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#il# T GF-Si0, \GF-MWNTs & & 35 i, 38 o 7 0 i AR 4 T )2 B 6 (PA6)/GF-Si0, FIJE B 6 (PA6)/
GF-MWNTs & 4 b} I T 5 B8 (SEM) 5% 22 18 i 38 ( DSC) L BLIA BT ( DMA ) %8 T B
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EERRAUKAT (MWNTs) 7 GF 2135 B H A1 M, 52 A R KRBT T2 6 (1955 i , JF GEAT 0 B3 i

JE BhASKR PSR 45 SRR AR AR, o GF-MWNTSs Xt & A b4 b Rl A4 418 1o de T Sk, 7 of o 3 412

F+T 21% Mt T 28%.
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Je e 6 (PA6) Ji e i HLIV Fl e )12 By #
TREAVEL, BAT SR, W, il bt | W% 57 , e
Tl TR AR SR RE. JE e 3G s M E 9 2 22
BT i E 7 e 3 5 A R R B
LFYE ARG AR 5K JE T 114 1 558 £ 41t
THRIEAR A2 RGOS+ BRAK A
AR A AR A5 BT 57 38 B SE A RO 5 1 3
AP 2 A B 5 70 K A L R T AR L R 1
PE R AR BN )ALk B E A OB R g K
BB AT Kevlar 474k H145 19 Kevlar-
MWNT & & £F 4 A L 410 Kevlar ZF 4k () 55 B K A5
T 50% , 0 Connor 45 XUR FHV 744 & 11l
2T Kevlar I IKE 2 G BEY, BEAK
TIRINARAE YA B, X J5 1 0 48 1R OCRAH LAl
B0 KA B AR s L M 7 1 1 o 45 AR
i, Fe /N NS T AR AR P B AR KRB A
. EHET Tl b5 R A il TR A Aok 2
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HH A AHARS Kk Si0, MWNTs ¥4 40 %
1 GF EmHl% T GF-Si0, 1 GF-MWNTs B4
SR, FFFEARETU) 1 N 45 T BEES 47 4R 3G 08 PA6
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PA6, %5 YH800 , 7 FH B B A fb ik T AL 4R A
PRSP LT 4E(GF) |, -5 301CL, 22 F 4% 10
pm, 5 R EPRE G AR R\ YK Si0,,
5 M5,k A2 2 12 nm, 36 [F R R A |
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10* ~2 x 10*, 22 E Aldrich 22 ).
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DMA2980,TA Inc, USA; HLF J7 fig /1 24X B #L,
CMTA4204 7 TR — ARk U A B2 .
1.3 REHE

Ry B 25 4 dE R 0 A BT, A T
600°C HLbHH 2 b SR IS i ATE B 25 B T K T AE
S IPERE T R 5 B AT L Ay, ME T A
(bRicH GF-untreated ) . # MWNTs fil A & 1R
2 (Vinso, Vimo, =30 1) #8741 h J5 T 70C AL 5
h, 154 2 R 1k J5 19 B 40 oKk 48 (F5 id 4 MWNTs-
COOH) , H3RT 7 A MR Bl HAE K L 2t
PE A BIBCE 2 o/ L SR HLARITT PDDA KWW (5
2 mg/mL [ NaCl),0.1 g/L f#] nano-Si0, ;& 0.2
o/L ) MWNTs-COOH & 7 ¥ , Jf-# 75 30 min {ifi
AL AEAK I 5] 4

WAHHKRKFHIEGEERN, (1) K5 g
GF-untreated il A 3 L ) PDDA K& &, Hit$E 20
min JEAMUE, 25 B FKIEUE 2 WUIBR X241
PDDA 53+, 132405 PDDA 43 F B 4F. (2) %
GF-PDDA %3 5 /in A F 3 L nano-Si0O, & MWNTs-
COOH B3 b, B ¥ 20 min Jfdh ik, H L&+
TRV 2 IR LARR KA 78 I 9K B0k , - T 80°C
HET 12 h J5 25 H (4 5lkRic 4 GF-Si0, Fi GF-
MWNTs) .

