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Finite Element Analysis Through Mechanical Property Test and Elasto-plastic
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ABSTRACT

A study on mechanical property characterization and modeling technique was carried out to
approximate the behaviour of structures with 2.5D C/SiC material. Several tensile tests were
performed to analyze the behaviour characteristics of the 25D C/SiC material and elastic
property was characterized by applying a mathematical homogenization and a modified rule of
mixture. SiC matrix representing the elasto-plastic behavior approximates as a bilinear function.
Then the equivalent yield strength and equivalent plastic stiffness were calculated by
minimizing errors in experiment and approximation. RVE(Representative Volume Element)was
defined from the fiber and matrix configuration of 2.5D C/SiC and a process of calculating the
effective stiffness matrix by applying the modified rule of mixture to RVE was implemented in
the ABAQUS User-defined subroutine. Finite element analysis was performed by applying the
mechanical properties of fiber and matrix calculated based on the proposed process, and the
results were in good agreement with the experimental results.

P
JHu

AE FRHassHoz ZAEH] ¢

. 25D C/SIC MHA 7ﬂ5 EA4S 43171 8 A%
25D C/SICE FA =

Ae 24 999 AsS

Azt 57 A AARE

=
a3 WS Agstel REAYYRL

25D C/SICE A&3 7259 AT  71Ad &4 54
go} 2dgy 7o #gE AFE T35
AdEs FYA ZF?i.]'z—? w43 7Y !
Aol 71A9 8#48 EAES AYsat #4248 A
bilinear &2 ZAStY A& Ao o3& AL
A4kstAty., 18la 25D C/SiCe RVEE AHolsta +44
Al4bst= 342 ABAQUSS| User-defined subroutines 53
Aojd Afe 7R VAH EAES 83l F384E
SR Sg ERISHH T

E
h
R
2

Key Words : Mechanical Property Test(7] A% &4 A|3), Mathematical Homogenization(<+3}%]
#4d3}), Modified Rule of Mixture(d¥ <% % =3), Elasto-Plastic Behaviour(¥4:"
715), Effective Stiffness Matrix(f+&7+/3 8 &), Finite Element Analysis(f3F8.4 3f4])

t Received : June 9, 2020 Revised : August 13, 2020 Accepted : August 25, 2020
123 Researcher

® Corresponding author, E-mail : yeongwan@add.re kr

© 2020 The Korean Society for Aeronautical and Space Sciences



A - ol AT

rot
H
0
OH
Ho
ol
Ao
ot
al

664 oA - 4
.M £

C/SiC HE#A= 1,500°C ©]de 212 M=E =

S HZAEE HolH lﬁé@wo} et 5 FF

Bofol A fade w25, FxE dwol AxH),

g Ad el A& /\?‘Hi A7 sl A
I dTHL2]. C/SiIC EAE ©ARE ZHFs 74
stal SiICE ZEF el st AREHL A
azglEo) 78kt ol wet 2D, 25D 59 FH
2 et SiCE 3 sks WS CVI(Chemical
Vapor Infiltration), PIP(Polymer Infiltration Pyrolysis),
LSI(Liquid Silicon Infiltration) ‘:9] IRl don
g4 Aie SR/, AR Fu EE3 A A=
v Sof whe}l ) ]7(—]/“57(—1 ‘:'/Ho] 222 4+ It
[3]. sielell A= C/SIC &5 Il /‘]Z\-Eﬂzloﬂ =&
skl HlgA o] A &3 AFEo] SdsiA P H o
stou sdl= C/SiIC &AE MEsty A2 T2E
of A&stazt sh= AEol IFHI STt
TEES AASA TE FRAEE S8 A
Me A ZIAA/EA AR gE A4S Tt
3= Zo] =83t} Zhen Chene 3D needled
C/CSiC H3tAlol s ve &= oA 714
2 EANES PR oH[4], Xiex 3D UEH
C/CSiCe FAWEF HAf7 71AH EAA wA=
B A2 EA3HATHSE]. Kaiserv= LSIZ A
ZHe C/SIC &A ol thall Z1AA &4 Alde w3 st

