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Investigation on tensile modulus of lumen-bast fiber reinforced composites using

multiscale simulation method
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Engineering, Hunan University, Changsha, 410082)

Abstract: Currently, the models for predicting the tensile modulus of bast fiber reinforced composites have not
considered unique lumen microstructure of bast fibers. Therefore, in the present work, an equivalent model of lu-
men-bast fiber and its theoretical formula for calculating the elastic modulus were proposed in this study by com-
bining the rule of mixture and Micro-CT technology. On this basis, a representative volume element (RVE) model of
ramie fiber reinforced composite (RFPC) which considered lumen microstructures was established using multiscale
simulation method, and its tensile modulus was computed. The validity of the RVE model was verified by experi-
mental results. Additionally, the influence weights of four parameters (fiber content, fiber lumen ratio, fiber orienta-

tion, and aspect ratio) on the tensile elastic modulus of RFPC were investigated using orthogonal experimental
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design and variance analysis. It was found that fiber content and fiber orientation are the primary factors affecting

the tensile modulus of RFPCs. A polynomial fitting method was employed to obtain a predictive equation for estim-

ating the tensile modulus of RFPC using these four parameters as independent variables. The main effects and syn-

ergistic effects of parameters on the tensile modulus of RFPC were systematically analyzed. This research provides a

prediction method for estimating the tensile modulus of lumen-bast fiber reinforced composites and can be served

as a theoretical basis for controlling their tensile performance.

Keywords: lumen structure; bast fibers; composites; orthogonal design; prediction of tensile modulus

R EF 2 2 AT 5 3% 55 27 4 AH >4 19 LL 5 B2 RN L I
B, B SAM . RIETZ . RO RAR TGS,
DAL Hy O S i 52 5 MR BB % . m k. Tk
ML Z 3 T B LRz B M, d T IRREF 4E 3
A MR S 2R RE R HAE B 8 T 2 A I
FARKRZM,  Anfn] A5 R0 b 1% T F T & PR 4T 4 34 5%
HEEMBILGEEI A EReC U 52 2. LUAE
P A 5 TS Ao S 0 R 5 SRR 41 4R 3G 9 2 5 M REY
PERE : Mohammad® 38 i3 52 5 15 H ¥5 JFR £F 4k 3 5
S A R RLRL M BB A 1 B A 4 A ) & 5 Akash
MW FERAT T SURRLE 4t/ KR EF 4R IR 24 i35 iR &2 5
At e S R 4 R T AR 4E i Jomy!)
K S2 56 e 0 B PR 1 5 52 5 B Rk i) s M A AR T
BORK B o SR SE 0 B SR AL G T ) A A ik A
R, T EAE 2 KA By A R, R FH A T
ST ERE HURAN LI AL, N A
A TR T RN & G AR RE

H, Kern %5 | ] — 4 RVE & B %} 1 T B
AR BA WAL IR G 0 5 VI R IR Z A 2P 4 5
B MR 24T N . Sukiman £ AU 3T T 48
RVE W 5% 1T B AL 4341 19 0 £F 4 52 & b1 B9 8O0 45
¥, VAP & A MR S0 AR M e o (H X
TAREGLRIRAYEE AR, e Y4eAe s 0] b oy A
A, RH 2D FHEAAR R RS RS S5HE
RPEREA W2 . Sliseris 5 A0 7E % [& 21 4k Sl e Fl
RO , SR RSA 3L A il T A [R] 41 4k
B A [ A2 L 1 SRR 8 21 4 52 6 A RHIOUE =
4% RVE 5t BEAL, JEF5E T2 A A Rk 8t i L .
SR, AH Fb T 35 555 2 2 R e 2F 4 55 NG 27 4,
YRR T 4 B 5 A O 254, B 25 S5 10 1)
YL, A MO R RE R S S5, A
FoBE R EE L s s A M, A
JBR £ 4t 52 G A R Ad 1 B RVE #5884 78 AR o 2 vp
K 5057 75 TR 2T 4 119 1 AR 235 #4) XoF JBR 21 248 184 5 v
BEH I A A R B R e e, AV g — T
Ji& B T I A 235 4 19 IR 2 4 1 5 5 5 A ek SO A o
TN 5 A ST, DA Sy of it b U0 0 3 2 R £

