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Bamboo structure like carbon fiber reinforced porous
polyethersulfone matrix composites
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(1. School of Materials Science and Engineering, Chang'an University, Xi'an 710064, China; 2. Electric Power Research
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Abstract: Bamboo is a natural composite material, which is composed of bamboo fiber as reinforcement and lignin
as matrix. The bamboo fiber structure endows bamboo with the characteristics of high strength, and the porous
lignin structure endows bamboo with the characteristics of light and high toughness. In this paper, carbon fiber re-
inforced bamboo structure porous polyethersulfone matrix composites (CF/foam PES) were prepared by imitating
the structural characteristics of bamboo, and porous polyethersulfone was deposited on the surface of carbon fiber
by liquid immersion method and immersion precipitation phase transformation method. The results show that:
compared with traditional carbon fiber reinforced dense polyethersulfone matrix composites (CF/condense PES),
CF/foam PES prepared in this paper has low apparent density; the specific strength and specific modulus of
CF/foam PES are 234.5% and 192.6% higher than those of CF/condense PES. Moreover, the porous polyether-
sulfone matrix enhances the energy absorption properties of CF/foam PES.

Keywords: bamboo imitation structure; porous polyethersulfone; specific strength; specific modulus; energy

absorption; carbon fiber
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HERER ., IO ZEFIRE , AT T BIFTF 25 & —Fp
VAT EF 4 Ry s ik, bR E Z2FL A i 28 45 40 S JE 1K
WEATF YL IR E A AR Hop ) A7 27 4k )2
— o R R B TOR AT AR AR, A B T A R 2R
VR, 40 T AT ROSR B 5 B B FE AT T 4 A
1) 22 LA BT 28 5 10 BE A% A R AR AT A 26 B, 24 4b
Tz gy BN, I8 AT Bl A B 0B E 2 FLEE R
AT, R R A, AT
BEAN, 447 HF BT A SZ B AR 48 Aot ik HLJE A N
F, 2L IR FLAR B R X 8 4 3R e = A o
I LA AN R BE &, PRITATER 48, HAE R AT HF
W, Hik, MM EAEREL. SRE. S5
PEZEAR S 09 J1 2 ERE . Long %5 %47 T AL EAT
TH RIS SC g, TR T T A RN R A U0
FFRE A2 B PR B8, AR B8 110 09 40 B 459 31 1 2
PERE, AT AT £F Y 3 RE S A 4 20 B i A
i, HAF 4 PR Rl 41.287 GPa, LK 3P A
i A 0.448 GPa, £F4E/RAZ T K8, e T
P F B i PERE . Ray 55" 48 th AT 72 H A i
B DI RERE R AR B 22—, FEAT A 4 JE Bl i oK B
BN T AT Zlai . B2 L3k
LR TESE I AT b 30N, I B AT LR AL K,
S AR, A5 R T R A1k .
Toh B 22 FLZE A AN B T FRAR AT A4 2% 5, 1 HLBE
i WIS A 3 fr BE i, AR AT AR 4, [
FhE ZFLE5 M0 B Tk /by S e v L 48 e A
K fEsm EEM ) Cui M AT F AT T A BRICE L,
LAY 48 1T PN 2 A 6 3 3 A A8 B AIRATT B4 % B 1) [
BF, RS TR AR

B A P G 2T 4 A R LA I
P, JEEEW T E A MBI, ER G
FLRR 4T 4 &2 A A8l (CFRP) 4idsy, 40 B8 ik — A5 5K
MEzgAe ., mRE . S, BOFRENS I
JEE BRI 5T AR, 2 7 T IOoUL 45 48 5 ik 41 4k
MBI R &, BRSCERT —F 517745
FAARL Y 52 B AL o A iR 2T 24 1) 3 1o ) 45 2L T
V£ 4 S 55 (bR B 2 FL R A W SR8 A
AT REF 2R G W6 B 22 L 235 1) X6 il 428 1) £ 4 R0 o)
A1 2 A 1Y 43 HOR BAE T, 42 = CFRP 1y ) 1% .
UL T RE

FE AT 5T 000 SR SR Tk R 7 . 22 i 4T 2
1 38 35 U TE A % AR 1k PO & IR AT T SR Bk
fL4E K 100~500 nm ., . 4& M 16 um ) F 22 Z fL R
Tk AN L Bl 21 4 52 5 B, 12 PR 22 Z2 L 3R Ik R ik e

