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Abstract

In this paper, a multi-scale finite element (FE) modeling methodology for three-dimensional (3D) needle-punched (NP) C/SiC with a
complex microstructure is presented. The variations of the material properties induced by the needle-punching process and complex
geometrical features could pose challenges when estimating the material behavior. For considering these features of composites, a 3D
microscopic FE approach is introduced based on micro-CT technology to produce a 3D high fidelity FE model. The image processing
techniques of micro-CT are utilized to generate discrete-gray images and reconstruct the high fidelity model. Furthermore, a subcell modeling
technique is developed for the 3D NP C/SiC based on the high fidelity FE model to expand to the macro-scale structural problem. A numerical
homogenization approach under periodic boundary conditions (PBCs) is employed to estimate the equivalent behavior of the high fidelity
model and effective properties of subcell components, considering geometry continuity effects. For verification, proposed models compare
excellently with experimental results for the mechanical behavior of tensile, shear, and bending under static loading conditions.
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1. M 2 3218} = "S- CVI(Chemical Vapor Infiltration), PIP(Polymer
Infiltration Pyrolysis), LSI(Liquid Silicon Infiltration) 52] -
Needle-punched(NP) EgHAi 2= 93t 422 &4 9 Ho] Qlrt. o] & uigro 2 A E NP C/SiC B34l A4S
2ol 2 7], s, LEal ARsA Akl o]27] dulo] A AEle] AL gron, B4 EAsIHE A1E0]
747 Thorat Hofol 4 ALGEITL Utk 0990°0] ZHES FRAE  shuralA) W QAT S 0] Sat Aol e,
A5 Aboof AL E oA ARES FIRF S A S(SFW: 22 9 | Zol Ae7s) Balkx 2o st ol Sl
Short-fiber web)-&- 7-/d 51 needle-punching 2%} Ffl 7]& A=) Qlch E3|, o) 4 4 2 A(RVE: Representative Volume
A3 BN R R FA ke 5482 S 4= 9l Element)S 2] A4 3}o] §-3FQ A(FE: Finite Element) 3} 4]
t}. o] 23t HA & preform- C/SiCH} C/C FatA| = ol Eol al., 2018; Jeong, 2018; 2019), 1] A5}t o] &
AR E T, 7|22 o T4 2 preforme -/ SkaL 7)Ao 3 & o] 4310 B3R T A7t A= Q1T Lim er al., 2020b).
Foh= C 32 SiCE preform Wof| FHRIA[A A&kt 712 & 3} A| 9k, NP &34l &+ needle-punching®] &J3F E3ta) & 9]

1 Corresponding author:
Tel: +82-2-880-8302; E-mail: gunjin.yun@snu.ac.kr
Received December 14 2020; Revised January 29 2021;
Accepted January 30 2021
©2021 by Computational Structural Engineering Institute of Korea

This is an Open-Access article distributed under the terms of the Creative
Commons Attribution Non-Commercial License(http://creativecommons.
org/licenses/by-nc/3.0) which permits unrestricted non-commercial use,
distribution, and reproduction in any medium, provided the original work is
properly cited.

MR EZEE =23 HM343 M15(2021.2) 51



RELELL

o

53 UE W3] O/8iC 23R WE| AAY

A BAL ool T A so] 21T 1A gtk
1@%55¥deq%%ﬂqwﬂMEEﬂ%ﬁwLi
£(2013)2 %02 NP B3| 2o RVE 68 w9]5t0] 2
S = A 4385t T E£3HH])(ROM: Rule of Mlxture),—‘;—'_—
o] g5t 7R dS EUATE, RVEC| NP Bt =.o] -5
ApAJs] s Sotel AR Asiel 2ol Helek oS A
O Xie E(2015)2 NP B R.0] o 7] EXS dlolslo] 42
R RVES 75310] 42}0] 571249 g o 8519
t}. g date 7|20 wp R e A7E 9L 4 A
uk needle-punching©]] 2]3F =42 A %2 ulels}r] o] itk
NP B3| 7 9] u] A5 Bt 2 383)7| 938} 2| micro-
CT(Computed Tomography)E ©|-83}o] B35 2ag-S
£=333}a1 91tk Wan 51(2019)-2 micro-CT %}0‘3 2 =3} needle-
punchingo]] 2]t A-§-chdro] ARS8 310151911 o| & SV 1HEA
Alitol] B85}tk 712 Yu $(2017)2 NP O/C EFA =S
iAo 2 o|u|z] ZZ2A|A)E 0]-83}¢] meso-scale RVES 15
3h9ich micro-CT o] m| 4 & nfgho 2 A4 2] 722 1 A5}
Qoo Balye #Aste B4 S/HEAS d2etqr o
o7}, Lim $5(2020a)-2 micro-CTE

