A4, TR ) BEGR IO 3 0 £ A 4 i 2R FL IR
HEH5ME (yVGF@HBPN/PLA, H1, y % GF@
HBPN it 380, TR ) B R BERR B U m] BELAA i
PR 58 21 2 1 9 WAL R L A 4 kL (ZAPP/YGF@
HBPN/PLA, 1, z. y 53 jlft3& APP. GF@HBPN
B SR, R ),

1.4 MERENIK 5 EHRIE

'HNMR & *'PNMR U3 : SR FHAZ G L 4R D%
1, ISR H AL ( DMSO-dg ) R, ik
FEANEY) "THNMR K2 3'PNMR., FTIR lli: % KBr J&
FE, M5 B A 4000~500 cm!, A3 #E%h 4 cm
XPS M KA A il 7 AE X ot i TR I I
EHEATI, ME SRR Cu B, K, 4k, TAEHR

> - i
> R OPNm-R-NHE™
NH N
Sis A~ NH PRy
|
0 H
GF@HBPN

JE 30 kV, REEEZMHER 1.00 eV, 43Hri AR 500 pm,
TGA MK : N, APH#E S 20 mL/min, FH
B 10 °C/min, MHXVEEH 40~700 °C, LOI %
GB/T 2406.2—2009 #4711, i 8 100 mmx
6.5 mmx3 mm. I EBRLEMEREE GB/T 2408—2021
AT, AR RSE S 130 mmx13 mmx3 mm.
EEHEIEL (CCT ) R4 1SO 5660-1—2015 7, Hf
KRS8 100 mmx 100 mm=4 mm R BB IEEE T,
K 35 kW/m? (Y HAR S D R B A7 o 7 (e 1 REAR
P GB/T 1040—2006 7£ HFhr il L #k17, $iL
RN 5 mm/min. PLibdEREMRYE GB/T 1043.2
—2018, {8 2 2 vh i i AL e e 1 op b SR

# 1 PLA ZEH5MENAZ KL

Table I Nomenclature and proportioning of PLA composites

GF@HBPN/

RS GF-

PLA/g KH550/g o APP/g
PLA 300 0 0 0
10%GF-KH550/PLA 270 30 0 0
20%GF-KH550/PLA 240 60 0 0
30%GF-KH550/PLA 210 90 0 0
10%GF@HBPN/PLA 270 0 30 0
20%GF@HBPN/PLA 240 0 60 0
30%GF@HBPN/PLA 210 0 90 0
2%APP/30%GF@HBPN/PLA 204 0 90 6
4%APP/30%GF@HBPN/PLA 198 0 90 12
6%APP/30%GF@HBPN/PLA 192 0 90 18
8%APP/30%GF@HBPN/PLA 186 0 90 24
10%APP/30%GF@HBPN/PLA 180 0 90 30
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2.1 HBPN W& HRIE
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4bk HBPN HRZEIA ] A9 LS (—CH, ) 1k
i (¢), 6=6.63~6.75 hb>h HBPN i 8 348 b &Y
0% (a), 0=6.79~7.10 4b > HBPN 4% £ 31
EARRS BN (b, gl i j. k. do h),
5=7.66~7.85 4t & HBPN Z&E o 5 P=0 M4
s (—NH—) Mfk20ifs (e) M, B 1B
0=-8.82, —5.57 M1-4.58 Ab4r R EMR ST (D),
LMPIE (L) UERmHIT (T) 4 P o &R MR
Wi s it (1) xFH SRR (DB) dkfrit s,

DB=(Sp+S7)/(Sp+S+S7) (1)

KA. Sp. SL M SrarHMtED. LA T A,
24154815 HBPN () DB 4 0.88, X} T 54 S ALhY
REWr TR, H DB N 1, DB iR, #IHHEE
g D, T Sa#k£, FrllfiEs: HBPN i 321k
458, H R A R A5 4

c €
Afr ag HO
P

A dHg
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N-H ¢

a H
e
f
L L L L

hi g jk

i i "
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0=P-N-RrN-R=0! p
N., \ !

N,/
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P
1 HBPN /) '"HNMR (A) & *'PNMR (B) j%A&
Fig. 1 'HNMR (A) and *'PNMR (B) spectra of HBPN

2.2 GF@HBPN BY&HFNFIMERAE

S FITR F1 XPS X GF st BER S i E i ik
SEEERE T T RAE, A5RAE 2 FoR. fEE 2a 1, GF
EKWILTP Tk (I—CH,—, T 2700~2900 cm™)
BRRAEIE , R GF Fim A aifbAb By, Hoh e
1125 em ' &b Si—O—Si AYHZE RS , 3456 Al
862 cm ™' kN Si—OH AYFFAEML I I . GF-KHS550 7£

2 0

2700~2900 cm™' L T —CH,— P 4adR shm s, 78
1125 A1 1016 cm™ ' &b 4371 55 0 @ b H BL T Si—O—Si
Fl Si—O—C M4 I s i ide, FH KHS50 BT
HeAE %) GF i, Sl T HRmE bkt ; Ha
HBPN J5fi B4 )5 , GF@HBPN H 1 T4 3 b SR Wik
MR BEER, fH15 Si—O—Si fl Si—O—C JHiFig
JLT4 5%, {BA4E 1400~1600 cm ' L T 2T DDM
BRIZEIR (Ph) BRRIEIE, HAE 1227 em " HEER T
P=0 MR, 76 917 cm ' B T P—N—C
(A i 4 S W e, ik LB R AR JZ HBPN 9 4F
TEZERE, KUDRIISEI T GF Fmmay R ekt:. *t
GF@HBPN #£17 XPS 4§44 (18 2b) o &l 2b 7]
UL, JrBIAE 532.57. 400.05, 285.11, 191.04, 153.77.
133.93.102.81 eV I T O 1s. N 1s. C s, P 2s. Si 2s.
P2p. Si2p WHRHIEIE, FUGIESE T HBPN Xf GF [
TIPHIR 78, % C Ls T P 2p FRAEIEHE RS 44
5, Li53AT HBPN FHERZ LA e, ikl 2c.,
d R, Cls &G T 3405, /358 T C—N
(285.87¢eV ) . C—C (284.80eV) Ml z- (291.34¢eV )
HHA; P 2p th&EHLEH 2 Mg, H51HE T P=0
(134.81 eV). P—N (133.63 eV)3H], FTIR Fl XPS
4R LW, GF@HBPN A4+ 51389 —2L,