4

3 v EAL B T6]. Lime 25D C/SiCE
Bayg & mY :LA} st daH S T AE

E DAt &4 REES sdsian7]. 19
v C/SiIC HdAl= &AE A&sts ol w2t 7]
AA/EZ B4l v27] Wil Azkd Ao &4
H/7NAH BEZE APHoz Tl Zo] dasith
T3 PMC(Polymer Matrix Composite)$t= THEA|
z ke EAS F A AEe AFske
Zo] golakA ot 73 Azl =z
[e)

2t %?7} 2 a3t
B AT AE 25D C/SiC A0 g

4 APe FASRAT 02 AFH
gl UEs BHe *s@—s}oq %7& A%

= A3 e

of Oi

-

u A% AP FY A
wasT. 22 A

=
Sotd wAH NS +HE BF

Kot to & b

o® iy oot of

o
Faatel A
=

& vlgo !

X

_llm
o?f:

Hgaiel A4} 7Ae) B4
25D C/SiC &Ae 71AE oF
UEt L glom &4 999 AsE
Asdt, DT 5 3% Sen &4 oo
S A4 4% ASE Bu ARG SRS
Hastete HaAs Abgste] g o3ttt 2.5D
C/sicel el FHSEHE Lol RVER Ao
il RVEE FA%te A< 71A ds) 4" &
T’Q“"i!a Agate] FEZAPEE AL A&
ZZ 738l ABAQUS?| User-defined subroutine<
B3l FAsIAT Add AAHES F3 Lol Aot
Al BAE Hgdd FHezdNe FUsy
AsHon a4 A% AY AnE vimele] B
Q7o B4 543 A4 A4 wel BRae
ghlstath

3}
&

At oS‘:’

ox Ok
tlo 38

W rulm

‘é

ok

oo

bilinear =

lﬂ

. = £

2.1 25D C/SiC &=M<9| T4

o] BAFE Aoz HM %7‘_}«] 75_
F7H@tH8]. 18]al CVISE PIP 39S A3t 2
g YRE SiCE AY 2AE AT A Fe
T-7009 &A1& AH&stArh Fig. 12 F77F 50mm
9l 25D C/SiCe CT &9 APRlE YERA Z o]
o} 0°9F 90° HWOE ! %Mé%% Afolol 45
ol A YE 2 A9 A
fe} SiC 1A & &0

IF [k to & O mx

2

90° Fiber

Needled punching

Fig. 1. CT image of the 2.5D C/SiC
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Fig. 2. Tensile Test Specimen Geometry
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Fig. 3. Load-Displacement Curve of 0° Tensile test

Table 1. Results of the 0° Tensile-Shear test
Specimen Modulus (GPa) | Strength (MPa)
1 60.6 140.1
2 51.2 76.3
Average 55.9 108.2

Table 2. Results of the £45° Tensile-Shear test

Specimen Modulus (GPa) | Strength (MPa)
1 48.8 65.5
2 26.4 50.0
3 245 59.6
Average 33.2 58.4
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Fig. 4. Load-Displacement Curve of £45°
Tensile-Shear test
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Fig. 5. 3 Point Bending Test Specimen



666 oA - A

400 . . . . . . v :

—— Specimen 1
—— Specimen 2
—— Specimen 3
——Specimen 4
—Specimen 5

200

Load (N)

100

0 1 I 1 I
0.0 0.1 0.2 0.3 0.4 0.5

Displacement (mm)

Fig. 6. Load-Displacement Curve of 3 Point
Bending test

Figure 62 33 w3 Alddl the sh5-H9 A=
oltt. W@ stz Wl ste-ve A=r A¥FH o
= Uehtn Qo s akEel wash 2 v
wa ok 00 e AAEA 3d w3 AEH
2ol A wFor dHHo] A&ae A=
#ol B4o] Ui H9/84 AFe Holw
oL]_ +45° H]—sz,] ol A A /\]34_1,]. 7Lo] 7];{]9]
o] UEpE AR B4 750 Yeht o,

A 32 mx

25D C/siCe &4 A% 544 Us 4= 3
b AN Aol el MAT gy 2 &
52 AAE F UIAVEE Bl A AsiER
=5 @9 AREEd VAVt & oA @9l
AfEEd] Aok 24 5 Ak =3 W=} 3
BN a2, agre] @A =EHEA A7t A=
@4 sol #wEH JIA Jhe F AL AfTol
sthtel o2 dASA UEhA fske o2 =
AR Q8 A =4 AY Adbe Az As)
I A AP AAE D7) GA dsk

2.3 2.5D C/sice

25D C/SiCe] Zg|Ee] TxEZRE RVE ©9&
[0°/Web/90°/Web]S A old 4 9t} o= nleto.