=
3= A= dle LAJSFY o1, NP C/SiC B3k 2] vjAlg
715718 W 34qre] Aake v T mlee Ssiel

o, AgE mele] S ZakE cheyat 2] e, A%,
UF, A, WS O B 43 LS

s o

(¢}

and Kikuchi, 1995; Fish and Yu, 2001; Doghn and Ouaar, 2003).
whebA] 2 Atoll A= o] # 3t BA& S-531aL 4} Subeell HLH
B A=A NP C/fSiC B3| & o] B4H4S st
Al 3| A v]-8-& A3k WS AlAIZE Subcell modeling
2 micro-CT 7] &2 0]-83}Fo] ¥-2 high fidelity model-S H}&H
o Ec) Eok Bk R WEAAY S48 A A
HFAZIHL o] 2314, A2 RVEY]| 7|4 AZAPBC:
Periodic Boundary Condition)-& A|3}3}0] A& B4 AAlst
o} At HHl = o] Bl S S5 Hel A, e A
23tete] Bl alE §3}o] high fidelity L& HS= 3T
] Utol7} high fidelity model-S HFEFO 2 JLAJ % subcell 128
= g dAd sl Aot e Aas vasto] AQHE 2
Toll A ARt HEl A Y s A 71 o] BfdAd S gkl

2. NP C/SiC 2&xiZ High fidelity FE E&! Tt

o] AZFof| A= NP C/SiC E-3} 4 &2 micro-CT 0| 1] x| = &

52 eFXMTRIES =2 M4 HM15(2021.2)

0 A4

3}o] high fidelity model 7j4HS- $J3F o|u]z] T2 A4 7]H o]
gt 270 SkaLst gk

2.INP C/SiC B3 Al & 74

NP C/SiC B¢ 2= Ad-3-2F T4 -7 A(SFW: Short-fiber

web)2 [0°/ SFW/90° / SFW); 2.2 A &3l B3| & preform

& FABFAL = 2H3FS] needle-punching S F-51¢] SFW Q] ot
HHE SAFOR B4AA 712 AFRAYR) B
7o) v S Hegheh I o5 2 CVI 52 PIP 37
< 0]-8-3}%] preform WH-E SiCZ 2| ] B3A| 25 A 2F3hct.
2 Aol A= Bl Aol T-700& ARE-5HR 2™, micro-CT
2942 Bol BT At Fig. 13} 2ol AFTEE M=
ghe] o] 72 shelat 4 olck.

Micro-CT= ZEISS Xradia 520 VersaS £-3f 100kVe] 27114

A2 20:20-Sm 2710] A golic Fig 1] o
u] x| o] A grayscale= HFE 2.2 NP C/SiC A7 2] 12

QI = ek X&F Yk o® A= 9% ﬁlammae)
o ate| = A A ek A= 714 o vl & YE=E 7HA AL
U7] wixzol] o 72 Mo s Eh A 5 Abeloll SFW
5ol lem, SFWS +495kar Q= o] Y=rt A ¢
oF th 72 SiC 7] A1 &2 A A Qo] BF-2 M 9 grayscale = L}E}
Ul At} E5F Needle-punching ©. 2 Q1% X = A -G-0] =
(Undulation)Z o]u] 2| & 53l &215 4= Ut

2.2 Micro-CT o] u] 2] Z2A]A]

58l NP C/SiC H3FA =.o] n] a7 9
13k /E:‘?r A 7IA)E ARA o HH5H]
Qe A= olu| A ZEALS T3 B R 24 g a8

Fig. 1 3D microstructure of NP C/SiC laminate composites
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Table 1 Grayscale value of NP C/SiC constituents

NP C/SiC constituents Grayscale value(0~1)
X-direction fiber 0.4
Y-direction fiber 0.8
Z-direction fiber 0.2
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Fig. 4 Flowchart of image processing
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Table 2 Calibrated material properties of NP C/SiC
composites(unit: GPa)