AEH R IR B — KR E S MR R PERE

R, ARG AT X AE YRR 2T 4 1 5 G bR
JIFPEREBAL DT B, R AE T4 % SRR T e Il AR
B B A R UL 65 AR R, X LA VA AT T JRR 2T o 4 5
A MRHRL M BE R IR, ASBIF 5 DA VE 98 BB
RREF ARG IR R NG B A MR RIS, A
TRA 2 A A Micro-CT £ R, #1215 F BREF 4k
AR 235 K R AT 1) JRR £ 4 A5 A5ASE 78 I L o A i 1
g AR, EICERE, T — R T AR K
SRR 2T 415 5 A 5 B 52 G B RHI) RVE 22 RS A A
FETI I A b Ak SR AR i O B T v, A/ 4
REHM K, KigHL¥HFibrRe, WL REITA
KR, J5 5056045 R 17 % H LSS E RVE £
ROBE B A AL 5l &gk, oy —Jrm, SRHIE
BT O W =S VT S A 4 e AN B L R e
WA, KT ZSHOS R g R E &
AL PR AL B S R ALY, i 2 A
PARAE T UL LR 4 S0k B A2 5 00 RR 27 4 1 5
B 3 52 A b Ak S A T A 2, A S
YRR £ 2 HB 2 AT 5 5 R AT 4 2 0L Jls R 25, AR
TF T4 M 1 35 T s R 285 4 1) A 00 JRR 2T A4 2 st B
SL 52 A ARk P AR T Ty 3 mT DA B4 R R
FEF Y 3G A IR B — R G AR, S T A
5 PR £F 24 1 s R i ik — K A b B A AR
PEHE TR

1 Eig5&8
1.1 EEMBAMBMNEN

ASCRH CT $1# A (Xradia515 Versa, ZEISS)
XiF 5 R AT 43 AT A AR RS T CT H . B ek
B RS B, JFOE TAER Lo SRAT 60kV
TR HL A 5w L) 1.99 pm 143 BER R A
MORHRE S AT, PSSR A 1R

P L AT UL, o R AT Ak AT s A U0 &5 g
fif o 3L CT HH A S e 52 & 41k 3D E1R
HEAk, SRIE T A Avizo B4 14T W] WAL AN £ 4 5L
i o BT o B SR TE R BRI 2 BT X I (18] 1(b) 21 AE



BOUAF s 2 ROBEREADL IR BIF 0 M (AR 25 40 JOR T 2 1 0 S G i 52 45 B R A frf A 3

) PEATRGH IR, A5 3 BTk X e ok E R E 1(d),
T DX 38 1 A7 19 43 0 R o e kb BEAS 2 E] 1(e),
2R Avizo BAFIT R A 25 KRR L A 20v01%

El1 MR/ RNEE SR CT 334l (a) TIES (b) CT 94 2D & (c)
CT 4344t 3D [l (d) FUZAL 2T (e) FHRALILS
Fig.1 CT scan of RFPC (a) workstation (b) 2D pictures (c) 3D pictures

(d) before image process (e) after image process

1.2 RARSHEBRHBHEEITE
HI#RREFAERY SEM A ra kil (1] 2) mrnts,
PR £ 4 LA R 1) B PR 25 A SRR AE % R0 285 40
ST JBR 2T Ak 3 5 525 M ORL I 0K ) 2 1 f R TR
AR E R PE, B, A O AR AR Y o R
W T 75 P RR LT 4 s IR A5 48, K S I IR R AT 4
B LA 28 T e W R AL o AR B A R,
K 2(c) itz o JRRET 4k 1) 25 3005 M AR 1 7] SR T 3412
75 R TR A DT SR, SRR AN
Eer = E| + Vi Ey (1)

vi+vi=1 (2)
AP, Ee. Ev. Epfr iR % 28 JE RRET Y 25 30
i A REF TR v v
G350 2 25 AR B 7 LR B 2 s 3 4 1) 4 A AR FR
to T2 s PE it 0 MPa, #/AX (1) AT
fai A

Eer = veEf (3)

1.3 HF4HNE

% JE R EF 4E 3 5 5 5 BB 3 R i R R
T ) 2T o By e SR B Bay Fl1 Tucker™ 42 H ()
e N T i B T B S e S ES S = B N
FEER T £ 2 W n) 5K B o 5 09 U(E,  TET 4RI 5
HEMET, 24— BB AT S A AR A
FH A 2K 5 pole 15 3R FRAR £F 4 () B rm) , A&l 3 B
N, pIRIBAXWT .