PA6/GF-Si0, fI PA6/GF-MWNTs ( 95/5
wi% ) A RRL I il £ L FE N, Se s PAG kLT
ANFGH i AR, 240°C, 60 r/min Z5 4 T % Mk 5
min; i PA6 ¥4k 58 4 J5 PR Ab BEAT-11) GF Jin A
P ARS8 5 min J5 BURE. FF 5L T 240°C K
JEEESA 1 mm (AR, VIEI R 45 0T B R AR AR 1A
H LB, T 00 2R P RE S L B .

1.4 MEXRAE

GF-Si0, ,GF-MWNTs K 2 Rl Ao ke 5 21
M 4, PA6/GF-Si0, Fil PA6/GF-MWNTs & 4 44
PHE WA M T S S 4, R R O
(SEM) WLEEH 41 3% 1H 5 &2 A A ORET TR 3. 48}
g% GBT1040. 22006 41 7E H F 77 ik
SEHL LT, PR BN 5 mm/min. DSC il 4 &
PRE R AEESR YT T LA 10 K/ min 1) T35 358 56 A
FIRTHE 250°C FHA54E 2 min DL BRI 0, Fi%
AH A 2 2 % . DMA % i = 3R
1 Hz MR F R 12.7 mm x 5 mm x 1
mm, 7ERASAEP R LA S K/min A3 ZE N - 50°C F+
R 180°C.

2 #R5itE
2.1 GF-SiO, #1 GF-MWNTs & & % 58 {& 4 %1
#51®%

PET 1 Shy 394 355 2 24 3% 1T P AL 9 KA R
#% i #2 ,F GF-untreated 32 A PDDA &, T3
L3RS A KiE R RAE ] 5 PDDA 71 Z [
SRR, R e R AL H G A B £ B TR A Ak
TR AR Sz 07, 2 T 2 B A R ™ DR Ik 3% e i
J5i PDDA 4352 S5 b i o A/ A0 7 3] B 21 3%
i, 7531 GF-PDDA Hy T4 1F 25+ 5% Fa fi o (9 47
TETm & I B M. B GF-PDDA Jill A nano-SiO, =
MWNTs-COOH 27 H, 1 L P 1 44 K b 52 i
Ho, 9K fef 0 7 B B £F K. K12 Oy GF-SiO, #1 GF-
MWNTs & & #4538 &1 SEM & F, 7] LLU& 3R, nano-
Si0, Dhgh K 5 09 I8 2 1 5 W B e B £F 2w, i
MWNTs-COOH 7£ 3¢ £ 3R 18 1) 43 A1 AH X AN 5], 3
SN VR N KA W T i 45 (e G i
W A3 YL 1) B 45 L AT SR AR 1) T X g BfT 381 3 2F 3%
AT, 7] Bt A 3 0B/ A PR BB A 7, an &l 2
(¢) .

Immerging in
PDDA for 20 min
-— - .
—€CH, CH, )~

- “n
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0
CHJ CHI

GF-untreated

GF-PDDA >.

MWNTs-COOH Nanoparticles solution

Fig. 1 Preparation steps of nano-particles coated glass fiber

2.2 EEMRBMNERRNFEEEE

PA6 5 PA6/GF 5 MR RI 45 i AT R Kl 3
(a) 3% 1 iR, il LA B GF g K FUkL (7 im A
fift PAG 11445 i W 1] {53 ¥ 7 1) A 8%, X 2[R GF
Si0, & MWNTs 7£ PA6 148 fi i & Hrm] DLk 3] 5+
AEAZRIVE R, 02 R b filk 90 DK 45 3R T+ AT /Y
FRILBES PA6 43T Y AL M 8, ffi15 PA6 1 5
TEWRE R 45 b, Fo A% AR T e At PA6/GF-
MWNTs ()45 il B T, ey, HL45 i 06 Lo H A A
i B8 98, UGB R AL AS I AE AE 1 PAG 145 i 58 3%
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Fig. 2 SEM micrographs of glass fiber coated by
nanoparticles

a) GF-SiO,; b,c) GF-MWNTs
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Fig. 3 DSC thermograms of ( A) crystallization and ( B)
melting for (a) PA6, (b) PA6/GF-untreated, (c)PA6/
GF-Si0, and (d)PA6/GF-MWNTs