E E, =K G, =Gy
Fiber 220.9 17.9 8.9

E
Matrix 28.9

8§, Mises

(Avg: 75%)
+1.076e+03
+9.890e+02
+9.017e+02
+8.144e+02
+7.271e+02
+6.399e+02
+3.526e+02
+4.653e+02
+3.780e+02
+2.907e+02
+2.034e+02
+1.162e+02
+2.887e+01

(a) Tensile simulation at room temperature

5, Mises

(Avg: 75%)
+9.842e+01
+9.392e+01
+8.942e+01
+8.493e+01
+8.043e+01
+7.5393e+01
+7.144e+01
+6.694e+01
+6.244e+01
+5.795e+01
+3.345e+01
+4.895e+01
+4.446e+01

Y
z
‘Lv X
(b) Shear simulation at room temperature

Fig.7 Stress contours of 3D high fidelity FE model(a: tensile, b: shear)
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composites

BE s 4= 31tk Subcell Bi= 4, 7] 4], SFW, NP {15 =
g}slal 9 om, Subcell A= 4G, 7] SFWHEC 2 JLAJ o]
Qltt o] & vt o2 1 nd2 Fig 113 gor & 37
9] Subcell 2 NP C/SiC E& A 25 23 a <= Qi

3.2 Subcell 5724 AA

Subcell 22 &-& 53} macro-scale -2 342 =345}17] ¢
3|41 2} subcell 9] F7HEAS A dH= s}
T-ol| A= 4=2] 2] 8 SHnumerical homogenization) S %-3f 2}
subeell®] 5712418 AT ¢4 o AN T3 3D
high fidelity FE &5 v O = 7} 9] of| tff-3-5}+= subcell 2]
S7HEAE 517) 918l A9 A Hat3HLocal average scheme)
£ ol-&3to] 7} subcell 9] S7HE/ S wHefslitt 57t
243 7o}-2 913 high fidelity 29] th2(single- layer) & o]
-8-5Fo] subcell 29-& -/ 3F 0., o] = Fig. 129] 42| =]
gt} Subcell 292 507} 2] Subcell A, 507] 2] Subcell BE &
100711 2] subcell 2 Z 2 NP 4J-3-2] -3-F-of) wha} LA = o] Qi)

Zol 2

l‘
e

d

56 e=FXMTERIESE =2 M34E M15(2021.2)

5t Q 2aa

i}

3D high fidelity FE X2l o] A subcell &l &-2- =35 of],
1A% subcell mhe} 23] FURT P42 7HAIL e A
oF]7] wol) $17]0] w2 subeelle] £ Afo]} xio] A
Qitt. wf2bA] Zh subcell®] AT} 32 S|AEIPO R FH
of Wk FHIN Ao A2} Y EE Tk
24 S| A 1} T2 s)A ZF Ale] S71EA AARS o) 7]
A Z7A 2] T 3D high fidelity FE H. 2l o]] 61&F0] T EH 3
(unit strain)<& A|5Fs}o] W AS}S =fRIT) of 7] 4], AubAQl
Aglel= T2 zF Ao] 271gkE 2|9 &] HtSl(local average
scheme)S 428310 7} subcell 52 S71HE4S AFESHT) o]
= &l AATRE 2t Subeell 9] X, Y, Z5 R A4
£2 Fig. 139] b i,

Qe oflis 7 Rao) BT EEUA} e 9l
k. Subcell—‘ﬂ oo weh Z3 NP A ol o3t &4 HaE o
F 4= Qlth Z& NP A 8= EZ35131 l= Subceell BojA] Z
E4J0o] Subcell ART} E=to ], o9} Hi| &2 X&

8-9] Z=H(undulation) . 2 Q13| A H7 1= ¢ich
H}E}O &2 subcell©] high fidelity 2 d Q] o] AL

=
=
o =
38 A R otk 22 313 5 gtk

E/K‘]

—_—

- Subcell A
- Subcell B

High fidelity model Subcell model

Fig. 12 Single-layer subcell model corresponding to the 3D high
fidelity FE model

Subcell 4 | E x Subcell B

E=51319MPa o = 85637MPa E = 49851MPa , o = 10692MPa

Subcell B |

Subcell A L E

E = 18686MPa , o = 641MPa E = 18433MPu T= ﬁBBMPu

. E, Subcell A . E,

.S‘llbceﬂ B

E=1839 .o = 692MPa E=2

Fig. 13 Probabilistic distribution of elastic moduli in each direction
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