L Si—0—Si_$i—0—C
GF-KH550
4000 3500 3000 2500 2000 1500 1000 500
Wek/cm™
b Cls
Ols
Nls P2s
.., P2p
Si2s Si2p
800 600 400 200 0
ZEE eV
c Cls
c—C
C—N
n'-ﬁ"
294 292 290 288 286 284 282
Zifriblev
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d P2p 1) e KR o fit 1 R [ & 2.0%/min, GF@HBPN [ 75

142 140 138 136 134 132 130
Hiahblev
E 2 GF. GF-KH550 fil GF@HBPN {1y FTIR (a) &
GF@HBPN /) XPS i (b). C s & (¢ )F P 2p
SR (d)
Fig. 2 FTIR spectra of GF, GF-KH550 and GF@HBPN (a);

XPS full spectra (b), C 1s spectra (c), P 2p spectra
(d) of GF@HBPN

3y GF-KH550 #ill GF@HBPN [¥) SEM K,
H & 3a AITLAAE H, 4ifb 5 19 GF 42 KHS550 ek Aab 2
Ja Rt BT RE Sy 9, XA B T PLA
JEURIANE GF, JFIT#E GF Rl shit A KJGEIX, 7=
A BN 24 GF-KHS50 i — 5w A i BH AR 1k
Ji (¥ 3b), GF Rii‘EKE — 2805 HIE L ryBHAR
JZ (HBPN ), ZF4EZRTH A M AN, HRS BEAR K,
X2 F#AIL GF@HBPN (1) 3% IH1 1 1 A B e ) L kg2
PLA WERMY B, S0 GF (9 Ut 2N ”

Kl 3 GF-KHS550 (a) 1 GF@HBPN (b) fJ SEM ¥
Fig. 3 SEM images of GF-KHS550 (a) and GF@HBPN (b)

2.3 GF@HBPN W iaEME L

F G T ( TGA ) 18 N, S50 F X GF BH
PRECHERT G RS OE AT T 408, 4553 ani&l 4 i
o BB 4 WA, PRGN E GF i HA 1R
H—J2, i GF-KH550 £ 700 °C = i Ab B 5475 9K 4
BT e e tk, B 241%MREBA, X
AT REAE 1 GF R 1A A Ak be (B I A2 301 ; HBPN
FE Ny RGN — B, FAREAR IR BEYE FEIZE 190~
600 °CZ[a], f KMFEME AL 3.0%/min, 700 °C
FERIRFE N 47.74%, Bon MR ERE s GF@
HBPN £ N, 4320 B A, PR R i i 32918 Pl
190~450 °CZ[n], FEAE T4 PLA RYREIR L,
700 °CRA®F N 64.39%, H_EiRHA—FR 5 A
i 1 GF@HBPN H GF fiit /30450 31.85%; 15
e AR E M GF BHRR/E R T, L fi fH %2 HBPN

J e AR IS AT B T AE 5% PLA WA, 12
= GF@HBPN/PLA & & bR B MERE .

100

90

BEAR R/ %
2 =

(=)
(=

—=— GF-KH550
r —e— HBPN
—s+— GF@HBPN

100 200 300 400 500 600 700
WREE/C

W
(=]

N
o

c)
£
S
H
=
]
K L5l —=— GF-KHS550
—— HBPN
3.0} —+— GF@HBPN
100 200 300 400 500 600 700
REE/C
& 4 GF-KH550 il GF@HBPN [ TGA (a) 1 DTG (b)
it £k
Fig. 4 TGA (a) and DTG (b) curves of GF-KH550 and
GF@HBPN

24 PLA EEMHBBINFEES T

J T WS &Rkt GF XF PLA & &6k 721k
RerysZm, W T R BRI B 1 pp e RE, B
WHHR L 2. 3,

%2 PLA 1l GF-KHS550/PLA {fiffFne (1 o di vk g
Table 2 Tensile and notched impact properties of PLA and
GF-KH550/PLA

o Fifif [SIESS L quRuinT

SR /MPa MKF/%  HRE/(kI/m?)

PLA 49.63+0.04  14.08+0.25  4.33+0.44
10%GF-KH550/PLA  53.06+0.81  5.40+0.18  5.08+0.08
20%GF-KH550/PLA  62.85+1.18  2.07£0.07  5.61+0.06
30%GF-KH550/PLA  68.10£0.59  1.87+0.05  6.65+0.87

F 3 PLA Fl GF@HBPN/PLA HYHL i O w1k B
Table 3  Tensile and notched impact properties of PLA and

GF@HBPN/PLA
i o] e B
- 4 /MP 1= L
wiEme i, E
PLA 49.63+£0.04 14.08+0.25 4.33+0.44
10%GF@HBPN/PLA  52.80+1.00  3.12+0.02  5.74+0.23
20%GF@HBPN/PLA  54.67+0.27  2.27+0.06  5.55%0.12
30%GF@HBPN/PLA  57.51+£0.38  2.25+0.08 5.53+0.11
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AR, F4ERIm AT LA E R R A Y
52 A PERH R FE RS B, (F R R R O T AT AR 1Y
S HICHR 2 FET 4 - 56 5 (B) 1 S A 251 . 42 KHSS0
MPEE Y GF R & &%, ke, BEnT L5 PLA
O3 T8l AR R S Y SR AR 1 1 Bk e 6 A, SmT
55 PLA 43T h a3 r= A S E T, X354 Bh Tk
GF-KHS550 7£ PLA B v (1 43 Hov: Fn A A 251
HEM4E R GF Xt PLA & & A R S48 ai iRk . 4%
1M, 24 GF-KH550 it %50 &), i GF-KHS50
MELLSE S PLA LA, R S8 GF-KHS550 R 4E
BCHT, G A8 H RN i S 30 GF-KHS50/PLA fY
Ji2EMERE TR, gk 2 B, GF-KHS50 it srch
30%I0, H: PLA A RRHA AR B Fs O pph o
B®E, 23 N(68.10£0.59) MPa F1(6.65+0.87) kJ/m?,
Heali PLA 3275 T 37.2%H1 53.6%.