FREEREAR" . A 3(b) AT L GF K 4 K ik
(I AKT PAG %5 il 6L B 11 5% AR /1N PA6 J Hidg
AR 2 B A A 2 (1)

AH

X.(%)

Hodr, AH, SRR S I 45 S AHS, Sl i A1 e vk
H3 ) PA6 I ACIR S 100% 45 54 i 46 72, HAH
N 190 Vg, @ SRR BRI R 1 ]
PIE A GF KK BUkL 5 , PAG )45 i B #F
AHEIN AR FR BEAN [, 32 PR A SEURE T 2 5 i 2R
BYngs S EA N EZW. — 0w, EAE T
AH A I SR & W8 5 45 & s S —J7 i, EATTIRAE
TERR I 1 15 4155 B 1 12 3l DA T BELAS 2R & 1 45
' FEAR SR T MWNTSs 26 11 FFR JE A RE 5
PAG6 43 I 0 e 35 A L TP i Ui, 38 1] 55 PA6
Ik AR B 1 24 3 I NI B B R 0 B
X SR W 4 i %) BEL RS R5 07 B Sk B &, DXL itk PAG/
GF-MWNTs [ 4% {4 Ji 1 4 PA6 A *4; 1M GF-
untreated 11 GF-Si0, [R il PA6 4% Btz sh i 1159,
AR 4 PAG ()45 i Bt sk 55 s

Table 1  Crystallization parameters of PA6 and PA6/GF composites
(95/5 wt% )

Sample T, (C) T.(C) AH.(J/g) X.(%)

PA6 221. 4 185.3 54.34 28. 60
PA6/GF-untreated ~ 221.3 185.8 54.90 30. 42
PA6/GF-Si0, 221.5 186.0 55.79 30.91

PA6/GF-MWNTs 221.8 189.1 51.97 28.79

B 4(a)F14(b) 4501k PA6 } PA6/GF &
BB B A e e A FE M IE V) (tand ) SR B
R M. nTLIE H, 492K Si0, Kz MWNTs 1 fff
1) GF i 52 45 R A fifh BEASE 0t R 37 268 Ak Ui B A7 —
EFRFERE . WA 4 (a) FoR  FEIRBEAR T 40°C
I, ANFEFPSERY GF 55 PA6 525 b L Z ] Y it
AEREHE 227 B8/ IN. AH S K 2 IR B2 T & 31 60°C
R PAG (3¢ 55 AL I B2 B, 40 PA6 J PA6/GF-
untreated )EIEREE N 963 MPa A1 1057 MPa,
1M PA6/GF-SiO, il PA6/GF-MWNTs [ fi# {7 5% &
P2 F) 1200 MPa 2247 (L3R 2) . X2l TR L4
IR, PAG 3~ BEE B B S VRS , 3 I 24 K A
PIVERIAS B2 MR B T 2] T, BE R, R E W
G3FHERIZ S )3 K, X I GF - A 24 2K A
I B R 4> F Rz s AE T, MR A
A MRHRIGE fE A R 5 . LAk, X L 4l PAG, &2
B AR5 FE AR I DX TR g 2 A 0 {1 ) s
m s, Ui T, A B . O gk Sio, &
MWNTs Y5 PA6 J 1A [] 17 75 & 5 5 2 2 1) 1
FH L EEAR 0 B A AR R, 3 3 AR B2 T
MWNTs 5 504K 8] 09 4F 0 Bk, T, 48 i dsehy
A 3B 3R 2 bR AR B A% AT DA
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GF-untreated X} PA6 1) 3% 535 250 S AN, 1 40 K 3t
KLU R GF X PA6 418 5 CR W B £ i, JL H 2
PA6/GF-MWNTs 52 & A4 4 14 H {58 B2 AR L 46 1)
PA6 7+ T 21%.