2N ENM3}

2 B ATl Fig 73 Z°] RVEES 3o 8
dHow wAststel FxAY Agste A4
Z‘]]?_Pﬁ]—jl;(}. ?l’l:} RVEQI %§7g-xég§_ ’EL@E]-B]—‘_
FH A SIC 71A ] HAF o] wE 2 rE
24 EAS bilinear 42 ZAEIETH o A
< X3 25D C/SIC A4S AEF T2E AA A

1

rl

SiC 7111«1 HAPAES 183 AAZH AsS =ZA
g 5 S Aot

FEZE Ade HdAe 4 AFSe dEdke
Afreh 71A1e] Z1AA E4e AeolaloF 5&11}. 24
ToAME 1A &85 0° "J%L/\WJ% +45° A-3
o AEe] A} o Fds) gl —’Fxé% =
2s T8 54N dae 89 84 A=
olal 7Al= A4 A=E JHHsian. dd /S

RVE Effective Stiffness

Fiber layer: Long Fiber + Matrix ‘ ﬂ

Web layer: Short Fiber + Matrix

Fig. 7. Effective Stiffness Modeling Concept

web$ TAFE AHE BrBgo 4u AL
Aeie THolER VA9 FUYF 5HH AR
A
2aae] By WAL A )T 2ol ey %
ATk A7A o e BgAe
o

Cou's AANE, o

oo

6; 9= [Cz:(}szk/].j'f'g,; =0 1)
v
: m V
Ciff = v Gt E 7 Ol

m s0,a moni s 0,a
“Un QJkl + Z ’UaC?ij + Z UaQ]kl
a=1 a=1

‘f
=|vmt 2,
a=1

Ny
— is
- EU(IQ/I\I+ QJkl
a=1

@
Q%+Z%Gﬂm”

e E PASE R
w9l ol WEH g
a3 Az d
RVE W] ¥3¥ 25 %‘%3}‘41 Mg F A
I FaRAseEe 2 ( .
A7 Ciffe ERAL fE H%E,V A
S, v,e 71A B3, o 460l WE NE A

F ezl W) SAE ona 4634 ot 4
#, e BRA, me A4, sk SRS Bag,

25D C/SiCe] F+Z+ balanced orthotropic lamina
S fAtstER A @) gol Am HEAR e

5ol g
Bt
380l

SH-HYE TAS Y FuEAS} A5 HIEAV 6
hlasy %—017@ = Aol i A @)k 22 A&
olAdxeo] AAANCZRE AY FAHLE AT 4 )
9. A7A S5 AREAL] HEo|dzolT
S5 AdaEAe HEetolddzolth 4 49 BA
SRE 0 AFANPOERE AY HEAG FU
Al APozHE =

543 44 ESb #45° AT

g A4 E45XE A @l tidstd 4 52 e

d g g 4 5)E Fa A" A" AL Sic
ot FFol 7HE A HEUEZR ol §

ARo= 7HA AT



M 48 # H 9 =, 2020. 9.

25D C/SiCo BEA Y 714

24 A% 924 2dYe - 667

1 1 (3)
S B’ Soo Ses G,
Vg Vo
Sia = 5y = = E

Sso = 2(28), +285, — 48, — Sy sin’0 cos’0

4 . 4
+5},~6(c0519+sm'19) )
1 4 2
el E45X7E(17V) ®)
0° 0’
Eexp VE’exp 0
{‘711} 1—12 1-1° €11
Ogo (= VEU” EO €99
T2 = —= 0 712/ 2 (6)
1—14 1=/
0 0 2G,
— (0,[C,+ [C1,) (e}
B ,
exp _ 0
= B 2 7)

2D balanced orthotropic laminategl B &g A
B s AR 258 sda b

ddE Atolol= 4 (6)o HAE TFEHA Aok 1L
g1 4 (e A 4 (7)% 7Elo1 Aol e

AT Aok A71A B = 0° JAZAE S T3
A% 24, Es O = A4 ARl Aee 7
&, 1.9 N, T 4 7129 Lame’s constant©| T}