Xt F GF@HBPN/PLA, T GF EEAEK
HBPN 2 &A KEMEFH, Hy=AEnyas w47 FHL
NPT sz s YE, HISS T GF@HBPN il PLA
Bk R B s M, BR T PLA REJREH
GF@HBPN [u] iy N ) /& # 2 X, 5
GF@HBPN/PLA ()i [T it o 560 J5£ it 25 BELAR 57 ot
By R, 1 H 30%GF@HBPN/PLA (4L
o B AN 1 o B R BEAR T 30%GF-KHS50/PLA, Ul
3, 5 PLA #HIt, GF@HBPN/PLA HIF7 {55
JEE IR 1 ot i B A A B ek, Ho, 30%GF@
HBPN/PLA Fi 7 A5 B A1k 11 b 388 3 23 591 e PLA
Pm T 15.9%H1 27.7%, 3 4 & GF@HBPN/PLA Fl
APP/GF@HBPN/PLA Fy 7 fh A1k 11 v PERE

# 4 GF@HBPN/PLA 7l APP/GF@HBPN/PLA it i {1 Fll
B i PR RE
Table 4 Tensile and notched impact properties of GF@HBPN
and APP/GF@HBPN/PLA

N o B O
414 pribal AR
BE/MPa K% (k)

30%GF@HBPN/PLA 57.51£0.38 2.25+0.08 5.53+0.11
2%APP/30%GF@HBPN/PLA  57.49+0.13 2.24+0.02 6.57+0.81
4%APP/30%GF@HBPN/PLA  56.49+1.69 2.22+0.03 6.29+0.39
6%APP/30%GF@HBPN/PLA  54.03+0.58 2.17+0.06 6.43+0.26
8%APP/30%GF@HBPN/PLA  53.57+1.73 1.91+0.28 6.45+0.34
10%APP/30%GF@HBPN/PLA 52.36+0.76 1.89+0.14 6.35+0.42

F3R 4 A1, 4 APP & & GF@HBPN (f£4F 30%
Jr AR ) SRR A B PLA 4k, fifiE APP
JEE RN (2%~10% ), APP/GF@HBPN/PLA
)L A 5 B % T AR KR — 20 TR R, o 10%
APP/30%GF@HBPN/PLA B 7 {155 B K W7 240 K %
% 30%GF@HBPN/PLA 735 TR T 9.0%A1 16.0%,

R L 1 b i B B A B LT, $2 T 14.8%.
—MAEHLT, YBHA R S S A AL FIR A R A
Fetdhnst i BELGA R UKL 2 4 B B A B 2 4T 4
FEMT, X 2> PH PR B 38 £F 2 55 T A Wy AR 1] 1) L4245
ik, ) 55 B IR AT 4 5 SR W R 1] 1 B T AH A
AP IS L A AE R A YA 0 oy B, B
LRYE Y )2 R SRR 2 T BUA AR [RIRR RS R R

PO T B IS AT e s MR AW (AR NG
ROIGE ) B OB S ERE, 25REE 5.
%% 5 Al %0, 10%APP/30%GF@HBPN/PLA 4 i
SRR B R T GF 5 R N (PP) ol % &
R (HDPE) JE A AR, R LI L5
MBS L AR RN (RO ) B AL,
MFsciizti, B, S5, HE T EmsEL,
DR A XA A e %) A0 9ol 35 SERL R L 7 05 X 1 SR A5
FA: PR 1 B B RS e g o

5 PO AERG SR AN R R A W S A AR ) 2 P RE
s

Table 5 Comparison of mechanical properties of glass fiber
reinforced polymeric composites

3 S %31 Bk wp %
44 E0ALIE S CTEAI U ) 2%

JE/MPa K 2/% (k) ik
30%GF-KH550/PLA 68.10  1.87 6.65 AL
10%APP/30%GF@HBPN/PLA 52.36  1.89 6.35 A
20%GF/PP 55.7 — — [13]
20%GF/30%IFR/PP 47.1 — — [13]
50%LGF/PP 43.1 0.48 — [14]
28.6%WF/14.4GF%/HDPE ~16 — ~42  [15]
20%GF/HDPE ~42 ~12 — [16]

TE: PPONRINMG; IFR NIKBIRHLIZGN; LGF Nkt ik
DRI BIELT 4 (K 12 mm) 5 WF RZF4ER ) ; HDPE i
FEER K " AR

25 PLA E&#RIEBLERES

LOI 1 UL-94 Z£ 4002 Tl PR B-A Wbt RHEH
PRVEREIL & Bt i 7% . PLA . GF-KHS50/PLA |
GF@HBPN/PLA X APP/GF@HBPN/PLA ) UL-94
SR LOI W3 6~8,

M3 6 Al W, PLA Y LOI R 21.7%+0.2%,
W o Rbe, JFERE S AW T, XI5 2
#RE T PLA HEG T T B BIEAS , 25 ki,
24 GF-KHS550 fil A PLA 3&1AJ5, 7EikbeidfEd, %
WAL PLA A AT LIVER IV & GF-KHS550 By 61
Y BB JIGX, LR RS, i
LR petE S AR AR, X OMTAER T GF-KH550/
PLA BYBABEITA], RIAEE 1 I BYRABERT [E]>103 s,
(] B P i o 2 AN DB 1) KOS TR o P, GF-KH550
FE PLA SR 2 1 2RI ik b Ut 4R H
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S50 S BELIR A S 2T 24 i [+ 2R 1 e 394 8 BELAAA 2R 7L 1 - 835+