3500
3000+

2500+
2000+
1500
1000

Storage modulus £’ (MPa)

500

(YN |
20 0

20 40 60 80 100 120 140 160
Temperature (°C)

0.15

0.10

tano

0.05

0.00F g
—40 20 0 20 40 60 80 100 120 140 160
Temperature (°C)

Fig. 4 (A) Storage modulus E’ and (B) the loss tangent
tand versus temperature curves for (a) PA6, (b) PA6/GF-
untreated GF and (c¢) PA6/GF-Si0, and (d) PA6/GF-
MWNTs

Table 2  Glass transition temperatures and mechanical properties of

PA6 and PA6/GF composites (95/5 wt% )

T, Storage Tensile strength
Sample
(C) modulus® ( MPa) (MPa)
PA6 58.4 963 58.1+1.1
PA6/GF-untreated 59.0 1057 59.8 +0.7
PA6/GF-Si0, 61.7 1214 63.8 +0.2
PA6/GF-MWNTs 62.2 1233 70.2 £0.7

2At 60°C from DMA measurements

2.3 SEEMRINMMREN

Kl 5(a) ~5(e) Ry PA6/GF & & M RHIE W 5
) SEM Mg Ji-, IAIEl 5 (a) AT DL HY, PA6/GF-
untreated H1 GF 5 PA6 FLAK 2 [ {7 75 38 K [H] B,
VLR S SS G 22, SARESZ B hi A i 7 i) GF
By NIRRTkt N fig 3 o0 ke B 7K HH 2017 A
J, P 1 PA6/GF-untreated (14 $i7 {1 58 i X Lt 46
PAG6 215 1.7 MPa. 3 & 5(b) F15(c) W LLE
F|,GF-Si0, 5HARR 45 & K%, GF Rk A
Kii PA6, I 5(c) H GF 5 B AK FLim A A7 7
BRIRZE A, AT RE A PAG JEKB A T 40K Si0, A%
AL AR R, RIWE AR 5 95K Si0, 247
FET GF FIILAAR Y S i b, i 21 7 384 5% WA AH A 1fl
SiGmPER. HE S (d) F 5 (e) ATLLE i, GF-
MWNTs 5 PA6 Atk 1y 45 & 98 £ /v T GF-
untreated 5 GF-Si0, Z[a] ,{HA &/ MWNTs 1445]
H A3 HICEE PAG JEA R 35 AT RS2 N R 6 Al R TR
A, MWNTs R AR 3 5 PA6 43 1Y i
SRR B = S5, [R5 PA6 434 K i
128 55 S TV B AN SR T, i R B G

Fig. 5 SEM micrographs of the fracture surface of PA6/GF composites
a) PA6/GF-untreated; b) and ¢) PA6/GF-SiO,; d) and e) PA6/GF-MWNTs
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JIEF&AE PAG6 JEiRh  IRYIKAE 5 PA6 AR A7
PEAR LT

WL PL A, PA6/GE E & MR MG 5
YK URL \GF FEAA ] i AL AH BAE A . 8 T
HE— 2 BGUE YR ITORL (1 5 | AT GF Fn 44 ] S 1
FHEAE A2, FRAT1 38 A R 9 S S AP A B
1 GF N A 8 43 85 ok, JF X k47 T
SEM W%, &l 6 (a) AI LA th, &l )5 GF-
untreated FEAFIEF LM, UEHH T H 5 PA6 JL{RAH

HMARZE. I 6(b) F16(c) K AT LIFE B, 2 H R
FIZAMIE IS , GF T 475 WL B A5 AH 24 — %8 43 PA6
FpA, U WA G K Bk I AEAE R S i T GF 5
PAG6 1) FLIfI LS A58 . AL 6 (b) il K I AT LA
FEME F, PA6 IR K Z LU FOIRAFAE , 1T g2
73 PA6 WA IANK Si0, KL T R4/ GF 1Rk
EL 6 (c) ek IR i T LIRS, GF _EARZEMA
R PR KAE T PAG JE 1A

b

Fig. 6 SEM micrographs of PA6/GF composites after removal PA6 phase by formic acid
a) PA/GF-untreated; b) PA6/GF-Si0, ; ¢) PA6/GF-MWNTs