Lumen

©

Homogenization

S

Lumen(v,)

Fiber(v)) Equivalent solid

-

2 MSRLFAR AL (a)(b) 25RRET4E SEM AT c) B2 I
CFAEE A R S B

Fig.2 Equivalent model of ramie fiber (a)(b) SEM images of ramie

fiber(c) ramie fiber with lumen equivalent to solid

A3

ol

3 £F4E

Fig. 3 Fiber orientation

p=(u,v,w)=(sinfcosyp,sinfsinyp,cosb) (4)
A, 6K p 5 3 A, JEHEZE (0,900, ¢
FoR pTE 12V B S 1A, B
J& (-180°, 180°),

X§ RVE H i) i A 25 4, 3Cra) tmT Rh S I rm) A
O Ry ()RR R, WIE] 7L pFl p+dp 2 8] 1)
L YERE A Y (p)dp, T RER A BBy (p)iE X



EEMRER

A9 5 BT 5K B ag O
aij = fpipjt/f (p)dp = fpip,-w(e) sin0d6d¢ (5)

Xt A A Y £ 4 B W) gk T DR AR
B

L 0 0
aj=| 0 A 0 (6)
0 0 A

HrPA++3=1, ¥4 =sin’bcos®p, Ar=sin’6sin’e,
A3 = cos?0P KR b 2 HY B 25 4 B = A ] 4
fin, Horp =M% n =44 5 A(1,0), B(0.5,0.5),
C(0.33,0.33) X 7 £F 4 B 1] (1Y) =AM ARZS . B ] 40 |
ST it #1143 A7 A2 [R] BEAIL 3 A5 o

0.5 B A A B_ .
' N T
04} \ Fiﬁs Ll
y N | —
0.3 }C \\ ——
" T
02 . Y c
o %
0 A *
), g

03 040506070809 1.0
A

Tl 4 £FYENR A = A F1=Ffi 35 ABC X R RILT RIS

Fig.4 Orientation triangle of fiber and corresponding states of its vertex

CT 14 2 R £F 4 ) 1 BE S 800 3R 1 B
FEVE ST UG A MR R IR e rh, SR 4 E A
T S S E T, 5O A R e 5 A P,
L pa) gk o 14 43 i A AL ECh 0.01, R EIIRRY
A R e, WA E P AT S
Av+Ap =1, SEBR VR S I RE (R 1) £F 2 L) 5K 1 A
Y Y8 B 7E 0.00-1.00 Z 8] .

F1 CTHAMRBERIRESM P E R LR EKESD
Eff. KENMEZRSHSH
Table1 Distribution parameters of orientation tensor
components, length and diameters of ramie fibers in the
ramie fiber reinforced composite from CT scanning

Parameters Max Min Mean
A1 1.00 0.00 0.83
A2 1.00 0.00 0.14
A3 0.92 0.00 0.03
L/pm 505 65 122
d/pm 86 3 20

Notes: A1, A2, A3-fiber orientation tensor components, L-fiber
length, d-fiber diameter

1.4 FHKER
W 1R dElie), 27 4R AR L X AR e R R 2 A

FHORFBPEBEQL AT BOR B , il 5 Avizo AR 1F
Bt CT $1 40 - Ge it RS RRET 4 i R (L) AR
(d) A fe RAE L we/MEL AP 29 BB 4n 3 1 P
PERRET HE AR H A AN 5 BT o

250
’.,.44LLLL’ 100
4’.