RN RN, 530 GF-KHS50/PLA 1) LOI
8 PLA 1%, éﬂﬁaiim, RN " A
Fr A 30%GF-KH550/PLA [ LOI Y 19.9%+0.2%. 1]
D, RO B R AR AR T GF-KHSS50/PLA
Y BELBR R G, 38 8 75 EEUN 0 L e B 225 Sk g B AR
FIA Rk 2 Tl ZER A BHAR S

# 6 PLA Fll GF-KH550/PLA ) UL-94 254 ;. LOI
Table 6 UL-94 rating and LOI of PLA and GF-KH550/PLA

UL-94
H 4% s ga‘ %ﬁgqug - LOI/%

W R
PLA 20.0/124.4 J& FE NR  21.7+0.2
10%GF-KH550/PLA 110.7/— f& = NR  20.9+0.2
20%GF-KH550/PLA 113.5/— & = NR  20.4+0.2
30%GF-KH550/PLA 103.2/— /& = NR  19.9+0.2

TE: NROATTFR; 6. o35 AR 25 1 Rk
PEF RV RIZE 2 YHABEmIa], 55 “—" AR MK,

h T E IS e R R RN, 7 EE
Ao b IR B B AT A ) e 2R, ﬂﬁ%iﬁ‘&%’éﬂﬁf‘ﬁ
AR BN MIRARIER . Hit, SRR RGIELE
GF-KH550 2 A K S (b R mEREBHAR =, T2 AL
B F T B b GF@HBPN H A HLRS B A K 1 R T e
B CULEL 3), K EFEAIR PLA I RTEBE B 4 4 R 1f
TR AN HGHR Ik 28 PLA VRN KM XL RH
HBER R . BEERABERYIEST, GF Ky HBPN fH
BRIZTF IR 2L, T2 B o T %) SR B R A £ Wl i v 1)
A TRl = A K AN AT R4, 4n NH;, Fi1 Ho0 4%,
PHERIRRIX, Wl T TR AR, A
B s/ KO X R B 32, FE il T, GF Ry
il 1 5 Ml e D) AR AT A I B B B, B 58 4 A
GF, 30 GF R RIE I M4 LWLz .
T A 2 BB BRRLY, , GF R A PLA I A ME
DI B KA, 3E—20H155 1 K AE X AR B I
Jof A, T SR U 55 B RS LT AR BRSO .
%7 AL, 440 GF@HBPN/PLA F{ 3 B A B
B (t+e,) BJ2RAEE 30 s LN, FEREE 1P
/N T WA AR BT B2 ) . KRR v, AR
ISR A 2, (HATY AT SRR i AR A, A
PR UL-94 V-2 %549% . It4h, GF@HBPN/PLA ) LOI
Wl GF@HBPN it 2 73 5038 2 1M 2218 15 K.

%7 PLA Fl GF@HBPN/PLA ) UL-94 454 J% LOI
Table 7 UL-94 rating and LOI of PLA and GF@HBPN/PLA

UL-94
PEAR 1l =E =mLlR LOI/%

W WA
PLA 20.0/124.4 & = NR 21.7+0.2
10%GF@HBPN/PLA 16.5/4.4 & = V-2 21.9+0.2
20%GF@HBPN/PLA 14.4/6.1  J& = V-2 22.4+0.2
30%GF@HBPN/PLA 2.2/16.1 & = V-2 22.9+0.2

i EaR S Hr AT, 30%GF@HBPN/PLA 4 BHAA
PERER AR, DA FERESS, B in A AL Gt BEAR 51
APP, il APP Jiiit 38N 2%~10%H) APP/30%
GF@HBPN/PLA, H: LOT Flaf F AL L2 8.
H 7 8 TLAIK K, 6%APP/30%GF@HBPN/PLA i
A2 RUABUIRRT , FE UL-94 5545k V-1 941, LOI
BT = 25.7%+0.2%; 1] 10%APP/30%GF@HBPN/PLA
JUT AT, BOLZIHIE, UL-94 %9050 V-0 ¢,
H LOT W4 2 26.8%+0.2% , .7 H A 53 1 FELAA P fiE
Fk A

% 8 GF@HBPN/PLA Fll APP/GF@HBPN/PLA J UL-94

S50 K LOI

Table 8 UL-94 rating and LOI of GF@HBPN/PLA and

APP/GF@HBPN/PLA

UL-94
G B RH s LOI/%
tity /s i GIL:S 9%
JBE A

30%GF@HBPN/PLA 2.2/16.1 J& & V-2 229402
2%APP/30%GF@HBPN/PLA 20.9/4.9 /& B V-2 234402
4%APP/30%GF@HBPN/PLA  18.9/4.0 /& JE V-2 253402
6%APP/30%GF@HBPN/PLA 13.4/29 & A V-1 257402
8%APP/30%GF@HBPN/PLA 0.7/11.3 & A V-1 259402
10%APP/30%GF@HBPN/PLA 1.4/24 & A V-0 26.8+0.2

R T 2T % PLA R50E A MR B L R
HORE T R B R S5 I 0, SR T RIS kK
Yoy CCT RWF5E 2 AR BT T h 35 kW/m® 504
T PLA B &M EIIERAT R, CCT M TT DAL £
FhEEESE, A5 T A KR (TTL), SRR R
(HRR) IgAH . BIEE (THR ), SRS~ H
(TSP). JEEH#HIZHR (ML) HIF A Sk Bk
(av-EHC ), fZBRmFE,

&l 5 5 PLA. 30%GF-KH550/PLA . 30%GF@
HBPN/PLA }2 10%APP/30%GF@HBPN/PLA [#
HRR, THR. TSP 1 ML £k, HEZHE L% 9,
HIRBE 5 (1 FE BIE A& 6 s