2.4 SEMBEIEEINIES N

Bl 7 (a) #17(b) 5354 PA6/GF-Si0, K&
PA6/GF-MWNTs SOULE5H4 78 T AL e Rl 3L TR
i, PA6 JE K5 1% 5 GF-Si0, K41k Si0,
W2, RS2 BN AR RT3 A5 GF-Si0,
] A F Xz s He (IIE 7a froR) X KR
WL T 7E GF 11 Si0, FHLA% T PA6 7314k
(332 311, [ A A2 5 98 5 AR 5 R R ) ) 4 fk e AR Y
SEIRT AR ey v TR] A 5T A e R ) e, Al
AR PERESE . [F] I 2245 Y, h Tk
Si0, KA EEALEE S PA6 73 M W55 1)
S (AN 8 R ) , HIHAR B %) PA6 (i 5 54
R, XA A AR RE Y S i B AT BR.
PA6/GF-MWNTs H MWNTSs & [ [ 3R F AL a] 5
PAG6 -4l F IV 14 S B Bk IR KR 11 U
YERT, i HLARAE A9 3R 7 R F 38 nl -5 PA6 7314
AR f—NH, JEPIE s Ak 22 3t o i (n el 8 Jie
71N ) 5 ST SRR PR R T AR 68 0 20 0 A A o T3 A
HBi R GF SR T 1 20 73 1 7E PA6 (R, i
IR AT PAG R AR [ A
2 GF pytp i IRl AE n] LIk GF K ifi 5 PA6 5t
T 25 45 58 B2, PG, PA6/GF-MWNTs 52 5 41 4 9
PSR B2 K F 70. 2 MPa, $2 1R K.

3 Fig

(D) R 2 5 ARSI % T GF-Si0, X

Fig. 7 Schematic description of the structures PA6/GF composites
a) GF-Si0,; b) GF-MWNTs

GF-MWNTs & &35m ik 2 )5k T2, AR 2
BB A, 4K Si0, MWNTs Y5 il i 7F GF
2R 1A

(2) ¥ 5 A HSRARITTE PA6 % T A M
¥l GF-Si0, il GF-MWNTs %} PA6 HA — & 1k,
BAVER, 8 T PA6 [ 45 ik )i ; 28 W iR ) &2 il
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Fig. 8 Chemical reaction between PA6 chains and nano-SiO,/MWNTs-COOH

RIFPLT RV IAT TR G, AR S RS0 BE  A h  ARde = T Z 5 AR
S LS55 TR 07 1A R T AR 2 iR aA P B2 AN AL, 735 HE T 21% F1 28 % .
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STRUCTURE AND PERPORMANCE OF POLYAMIDE 6 COMPOSITES
REINFORCED BY GLASS FIBER COMPOUNDED WITH
NANO-SiO, OR CANBON NANOTUBES

ZHANG Ling, YANG Jianmin, FENG Chaowei, LI Chunzhong
( Key Laboratory for Ulirafine Materials of Ministry of Education, East China University of Science and Technology, Shanghai 200237)

Abstract The electrostatic compounding technology was used to prepare glass fiber-Si0, (GF-Si0O, ) and glass
fiber-MWNTs ( GF-MWNTs ) reinforcing fibers. Polyamide 6 ( PA6)/GF-Si0, and PA 6/GF-MWNTs
composites were prepared by using a torque rheometer. The effects of compounded fibers on the mechanical,
thermal properties and crystallization behavior of PA 6 were investigated via scanning electron microscope
(SEM) , differential scanning calorimeter ( DSC) ,thermal mechanical analyzer (DMA) and tensile test. SEM
photographs show that nano-SiO, and MWNTs-COOH were uniformly dispersed on the surfaces of glass fibers.
The interfacial adhesion between PA6 matrix and GF-Si0, , GF-MWNTs are better than that between PA6 and
untreated GF due to the interaction such as hydrogen/covalent bonds formed among the functional groups of
nano-particles and PA6 chains. Addition of GF and compounded fiber increased the crystallization temperature
of PA 6,which indicated that GF and nanoparticles played the role of nucleating agent of PA 6. It was revealed
that the PA 6/compounded fiber composites had higher tensile strength and dynamic storage modulus than
those of PA 6/untreated-GF composites, especially the PA6/GF-MWNTs composites exhibited improved
mechanical properties with 21% and 28% increases in tensile strength and dynamic storage modulus
respectively.

Keywords PA6, GF, nano-Si0,, MWNTs, Structure and performance