B oATAE W VA way ASS
STk A4 Frrol A BASE
S BB ST 24 AL

Eﬂf‘fé%(eﬁ”)ﬂ 52 4 @ 2ol vy
F A4e A% senEe s

JownE dolzl $A-NE Aol

7 PEE 2ART ABEe LA Hans
> S

}%0}04 Tt Fig. 82 +45°

i ol _l}i

o o
)
B>
o
i

Lo 4§ oye

45X Uisx 4 X AX (8)
= ”( A)2 15X
A= ( -1€I5X + KX, 45)()_ 40X( 45)() ©)
= o, €, o \e,

approximation experimentation

70 T T T T T

60 |-

50

40 -

Stress, o*°x (MPa)

— Stress-Strain Curve

20 Plastic Stress-Strain Curve

0 I I I L I
0.000 0.001 0.002 0.003 0.004 0.005 0.006

Strain (£*x)

Fig. 8. Stress—Strain Curve of +45° Tensile-Shear
test

2

(5H(74;)( = / I’(B) dff,:jX: 0
© 7 (10)
_ 45X 5X 45X 45X( 45X
B=o"+ K* €, —0 (ep )

(5HK15X = / ][‘( Cv) d€;5X: 0
(11)

C= 4oX 45X + K45X( 45)() 45XO_45X( € X)
P

+45° W&o SN HY FE9 A H &F
oA 57F &
7t &8(0)e BAE A (12)% & l
k. 7)Aol A 11, 22, 12& 47 AEFHE
Adde vdepdth 57 A E(, H

SAAF AdAF BA 9 =5 AT A
7} HEYEZRE £45° o] W& %7} W3 s
o BAZE 4 (13)37 o] YErd
obf A 12+ AEHEAL HFTTFS UrE}ﬂdE}.

ot fo 1o 30 off &

1 4 —
011 =00 =Tig = 5‘740)(/ 0,= \/gT
12)
N U_p: \25045)(
1 45 — 1
Ty = GioYip = 9 — EP 45Xv €= WV
45X 40X _ 1
_E ( E 1 v ) 13)




668 oA - A

p sTP
§U45X:K;S 2 1— E4O);(27V) ) 45X
3 (14)
45X _ é ( _ E4)X(1*V) ) 45X
T E Al 28 |
]‘,—lﬁ)x
M dol ware e AvE BYLe T 4
2o FTF SPHL YeiE BHe AF
I e AE HAsste AAHES T HAES
astel 2T A6 PR 24 B2k 9
F AGAE G128 VATE T AF@H A%k
9] 3t5-He AE oAE FHAsee HAATHES
YA A LSt M HoR e =St
A& 53 A& 2432 Table 337 2t
24 FetAdN
241 Rete4Lnd
25D C/SiCE laminatedl] 7172 FZo|A T &5
< AR T 7IAVLES B TAEAES A EE
At Y AFE FASte Aol &oldtA etk
wEbA] AlErtt A dEjel FaEEo] detd
Aexg B AFoA = 0°/90° B Wekow wHAY
H Ad553% 9 & RVEE 31 FIEE O
g RVES] FaAAdE FHst=E REd™dsn 1
3 71A 9] L bilinear T ©AAN R

Z 30 ABAQUSS] User -
g8t FEFAS ALt
o B AFA 2 fFsadde HdA sEE
+ Fig. 99 #oh.
2.42 QAFAIH 5|4

ALk Aot 71A9 ZFdE AHEEt 0°/90 I
2 Al +45° QA AW AF M-S St
Aotd EA3 Hgor AzEd EAJo] Ax AHA
AsS ZABEEA &l 0°/90° 1 A9
ANg dl4 A= Fig 103 23l +45° AZ-Hd
Al Ag slA Axs Fig 119 2o sid 2
Ie= AFESE AAF] ZAEIL dS5S GAT = 9
o 0° 1 Al A A= skEol 2,200NS dof
ABEA StE-HS A= 7177 A HAsHE A

<= A Ao T A AFelM = A A

o |

Table 3. Material properties by characterization

Fiber Matrix
Et1 (GPa) 220.9 E (GPa) 28.9
E22=E33 (GPa) 17.9 oy (MPa) 41.2
G12=G13(GPa) 8.9 h (MPa) 5716.1

Load i

ABAQUS Solver

Composite Effective stiffness matrix from
ABAQUS
Fiber l/

Compute global stress & strain
{da}irs = [Cligplde}

| Compute stress for fiber o7, €7

Matrix

Yield function $>0?
(plastic deformation?)