& 5 A] 3 9 AT L, PLA fSARTHEK, F75
64 s, {HFRBEREFE R K E A, L HRR 14§
{53k 772.80 kW/m?, THR ik 140 MJ/m?, JfT 540 s
JEATERRE, FRIRRA 0.01%, MHZE—BRHE
BYIRGE IR BN, W PLA B4, ANk,
J& F 58 2 RRBE , B PLA A BE i R v LT oA 25 7= 2
xa‘ﬂf 30%GF-KH550/PLA, M T GF-KH550 HAE

FARREME, AN (WK 4), JoHE A
kl%?ﬁi N UL S A b RHER R o B 2 22 PLA 3
IRTE o3 il S 5 58 SO = AR #, JEIR %S, i HRR
IR % 609.38 kW/m?, THR F&Z 109 MJ/m>, TSP
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7 0.04 m?. HHS, 30%GF-KH550/PLA KRB IS (5%
mEAMO (K 6a), FimANEHESMED
28.35%., MI® 6b. ¢ AI ., GF-KH550/PLA #AKe)S

a —=—PLA
1050 —e— 30%GF-KHS550/PLA
——30%GF@HBPN/PLA
900 —v— 10%APP/30%GF@HBPN/PLA
750 | =

600
450
300

PR/ (kW/m?)

EEIS

N

RAS T R /m?
[\ w

~—=—PLA
—e— 30%GF-KH550/PLA
——30%GF@HBPN/PLA
—— 10%APP/30%GF@HBPN/PLA

e &) /s

K5 PLA. 30%GF-KH550/PLA . 30%GF@HBPN/PLA /% 10%APP/30%GF@HBPN/PLA () HRR (a) .

(c) FIML (d) iz

0 100 200 300 400 500 600

0 100 200 300 400 500 600

) GF RMDEHT, LF4EZ IO ML, FIHALE
WA GF ARG HIEY 1 L™, T T PLA (4973

R FRBE , i PLA 584k %8, 4% GF,
140 F b
120}
§ 100
< 8ot
I
§ 60
2 40 = PLA
0 —e— 30%GF-KHS550/PLA
20 | —+—30%GF@HBPN/PLA
0 “ —— 10%APP/30%GF@HBPN/PLA
0 100 200 300 400 500 600
A E]/s
d —a—PLA
100 —e— 30%GF-KH550/PLA
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RS
¥ ool
g 60
I 40 F
HE
20 f
0 . . ,
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s} A /s
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Fig. 5 HRR (a), THR (b), TSP (c) and ML (d) curves of PLA, 30%GF-KH550/PLA, 30%GF@HBPN/PLA and 10%APP/

30%GF@HBPN/PLA

# 9 PLA. 30%GF-KH550/PLA . 30%GF@HBPN/PLA J% 10%APP/30%GF@HBPN/PLA CCT i #545 YA b1k A 56 H

Wt

Table 9 Key data of PLA, 30%GF-KH550/PLA, 30%GF@HBPN/PLA and 10%APP/30%GF@HBPN/PLA obtained from CCT

RES TTUs HRR A /(kW/m?) THR/(MJ/m?) TSP/m? av-BHC/(MJ/kg) 3R/ %
PLA 64 772.80 140 0.05 29.63 0.01
30%GF-KH550/PLA 46 609.38 109 0.04 30.50 28.35
30%GF@HBPN/PLA 39 593.21 122 5.52 28.73 18.83
10%APP/30%GF@HBPN/PLA 34 530.20 107 2.34 24.06 25.76

4 GF-KHS550 if— 2594 68 =2 4k SR B i e BHL 2
B4fiJ5 ( GF@HBPN ), 1T HBPN FHIAZ A s
PER N GF-KH550, HBPN 2240t , S35
30%GF@HBPN/PLA ) TTI F&K % 39 5.5 30%GF-
KH550/PLA #H L, 30%GF@HBPN/PLA #i4 TH & 1)
THR #1 TSP, XJ&H &y, HBPN FHERZ AT T AN5E
BB A A SS , LR WA SCER[ 17 A
AR IE o QNRTSCor AT, #RBERT, HBPN A5~
A E R R SRk, RiMTAE GF 3RiE, JB
T AR ESE ) )Z (E 6d ). GF AT R AE
H, B9 T SRR B, BRAR T LR MR, HISS
TH CBUSRN” . E 6e\ fEER], K5 GF
PRA T Ha T, MARHER R GF R &

WRER R, XUESE T FARHEN . 7EH S AR GF
Z 5 U R AR AENTT . PLA JE AR Hick
RIS A R AN, i s T A IR
FIHLZ , HET 538 30%GF@HBPN/PLA () av-EHC M
30%GF-KH550/PLA i 30.50 MJ/kg [% % 28.73 MJ/kg.
Xt F 10%APP/30%GF@HBPN/PLA, 4 APP [
GF@HBPN L [F] 5z #4irf, APP ﬁa\ﬁﬂfﬁiﬁzﬁmﬁ
YRR A EA, 775 HBPN iy —ig, FL[H
FHMHE GF RmJFEREEX, BREZL . Eﬁ{aﬂ’]
)2 (25.76% ), WK 6h, i iR, XiES:, B
(R I S22 F] 58 A A ) B B T A 1) e 80 o [ s
APP 5 HBPN I:[a] 5= A= T 00 Z AN A RS
(40 NH;. H,0) Wffigkm kit (Kl 6g), iXah
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250 BB R S A, PHARSCR T4y, BRI T
KOG DX )RR E IR 5 B AR R 3R PLA JEfA
b, HBH AT T PLA Rff 7= A i PR A B2 O
X, APP 5 GF@HBPN & & 7= A L g Ak i )2
B . B E ATIR SRR R, B AR T R
PLA FEARG T 43fif , s Zb 1 $A i R4 25 1 BT o
10%APP/30%GF@HBPN/PLA 7% H 5 A ) HRR I
i (530.20 kW/m*), THR (107 MJ/m*) Fl av-EHC
(24.06 MJ/kg ), tt PLA 735 FFE T 31.39%.23.57%
il 18.80%, [HAF, H 30%GF@HBPN/PLA [ TSP
WAYIR TR, BT 57.61%;