LF YRS S RSNy S R B TR A B A
FUR PG 9 AR o N, b T 22l 2 AL R EE
B & B 2T 24 75 52 5 B R A2 5 THT B8 552 B B
A W E A H TS R BE AL E L, ROWLE % L A
EA B RO E R R AL . E R m
ST BPRLEST TR 7 1 45 4 22 L 2R Tl R sk
SR S MBI BEAEZ A 2 2 B FR R
oo DIk, AR SCH i ol o 2 IR 005 17 24l 2 FL 2R
M AR Bl 21 A4 S 5 A, R O 3 . R
WHE . SR RE R REVE RE ML 1 E— PO

1 XWMBEAE
1.1 FE#s

TC35R-12K fR4F-4E (5 Y88 "l SN imig) ; E6020P
R BEOA (PES), fEE MR AF; NN-ZH & B
iz (DMAc). A (IPA), KREEE Fhi40ik TH
FRAT
1.2 XWiLTE
1.2.1 PES 4 JIg ¥ W81 il %

FREL 20 g #9 PES Al 75 g A DMAc T 500 mL 42
e, FHRE PSS 4E 100°C . 200 r/min %4 T 1
FERREM . SRIEIMA 5g I IPA, TERFEAME FHiHE
10min % IPA i, $il#5H EEh 20%PES R AR -
1.2.2 CF/PES HLJZ 5 & MHEH 45

B — R 20 em K B8R 25 4 29 6 mm JE 55 &
5cm, H5 R U5 0B 2T 2 G i [ 5 AE S DU R 2 0
(PTFE) 5 # 3% 10, ¥ i c i 47 19 PES M 5 %5 W
(VA TR B A 20%) T3k 21 2 J|8 JF IX a6 1) e
TR (BEVS1806, [N T Ak Sk A BRZAA Wl ) ¢
JE W5 e 2T A U A 1) 50 D4 IS W R B R 100 wm,
R, BIR BT IR I W Y S 20 ik 4T 4t 5 PTFE
Bt — iR A LB ki 6 h, MKF I,
i 80°C F 2 T4 s h b+, Tl #5355 &1 2 % &
i 20wt% [ CF/PES .2 & & # ¥} (CF/foam PES).
1.2.3 S8 SEE5 0 52 65 M R 25

SR I BE 5 i 5 B Tk R AT 4k 2 A M R
(CF/condense PES) Jf-1E Jy X} B A1 AE & o B i 2T 4k
J& 56 % 5 cm I [# % T PTFE % 1fi, % H1 PES B Jig
W (S WV B2 o 20%) , A FH ) e 2 JBE S 428 il Je
TR FE R 100 pme AR 5 R 1R 5T IS TR 1) i 20 ffk £F 4
BT 80°C HAS AR T LBRIAF, AR S =
N 20wt% ) CF/condense PES,

1.2.4 ZFL PES 3 (1 45
Wi 5E PES # B A W R REME 38 i IR IR U
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AEE ALk £ T 2 4L PES Wi (Film-PES). ¥ PES
W} i 7 W % BN ZE PTFE JE b e 10 , {7 FH 1 e 3% i
10K B g v W G Wk BE R 20%) 34 50 I OF 7
PTFE J: A R 11, ¥ il PTFE JE A% 36 1 M Vi 5 B
100 um, RAZEFKP 6h 5, i HES T
7E80°C #t T2 fHH , |74 Film-PES.
1.3 MiX5RIE
1.3.1 fOWIE 5 Y R AE

K #7538 (SEM, S-4800 %1, H A
Hitachi /A ) Z 1 CF/foam PES ¥ /i 19 il WK 51
DU 5 2 T ZEmE 4 R
1.3.2 FMEEMIHE

K H 6 2 B 5 5% (Axio ScopeAl, f& [# Carl
Zeiss 7\ 7)) Il ff CF/foam PES [ . T . & =4k
Rf, 3112 CE/foam PES AR v, R T v 2
— i, F K F (XPR6UD5/AC) {ill & CF/foam PES [}
JtE mo WRAEMEZERMEHAR: pample = Msample/
Veample V1" 5 CF/foam PES [ £ W% & p, & 5 41
FE B Y o R R AR G 7 ik I & OF i &
CF/condense PES /] 7¢ W55 &
1.3.3  J12EMERE A