200 &
Q
_ 150 2
E 2
8w0 02
g
E
50 S

5 10 15 20 25
Fiber aspect ratio
Bl 5 ARRAFYERAR SR

Fig.5 Aspect ratio distribution of ramie fibers

1.5 RVE & RE#R

K i Digimat 3K 4 #4 8 14 9 Bl 789 5 iR 4 2T 2
W55 A MOBHY RVE A BROCHEAY RS 4T 2 34 i
A MORLRT LR H RRE 7 SOk M EE, P AR 4 43
BIM R 12 SR 2 fiR, RIH (PP) Y 3
B S8 PP AR PRI RL A SC 0 AR L, RVE R ik
BON2LX2LxAd(L-LF K ¥, a4 HAR)P, i
5 1 R 1 7 1] o

R2 BERAESRERENFEESH
Table 2 Mechanical properties of ramie fiber and
polypropylene in materials

Elastic modulus/ Density/ Poisson's
Components

MPa (gcm™)  Ratio
Ramie fiber 61 400 1.550 0.30
Polypropylene(PP) 790 0.904 0.42
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Table 3 Simulation experiment levels and factors

Factors
Level

A/wt% B/vol% C D
1 5 16 0.4 2
2 10 18 0.6 6
3 15 20 0.8 10
4 20 22 1.0 14

Notes: A - fiber content, B - lumen volume fraction, C - fiber
orientation tensor component 11, D - fiber aspect ratio
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modulus of ramie fiber reinforced composites

N Factors Evaluation metrics
o A/wt% B/vol% C D  Tensile Modulus/MPa
1 1 1 1 1 836.1
2 1 2 2 2 955.6
3 1 3 3 3 1 084.0
4 1 4 4 4 12347
5 2 1 2 3 1185.5
6 2 2 1 4 1131.7
7 2 3 4 1 991.1
8 2 4 3 2 1195.1
9 3 1 3 4 2149.3
10 3 2 4 3 2 255.0
11 3 3 1 2 1187.3
12 3 4 2 1 1070.1
13 4 1 4 2 2051.8
14 4 2 3 1 1191.0
15 4 3 2 4 2202.0
16 4 4 1 3 1426.8

Notes: A - code of fiber content, B - code of lumen volume fraction,
C - code of fiber orientation tensor component A;, D - code of fiber
aspect ratio, TM-tensile modulus
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Fig.8 Mean line chart for tensile modulus of ramie fiber reinforced

composites
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Table 5 Analysis of variance for tensile modulus of ramie
fiber reinforced composites

Factor Df SumSq MeanSq Fvalue Pvalue
A 3 1 537 406 512 469 4.127 0.137
B 3 211984 70661 0.569 0.673
C 3 481 388 160 463 1.292 0.419
D 3 921524 307175 2.474 0.238

fr2mA M5

Notes: Df - degree of freedom, Sum Sq - sum of squares, Mean
Sq - mean of squares
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Table 6 Errors between orthogonal experimental results and fitting results for tensile modulus of ramie fiber reinforced

composites
N Factors Tensile modulus/MPa
o x1/wt% x2 /vol% X3 X4 Fitting values Simulation values Error/%
1 5 16 0.4 2 841.1 836.1 0.59
2 5 18 0.6 6 955.0 955.6 -0.06
3 5 20 0.8 10 1 084.6 1 084.0 0.05
4 5 22 1.0 14 1229.7 1234.7 -0.40
5 10 16 0.6 10 1167.7 1185.5 -1.50
6 10 18 0.4 14 1135.3 1131.7 0.32
7 10 20 1.0 2 987.5 991.1 -0.36
8 10 22 0.8 6 1212.9 1195.1 1.49
9 15 16 0.8 14 2167.1 2149.3 0.83
10 15 18 1.0 10 2 258.6 2 255.0 0.16
11 15 20 04 6 1183.7 1187.3 -0.30
12 15 22 0.6 2 1052.3 1070.1 -1.67
13 20 16 1.0 6 2039.3 2051.8 -0.61
14 20 18 0.8 2 1207.1 1191.0 1.35
15 20 20 0.6 14 21859 2202.0 -0.73
16 20 22 0.4 10 1439.3 1426.8 0.88

Notes: x| - fiber content, x;— lumen volume fraction, x3 - fiber orientation tensor component 4, x4 - fiber aspect ratio
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