[ o = Q

(d.e. )% 10%APP/30%GF@HBPN/PLA (g. h.
i) CCT M5 AR IB A (a. d. g) LA SEM
K (b, c. e, f. h, i)

Fig. 6 Digital photos (a, d, g) and SEM images (b, c, e, f,
h, i) of char residues of 30% GF-KH550/PLA (a, b,
c), 30% GF@HBPN/PLA (d, e, f), 10%APP/
30%GF@HBPN/PLA (g, h, 1) after CCT test

26 PLA E&#EHAREMBES T

[ 7 5 PLA .30%GF-KH550/PLA .30%GF@HBPN/
PLA & 10%APP/30%GF@HBPN/PLA 7£ N, S5 F I
TGA 1 DTG Hi£k, % 10 M HEZHGE . K 7 Mm%k
10 I, BT PLA A MRS i Rl 5 PLA
KECHFE, ERBHLAF (HBPN & APP) AUHEHT4>
fift, SBEAL PLA B &M BHR I R (T, ),
1 30%GF@HBPN/PLA } 10%APP/30%GF@HBPN/
PLA B Tsy,J3 9% % 283 1265 °C., PLA HUfR i
FAJHF (MLRyay ) 28.32%/min, 1= I fkm0
12 1.63%, U] PLA JLT-5C2F5f%, 25 5 mirxhe
W55, X2 FE PLA B E 2 RN Z —; &6k
P IDE ) O A 3 B GE-KHS50 i #hvik g, JLF-
To B (DL 4), 340 i HA ) B B 2T 4 w5 4
£ PLA JLURZem, 5] — @ BHREALN , Ml PLA
LA MLR oy FFEH 23.32%/min, {H P GF-KH550
B HUESRON T, il PLA FRAR L 58 R AR, U

TASMELE GF, 724 27.88% M5k A (i
5 GF-KH550 #Hi% ). 1Mt T GF@HBPN £l
BT RS S AR B ( HBPN ) FHEAZE , HAE
TR T SRR A K B AN TSR (4 NH; L H,O
) Tt P A 3 (Al EE B b S A bR B N )
R ZASM, IR ER GF-KHS50 2%,

30%GF@HBPN/PLA (5% R [% 2 18.43%, {HJE5%
J V) BB 38N AN 5 o d o 85 Ok, WS LS T
X, Wi 6 B, 30%GF-KH550/PLA %% 7% % M
o, (AR R R T R 2%, BRI AT A R D, A7
TERBEZEEFLLT (K 6a~c), A B TF#E L
AR TR R B i, BRIRBCR 22 (£ 6 HI
% 9); i 30%GF@HBPN/PLA 5% 7% R B, {H3%
TELF Y]l T MR SRR AT AE W i 1, PR AT
Y 2 B B SRR, nT A SR AT R AR b
TS FREE 4 (& 6d~f), BHFRRCREILS:, 22
fift T PLA FEIRMBEAE, {#10L MLR AN 23.32%/min
F% % 18.29%/min (% 10), ffi GF@QHBPN/PLA
GF-KHS550/PLA HA7 HEAIG 1) 3 1 HA 8 Ao sk ] B2 B vy
) LOI (£ 6. 7 ).. 124 APP 5 GF@HBPN &4 FH
PRIE, H 10%APP/30%GF@HBPN/PLA (5% 7% % 41
T2 33.62%, Fem i BRI R (K 6g~1), i#f—
AT PLA SRR S, (1L MLR . 2 5K
A 14.34%/min, 7 H 9525 [0 5 1 BEKA B [RIRL00

100

801

60 r

40 -

FRRARE %

201

—=—PLA

| —e— 30%GF-KH550/PLA

—+—30%GF@HBPN/PLA

90 |+ 10%APP/30%GF@HBPN/PLA
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REE/C

0 22292

301 —=—PLA
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REE/C
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. 10%APP/30%GF@HBPN/PLA ) TGA (a) Fl

DTG (b) Hhi4k
Fig. 7 TGA (a) and DTG (b) curves of PLA, 30%GF-
KHS550/PLA, 30%GF@HBPN/PLA and 10%APP/
30%GF@HBPN/PLA
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# 10 PLA. 30%GF-KHS550/PLA . 30%GF@HBPN/PLA K3 o 1T 4588 S A0 SR Wi e A B BR Ab #E )5 79 GF@HBPN,
& 10%APP/30%GF@HBPN/PLA ) TGA Fl DTG AT RN T3 80 10% APP, B A[{d 10%APP/

Tabl l%géﬁﬁd f PLA, 30%GF-KH550/PLA, 309 30%GF@HBPN/PLA E’Jﬁﬁ%i}é%é&ﬁ?ﬂ UL-94
o G;}]@Hglil\?/PLA and 10/2/?AI-’P/30%GF@IiIBPI\?; V-0 9, BRI LOI Fl PHRR ZEALIREEAZIR K,