Fe iR (OB R AR M RR I B4 )
(GB/T 1040.1—2018"2") & { ¥k} 7 fd ¥4 8 (1 M 22
EOR 3 P NS B3 RS P R iU S L)
(GB/T 1040.5—2008""), >k HI H F J7 8 3£ 5 #l
(CMT5105, 32 [# MTS & 4t 24 7 ) Ml iX CF/foam
PES #l CF/condense PES f i fi F1 2468 . KT,
LR 58 A (25 mmx25 mmx1 mm) 5 i i, f#
FH IR B (MO005 7 -5 ) oK 42 i A B2 it I 4R S ir
fRRE S o I B 25°C, 25 & 2 mm/min,
BAHIRAEADLF 514,
1.3.4 ShAAMUANE gAY Il

K 2 28 AL 3 B4 (DMA, Q800 A1, 3£
[ TA 7 #)) #F5% CF/foam PES 1Y 3 25 S LA M ik .
KRR B A, AE TR B 25~350°C, St
M 2K/min, R 1Hz & T, WA
MR MLk A et B . peah, RARLMEE S, W
i FE AL TE 25-100°C N B AR W 7, BF 5T CF/
foam PES 1) BB 451 o

2 #R5iTie
2.1 CF/PES B EE&# BRI R

CF/foam PES 7£ i & ULVE tH % L it #2 v, B
BT R TAT 72 ALK R B B6 B 2 FL OS5 1

TEA AL LAY il 28 ik B v, 2 fL PES 4544 &A=
B F AR R AH (H0) Bf B2 B o PES b % Il
AH S i 75 DMAC 2 %5 550 A B R 08 AR 25 5 B i34
HEEWER, R¥H PESHARIA W, #EIF A
H,O Hi, 40 PES B ARV WAL T ) P AR A .
24 PES W ISV B IR A B H,0 i, 7ERWAN R
Wk [8] JZ W%, T PES. DMAc il H,O 19 A Fa i = Ml ik
%, 165 H,0 #fil 1Y) PES W JIE 7% ¥ 2 1l , DMAc
% ] 95 i 7E HL,O v, FT1 1 34 4H PES A4 f5 %5 W
R IR 2 AR A B, fE PES WIR IS W 3%
T LAY X3, R R E AR R AR A 5| &k
N6 PES #4 5 5 DMAc R R YRR, i i
PR R A 4325, fdi PES )\ DMAc H B[R #r i, B
BT HOAH B IE i 2 FL A5 Y BEL ) IPA 1 A7 AE
73X — 3 B af B B R AT LA R RO,
PES 7 #f i A% 335 72 v % JFL AR B0 B 4 A 19 1 4 R
ZALE5K, E1 R,

B i a5 F LR BEIIERRET 4 5 5 M4 #} (CF/foam PES) HOWIE A «
(a) 20 000 %~ CF/foam PES FYIIE[F]; (b)2 500 f%
CF/foam PES {147 1fif €]

Fig.1 Microstructure of carbon fiber reinforced bamboo structure
porous polyethersulfone matrix composites (CF/foam PES): (a) Section of

CF/foam PES for 20 000x; (b) Section of CF/foam PES for 2 500x

2.2 CF/PES B E S &M RIM 1 %R
AR Z LA 51 A B 3 P K T CF/foam
PES i £ WL % £, T T CF/foam PES % & i L
SRE . WBIE . W13k 1 F7/R, CF/foam PES i
iR B 239.0 MPa, F {5y 7 009.2 MPa, #H
[t %% CF/foam PES i & , CF/condense PES [ $i fifi
5 BN 240.2 MPa, Fi {5 5k 8 054.9 MPa, Hi
T CF/foam PES ZfLZ5H A g 242 AL/, CF/
foam PES [ 32 WL %% B 4 0.419 g/cm®. CF/condense
PES 1) WL %5 0 1.409 g/cm®, M 45 CF/foam
PES F 30 1 35 119 /57 bL i B RN = R B RRTE . 1] 2
MAF B EREZS B 1K, WTLAE i, CF/condense
PES 58 Ji H} Bl 76 % M CFRP [X & N , 1M CF/foam
PES HJ i 78 FL A7 AH 3 F A 3 B 19 15 00 T R R AR AR
BB, Pk TR AL CFRP B9TE L, ULl 2(a).
HT &b A& REHAR, 5 CF/condense
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% 1 CF/foam PES # CF/condense PES B /1148
Table1 Mechanical properties of CF/foam PES and CF/condense PES
Sample Apparent density/ Tensile strength/  Tensile modulus/  Specific strength/ Specific modulus/
P (g-cm™) MPa MPa (m*s™) (m*s™)
CF/condense PES  1.409 240.2 8 054.9 170.5 5716.7
CF/foam PES 0.419 239.0 7 009.2 570.4(234.5% 1) 16 728.4(192.6% 1)