Yes

Update increment of
internal variables

No

i

R position (Rule of Mi:
nc

@hivs = ) o40his + nlohn

y=

Residual < Tolerance?

Calculate 0, €,,

Compute Residual force
P )esiauat = (@F)o — [ B )iV

Check
Convergence

Fig. 9. Overall flow of the analysis in UMAT

4000 | —— Specimen 1
—— Specimen 2
— Simulation

3000

Load (N)

2000

1000

I I 1 1 I
0.00 0.02 0.04 0.06 0.08 0.10 0.12

Displacement (mm)

Fig. 10. Load-displacement Curve of 0° Tensile
test and simulation

2500 — 41— 11—

—— Specimen 1
—— Specimen 2
2000 - |—— Specimen 3
— Simulation

1500

Load (N)

1000 -

500

0 I I I I I I I I
0.00 0.02 0.04 0.06 0.08 0.10 0.12 0.14 0.16 0.18

Displacement (mm)

Fig. 11. Load-Displacement Curve of £45°
Tensile-Shear test and simulation

FAE fASHL AT o= 71X 24 Ae B
% A 8] stEel disiAe
717 e Qo] AAEE A YERGA o FA

= o] Whg= i Ut} I al +45°



M 48 H ®M 93, 2020.9. 25D G/SiCn BFAL JAH B ANFH gai 2dPE - 669
A Al A Ade dhsol oF 1,220NS dofA D T —
AA stE-#He A5 71&7]7F Heta Jow AlF _
Ane FA9 A2 71277t 5o WS "~ pecimenz
3 Sith 450 QY ARL 71He] Aol Azl | Srecimens
AFol1 dE- MY Axol ALz |y HIE _ ———Specimen 5
bilinear 2 BAFSI7| s AV Y= AoE B % ol —— Simulation
o}, S
Figure 12+ 0°/90° AT +45° AT A
A9 0.06mm A A Aok 71Ae &Y A3 4001
= yehd Aolth 0°/90° AFAIHL A, 71A —g—
o] TF gage length WolA LA3HA UrE}‘/}—l— A . | . . .
T} #45° QA AT A|HLE 7|7 &£8HL& gage length 0.0 0.1 0.2 03 04 05

oA dAsA JeElAT dH 8-S +45° B
I -45° IS HE AL FAT 5 Ut 7R
o &8 FFL& 0°/90° ‘Ll%/\l%iﬂr +45° Q1A FH o]
7¥7} 36MPa® 349MPaZ FAMSHAl JERT QT
A 8 52 WIdAddd ue AolE Hola
9,1:@1 0° ASE ¢F 260MPa, 90° A= 20.9MPa,
+45° AH= 4 6OMPaE ERtT),

OJJ AEL B4 EAFO Agd AdAFgol=

= AHY AFe A DASE Ao B 2
Wt B4 548 Bgol AaeA FAs

7 AL E4st] HAgd AP A o9l T
=8| o@ AW a4 Ase wasor gk,
243 28 NE A

=
A" Aeot 7)Ao AAHS AHLES 37 Z3
Al EA S etk Fig. 132 3% w3 A9
A A Ax FE-HY Axojth A A=

0°/90° Tensile specimen

0° Fiber Stress

90° Fiber Stress

Matrix Stress

Displacement (mm)

Fig. 13. Load-Displacement Curve of 3 Point
Bending test and simulation

Aol =7 AL itk Ty W
7} oF 0.25mm A AEE Ao a9 MEs A
P2 S YehaL oy iAo -9 A
= 7ol tha Atk

ol MMl Z1A ] ARG AFToE QA A
Aol 0° JIFAPANMNE FLdTF AR
Yebta 9tk Fig. 14+ W9 03mm7t 28319
) 33 =3 A AR 1A &8 dHE

w3 ATeE i THES %‘— Ao

Al el aRe A §Eo] Uehvda ZAEE
Sgo] e Ao Aol deo] B ¥
ol 950MPa7}A| A3t o 7|z §Y
69MPa <=°|tt.