PLA obtained from TGA and DTG {H APP % 10%APP/30%GF@HBPN/PLA )47

_ TofC Tonyic MERua/ 700 SR iR IRl s o 58 2 ) A AT IR A F, JEHRS T

“ (ofmim) FEAL  pihaR kB, LT RTRNAR . TR T

PLA 3200360 2832 163 P. N. Si (BHEEF (A-T) X GF FmipHAL S

30%GF-KH550/PLA 316 356 23.32 27.88 Eﬂﬁﬁﬂ&ﬂlﬁiﬁﬁﬂ (IFR, 10%) Eéiﬁilﬁ%%"%ﬁi‘}%

30%GF@HBPN/PLA 283 353 18.29 18.43 H—;H’ ﬁiﬁ;’:ﬂﬁ:ﬁﬂ/‘]ﬁﬂ‘ﬁ%&i%“g], {E%ﬁj}%r&kﬁg

10%APP/30%GF@HBPN/PLA 265 342 14.34 33.62 ‘Fﬁémggﬁj&igigo ﬁ%ﬂﬂ , E/J\ﬁ%—&'&‘lﬁ

B T BBRIHRRE FURTH, S A B4 A AT 1 = 2 57 % g R K

% 11 4 10%APP/30%GF@HBPN/PLA 5 Hifls IS, (EHIIA RN AR, 2 gh
PEIALT AR R UR I A I AR B Sy bk e PRI S AR PRIRIIE ™ J35h, B SR
Fe# . 3 11 07900, 76 GF /0Bl 20%~30%  WEBHAA)Z SR & iy i 15 AE T (—NH,, P—Cl)
B, IR A YIIE SRR ke S gk TSRS PLA JASTHERY NS (—COOH, —OH )
UL-94 V-0 5], —fFEBERMTRSEH 15%~ L, BRSNS, #25 GF@QHBPN 5 PLA
34% AL G R BRI o 1 T A BRI (AR, R AY SR A, DB R LA 0] ) A B IR 2R
SR K RRAIL T E A #EHY PHRR, 425 T LOI, B )R B S S i R A R S A MR Ak
1H 35 BB A bRk B s B2 R bl s E R ZLR RERYRIZLEAL

1 DO ARG 98 IR G G RN T2 SR TR RE L

Table 11 Comparison of mechanical and flame retardant properties of glass fiber-reinforced and ploymer-based composites

A& LOI/% UL-94 %% HRR E(HAER/%  RisRERLR/%  wpdmEasess Sk
10%APP/30%GF@HBPN/PLA 26.8 V-0 -13.0 -23.1 -4.5 A3
30%IFR/20%MGF/PP 29.5 V-0 -66.1 -15.7 — [13]
8%DPOH/8%AI1Pi/20%GF/PA66 33.9 V-0 -33.6 — — [20]
15%ADP/30%GF-GO/PA6 31.2 V-0 —45.6 -8.1 -18.1 [21]
25%AP/30%GF/PLA-PC 30.0 V-0 —62.0 -23.1 222 [22]
15%PN-DOPO/35%GF/PA6T 28.9 V-0 -19.6 -13.2 -11.6 [23]
4%A-T/20%GF/PLA 25.2 V-0 +2.2 240 -63.1 [18]
10%IFR/30%FGF/PP 35.1 V-0 -42.8 —47.1 -16.1 [18]
20%GF/20%FR-1420/PP — V-0 — -23.5 -12.9 [24]
34%PM-027/20%GF/PP — V-0 — -3.8 7.7 [25]

TE: HRR VG (PrMsRpEsirbfom e ) 283 5 ABLBARIG FBE S 47 i R S W E A MR HRR WEE (7 a8 2 o
oheb SR ) 5 A TSN BRSBTS 2T A 3 IR A W B R A AR HRR W {E (7 (i sl s i S ) 22 5 IR U BELAA 390 1) B 2 T 2 g
SRERAYHEE A AR HRR WE(E (RLMsREE s v s B ) M0 E 53-8 QPA66. PA6. PA6T JRELN:; PC NEEERN; PP NEH
Jis IFR K BURHEA) ; MGF NRELe s34 4E; DPOH. PN-DOPO Hy 9,10- & -9-%24=-10-Bi 22 JE-10- 8L Wi ¥ ; AlPi,
ADP N " ZIEHEFRSR; GF-GO MR A BIEM MBS 4 4k ; AP MIRBEBRES; A-T NWEBRILEHMLY; FGF NUULRILB MR W

WINBLHLF A FR-1420, PM-027 R R RZICAIBLIRA s " (RIS L TR
3 #ig (2) 30%GF@HBPN/PLA 47 {15 B Al 11 o

i A 30%GF-KHS50/PLA £ T TR, fHAE PLA
(1) ISR ARG TERN  riggauste | S IR T 15.9% M 27.7% T 10%APP/

LRefERRm, PSR L GF@HBPN, BAJRSE 300,GF@HBPN/PLA HHi7 {38 5 % 30%GF@HBPN/
EUBE MRS A LRI TR R 55 BT A6 MO pLA ey e, (B3 EI0E 8 5 T Sr B A ST
BN TGA WM, GF@HBPN ' GF BURSHEL  pe (BZ 4 ) SE AAHRY, AT TE PLA LRI
H 31.85%, Hip RAFEMEH RN 2.0%/min, 700 °C I, WD SRR AR T Y

HRANy 47.74% , RVERERAS o (3) 4% 10%APP/30%GF@HBPN/PLA {20 ,
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i VE SRR 2 I GF R P HL 30
Mk, FHERRON LS, [ PLA B &6
BHE LOL AT 4271 2 26.8%+0.2% , HE B ASE H UL-94
V-0 2%, H HRR I§&{f . THR I av-EHC 433 [t PLA
TRET 31.39%. 23.57%F1 18.80%, /n ALY
REAR Ik 22 4 RE o

SE Lk

(1

(2]

(4]

(3]

(6]

(7]

(8]

(9]

(10]

(11]

WANG G L, ZHANG D M, WAN G P, et al. Glass fiber reinforced
PLA composite with enhanced mechanical properties, thermal
behavior, and foaming ability[J]. Polymer, 2019, 181: 121803.

XIAO Y L, MU X W, WANG B B, et al. A novel phosphorous-
containing polymeric compatibilizer: Effective reinforcement and
flame retardancy in glass fiber reinforced polyamide 6 composites[J].
Composites Part B: Engineering, 2021, 205: 108536.

ZHANG Y, JING J, LIU T, et al. A molecularly engineered
bioderived polyphosphate for enhanced flame retardant, UV-blocking
and mechanical properties of poly(lactic acid)[J]. Chemical Engineering
Journal, 2021, 411: 128493.