PES Ml It., CF/foam PES B fii#5% 2 v B[R] BE AL T
H FL CFRP {93 [ ZE M), UL & 2(b)o K 2% W %5 1
57 A B RN PR AR R AR L, R BEELA (5 1 4
F#1E 1Y CF/foam PES 19 & Lo & . 5 HUAR & P AE
Homsl NEH . WK 2(c). B 2(d) s, BEAG
A7 45 44 (%) CF/foam PES {9 Fb 5 B | HL 5 4 3k %)
570.4 m?%/s?, 16 728.4m?/s®, ij{% 4555 92 H AR 45 1y

Y CF/condense PES A9 b 5 FF . Fb A5 & I AY N
170.5 m?/s*, 5716.7 m%/s* (% 1), 1EHF Rl H i 1
fig 25 [a] [l P CF/condense PES {34k 4t T & 1 CFRP
BT, 17 CF/foam PES f LY i 5 Al HE ASE B 1 A U
LB TILT A M EHERE, 8% H
M BAE A Ob R E R R | GRS Y R A

10000  Strength-density Composites e
Al /s Tungsten|
1 000 CF/condense PES
[CF/foam PES Polymets
clastom
s 100 |
% Rigid polymer foams
%o 10 +
=]
n 1l Foal
Silicone  Concrete
Butyl elastomers
0.1 rubber
0.01 Flexible polymer foams X (a)
10 100 1 000 10 000
Density/(kg'm™)
10 000 [Specific strength-density Composites Ccramic}sll Metals
S S i alloys
CF/condense PES Qlalloys i e
1000 | CF/foam PES
(T‘.”’
g 100 Natural
= B materials
B0 Rigid polymer foams
5 10t
3 .
% | Foams Zinc alloys
% Concrete
0.1 kButyl rubber
. r orl
0.01 lexible polylmer foams . (c)
10 100 1 000 10 000

Density/(kg'm™)

HIBE AT UL, SR R T 4 Fil s v RE POB PR g, 8

Young's modulus-density Technical sico™NiAL0, Steels e
10% ceramics~_ G é
Composites _CFREZ
102 F CF/condense PES = O(T) \
< !
a . aterials
5 o CF/foam PES materials : Cu
\% DncretePEEKch alloys
= PET Non-techincal
= 100 Rigid polymer foams .
=} PC ceramics
g TFE
wn
0 1071 Polymers
g Foams "
>e Silicone elastomers
10*2 -
Polyurethane
Q\ Isoprene N 4
103 + Butyl rubber coprene
@"1 Flexible polymer foams 0/ Elastomers
107 . A .
10 100 1000 10 000
Density/(kg-m™)
10° ; 3 - -
Specific modulus-density ](;(égllll;lllcéil . CsicS‘JN* ALO; Steels wC
100 . ~ \v\iﬁ{ / ¢
CF/foam PES— Composites—_ CFRP 5
Glass =
& 0t CF/condense PES Bonbon Mg dllor? \
4 Natural GFRP
k= materials ~——__ Y p Cu
T\A’ 10° PS MM Con r€kZinc alloys
2 - o PEEK Non-techincal
2 10t Rigid polymer foams QPP PC ceramics
g \© O PE O~\ PTFE
2100 é _ B T—Polymers
‘3 Foams
fé Yy Q \ﬂ Silicone elastomers
x»n' 107" | Cork
Q Isoprene Polyurethane
_ Neoprene
102 Butyl rubber.
O’/ Flexible polymer foams 0/\ Elastomers
1073 * * @
10 100 1 000 10 000

Density/(kg-m™)

PP—Polypropylene; PE—Polyethylene; PC—Polycarbonate; PA—Polyamide; PEEK—Poly(ether-ether-ketone); GFRP—Glass-fiber reinforced plastic;
CFRP—Carbon-fiber reinforced plastic; PET—Polyethylene terephthalate; PS—Polystyrene; PMMA —Polymethyl methacrylate;
PTFE—Polytetrafluoroethylene; EVA—Ethylene-vinyl acetate copolymer
[&l 2 CF/foam PES FIf& 4025 524544 ) SR EHIR LR T 245 & 544 KL (CF/condense PES) fEATRHAAHHERESS 1B BRAL AT 8 2 (a) Pl e - 255 (b) Fifd
Bt (o) LLIREE- %5 (d) LS9