RS 7

e h)

+45° Tensile-shear specimen

+45° Fiber Stress

-45° Fiber Stress

Matrix Stress

. Stress State of the 0° Tensile Specimen (left) and £45° Tensile-Shear Specimen (right)



670

S

o
e
rot

SYToFK

0° Fiber Stress

EEEEEEENE SRS R E AN
S SR ARA NN AREERD

AREEEH 90° Fiber Stress
e S EASMANAWSHuR}

Matrix Stress

RERaaZEEEE D 1

Fig. 14. Stress State of the 3 Point Bending

Specimen
m. 2 =2
B A AE 25D C/SIC &A0 g 71A4 &=
ANEH ey gdg AA P 89 = HE

=
Hgs 24 mudys

A 71 3k dHe
4o Atttk $318 F93 Y3 RVE We)
Eo] A= 7HEE T3 Y EFHA
Aesel REFFARE Aolst Y AsE
gale] Aaet 71Ae AE 84 AFES HsY
o 282 7)1R9 8A2A4 ASES bi- lmear =

2 otle (B oo ox
ol Xl

2asta AR e Asses Ha AW
Agatel 57 #B $HN 57 24 AHS B
83 olE %3 RVES #EZHILL ABAQUSS)

User-defined subroutineS 83t Atstgch &
=EolA A AAHE B3 AEE A 71AY
NAX EAZS wrEste] 0°/90° AZAI A +45° U
-t Ao s ftsasAds s A3 Al

GstATh webA B AFoA Aljbste 71AA
4 BEAdstet 49 &% %‘Z‘ g3 B4 =2d
g 719& 53 25D C/SiCE A 83 7+xE9 A%
E4e HAsA A 5 3

dol o309 ATL F DAL YL AASA
o 2g3 4 An ded sEde 4o W
of e $8 S4e & Uehha YUtk B4 54
st g5 e 31 79 AR O FU
AAA B4 mdgow faasdie @ A
AE Adel aE-Hsl AES 2 2AsT A8

=

q

References

1) Francois, B., Celine, Z., Thierry, P. and Florent

G., “Development and flight qualification of the
C-5iC thermal protection systems for the IXV,” Acta
Astronautica, Vol. 124, February 2016, pp. 85~89.

2) Francois, B., Thierry, P. and Renaud B., “IXV
Thermal Protection System Post-Flight Preliminary
analysis,” 7" European Conference for Aeronautics and
Space Sciences, June 2017.

3) Bernhard, H., “Carbon Fibre Reinforced SiC
Materials based on Melt Infiltration,” Proceedings of
the 6" International Conference on High Temperature
Ceramic Matrix Composites, 2007.

4) Zhen, C., Guodong, F., Junbo, X. and Jun, L,
“Experimental study of high-temperature tensile
of 3D needled C/CSiC
composites,” Material Science & Engineering A, Vol.
654, December 2016, pp. 271~277.

5) Junbo, X., Jun, L, Guodong, F. and Zhen, C,
“Effect of needling parameters on the effective
properties of 3D needled C/C-SiC composites,”
Composites Science and Technology, Vol. 117, June
2015, pp. 69~77.

6) Kaiser, C., Weihs, H., Wittke, H. and Obst,
A., “Failure Criteria for Non-Metallic Materials-Part
II: Ceramic Matrix Composites,” Proceedings of the
11" Europeans Conference on Compasite Materials,
May 2004.

7) Lim, H. J, Choi, H. I, Lee, M. J. and Yun,
G. J., “Elasto-plastic damage modeling and charact-

mechanical properties

erization of 3D needle-punched Cf/SiCm composite
materials”, Ceramics International, Vol. 46, March
2020, pp. 16918~16931.

8) Yoon, B. I, Kim, M. J,, Kim, J. S.,, Kwon, H.
S. T. and Kim, J. I, “Study on
Improvement of Mechanical Property, Oxidation

J.,  Youn,

and Erosion Resistance of SiC Matrix Ceramic
Composites Reinforced by Hybrid Fabric Composed
of SiC and Carbon Fiber,” Compuosite Research, Vol.
32, No. 3, June 2019, pp. 148~157.

9) Gibson, R. F. Principles of Composite
Material Mechanics, 1st Ed., McGraw-Hill,
York, 1994, pp. 34~55.

New