CHEN M F, LIN X H, LIU C P, et al. An effective strategy to
enhance the flame retardancy and mechanical properties of epoxy
resin by using hyperbranched flame retardant[J]. Journal of Materials
Science, 2021, 56(9): 5956-5974.

ZHANG L, ZHANG J, WANG D Y. Hierarchical layered double
hydroxide nanosheets/phosphorus-containing organosilane functionalized
hollow glass microsphere towards high performance epoxy composite:
Enhanced interfacial adhesion and bottom-up charring behavior[J].
Polymer, 2020, 210: 123018.

YARGICI K C, NOFAR M, GHANBARI A. Synergistic
enhancement of flame retardancy behavior of glass-fiber reinforced
polylactide composites through using phosphorus-based flame
retardants and chain modifiers[J]. Polymers (Basel), 2022, 14(23):
5324.

YANG W, ZHANG Y R, YUEN A C Y, et al. Synthesis of
phosphorus-containing silane coupling agent for surface modification
of glass fibers: Effective reinforcement and flame retardancy in
poly(1,4-butylene terephthalate)[J]. Chemical Engineering Journal,
2017, 321: 257-267.

CHEN W H, LIU P J, LIU Y, et al Interfacial carbonation for
efficient flame retardance of glass fiber-reinforced polyamide 6[J].
Polymer Chemistry, 2015, 6(24): 4409-4414.

MA C, QIU S L, YU B, ef al. Economical and environment-friendly
synthesis of a novel hyperbranched poly(aminomethylphosphine
oxide-amine) as co-curing agent for simultaneous improvement of
fire safety, glass transition temperature and toughness of epoxy
resins[J]. Chemical Engineering Journal, 2017, 322: 618-631.

MA C, QIU S L, WANG J L, et al. Facile synthesis of a novel
hyperbranched poly(urethane-phosphine oxide) as an effective
modifier for epoxy resin[J]. Polymer Degradation and Stability, 2018,
154: 157-169.

YE X M, WANG Y H, ZHAO Z L, et al. A novel hyperbranched
poly(phosphorodiamidate) with high expansion degree and carbonization

efficiency used for improving flame retardancy of APP/PP

[12]

[13]

[14]

[15]

[16]

[17]

[18]

[19]

[20]

[21]

[22]

[23]

[24]

[25]

composites[J]. Polymer Degradation and Stability, 2017, 142: 29-41.
YAN H, ZHAO Z L, GE W J, et al. Hyperbranched polyurea as
charring agent for simultaneously improving flame retardancy and
mechanical properties of ammonium polyphosphate/polypropylene
composites[J]. Industrial & Engineering Chemistry Research, 2017,
56(30): 8408-8415.

XUE Y, ZHAO R J, ZHANG L, et al. Flame retardant synergy
between interfacial and bulk carbonation in glass fiber reinforced
polypropylene[J]. Chinese Journal of Chemical Engineering, 2020,
28(6): 1725-1732.

YANG X J, YU Z W, FANG W J, et al. Improving antistatic and
mechanical properties of glass fiber reinforced polypropylene
composites through polar adsorption and anchoring effect of organic
salt[J]. Composites Science and Technology, 2022, 220: 109285.
YANG C X, LI G, QI R R, et al. Glass fiber/wood flour modified
high density polyethylene composites[J]. Journal of Applied Polymer
Science, 2012, 123(4): 2084-2089.

ALMAADEED M A, OUEDERNI M, NOORUNNISA K P. Effect of
chain structure on the properties of glass fibre/polyethylene composites
[J]. Materials & Design, 2013, 47: 725-730.

CHEN X S, MA'Y H, CHENG Y J, et al. Synergistic effect between
a novel silane-containing hyperbranched polyphosphamide and
ammonium polyphosphate on the flame retardancy and smoke
suppression of polypropylene composites[J]. Polymer Degradation
and Stability, 2020, 181: 109348.

DING B (T5). Study on preparation and performance of flame
retardant glass fiber reinforced thermoplastic composites[D]. Beijing:
Beijing University of Chemical Technology (AL BT L T.K2%), 2021.
ZHANG J H,MI X Q, CHEN S Y, et al. A bio-based hyperbranched
flame retardant for epoxy resins[J]. Chemical Engineering Journal,
2020, 381: 122719.

CAO Y F, QIAN L J, CHEN Y J, et al. Synergistic flame-retardant
effect of phosphaphenanthrene derivative and aluminum
diethylphosphinate in glass fiber reinforced polyamide 66[J]. Journal
of Applied Polymer Science, 2017, 134(30): 45126.

ZHU J W, SHENTU X Y, XU X, et al. Preparation of graphene oxide
modified glass fibers and their application in flame retardant
polyamide 6[J]. Polymers for Advanced Technologies, 2020, 31(8):
1709-1718.

LIN L, DENG C, LIN G P, et al. Mechanical properties, heat
resistance and flame retardancy of glass fiber-reinforced PLA-PC
alloys based on aluminum hypophosphite[J].
Technology and Engineering, 2014, 53(6): 613-625.
GAO J, HUANG W J, HE W T, et al. Superior flame retardancy of

glass fiber-reinforced polyamide 6T composites by synergism

Polymer-Plastics

between DOPO-based derivative and carbon nanotube[J]. Journal of
Thermal Analysis and Calorimetry, 2022, 147(2): 1265-1274.

LYU Q (H5#). Preparation of glass-fiber reinforced polyamide 6
with halogen-free flame retardant and permanent antistatic
performance[J]. China Plastics (7 [E¥84}), 2021, 35(7): 58-62.
YANG J S (#4k4:), L1 X H (Z2/M#), LIU G Z (XEE). Study on
the flame retardancy of a new type of halogen-free flame retardant in
glass fiber reinforced polypropylene[J]. Synthetic Materials Aging

and Application (& BUATEHEIL SN T), 2018, 47(3): 36-38.



	广告
	广告1
	广告2