Fig.2 Position of CF/foam PES and traditional carbon fiber reinforced dense polyethersulfone matrix composites (CF/condense PES) in the space

diagram of tensile properties of materials: (a) Tensile strength-density; (b) Tensile modulus-density; (c) Specific strength-density;

(d) Specific modulus-density
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ok 5 AT - 235 16 T A 45 B Bl 2T 4E 3 s 2 AL IR R 5
MEFERA IR BENR RN T, FERKREEM
RHEE R A R ISR 2 L,

15 47 2 fL PES 45 #4 {fi CF/foam PES 7£ i i 2
i WPERTS , 5 B S8 VAR T WS B i RE =, A4 R
R R B o YA AT AR B TR R 3R I
i), CF/foam PES N 1915 17 2 fL 45 14 RE 05 % 1 —
FE SR AR AOR I 27 4 5 BE A ST i gk 2e 3,
o 2F Y3 R AR K AR W), g 4R £ fL PES
FEAR AL 25 W ISR 43 28 A, I 2L B0 0 1 1 7 43
BT ZALILEE I, (1A 2 fLALRE = A B AR P
WSS Z2 0y RE £ 5 AT AE I g -0 722 il 4 | i 3
JEIRE &, WiE 3(@) i, HEEAGMEHEZ,
3X — W 22 5 A v A W LR G 12D 3(b) B, W
b B I 2 R RS AL RE 98 W 3 AR AR
P, 1M CF/condense PES 7t 3% B 458 %, faf /€ FH 1+,
Rifi %5 A O3 N IOF R R BUE IR &, X W IE AR
e ) CF/condense PES [ & {4 b 80 % 2544, MELL
TERLAR A7 T Bl sk A8 JE W e fr g &, oA
T 2475 DA MEPE T 2 R 32, (&l 3(c) Fros . B,
38 3475 Ay 45 Ak T R A5 1 2 £ PES BRAk AT 4R G

(a) CF/condense PES
250 ¢ CF/foam PES %
200 |
<
Ay
= 150 t
172}
5]
&
100
50 |
0 1 2 3 4
Strain/%

()

3 Pl <k K HLE R = K. (a) CF/foam PES & CF/condense
PES (1 11-18 2 12k 5 (b) CE/foam PES AR i 25 141 5
(c) CF/condense PES YL {i K i 7% 72 [&]

] 00 [+]

Fig.3 Drawing curve and fracture mechanism diagram: (a) Stress-strain
curves of CF/foam PES and CF/condense PES; (b) Drawing section of
CF/foam PES; (c) Drawing section diagram of CF/condense PES

4 oRHIE 2 ) X Fh PES £ FL 25 M O £F 4 b . w]
ASTEAEFNRE f WOSCREE A5 AR B M ) CF/foam
PES 72 Jy i WIVE 5 AR
2.3 CF/PES BE & &M BRSSP MM 1 B

Bt %5 TR B TE i, 2 fL PES JE AR Y L 45 A4 %
Wids4i , {ii CF/foam PES B9 fif GEAR & 7= A AR T
Wy As ke, K] 4 J& CF/foam PES f) DMA &3,
i 1k DMA 33 F IR CF/foam PES & & ¥ 19 IR
FERRE ML LB, M N 25°C I}, CF/foam PES
W% BE S 5 24 1 700 MPa, LT PES S {5- 435 %)
UGk ZFLE5 R . Y B Ak T 25~100°C Z (1]
Bf, PES IR &R +FifE 4k Z fL45 4, fff CF/foam
PES (1) fiff fig 15 & 5& A< 2 %€ #F 1 700~1 800 MPa. [ifi
HiIREMS TS, T PES Z4L45 e % UL
VE A G AL o AR b R [RDE B AN R E S5, L
¥ J0 HOE K AL 4544 25 T PES 4> T 2544 (132 5
B AR 4, 53X CF/foam PES [ £ FL 3 (& 45
a3 ) 9% S S R B A AT B AR R A A R
B i BEASE R 2218 T+ i . 7F 100~210°C YU Bl N, CF/
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