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Application of composite materials
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Overview

1. Types of failure modeling techniques (Two)
2. Missing strain energy — ‘Interaction Energy’
3. FEA model

4. Results of three parametric studies

5. Conclusions
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Mesomodeling

= Considers lamina layers (plies) as building
blocks of laminates

= Use volume average lamina quantities
(stresses & strains) to predict failure

= Examples Maximum stress/strain, Tsai-Wu,
Tsai-Hill, Hashin etc.

= Failure prediction remains inadequate

Do lamina quantities capture the
true stress/strain state in a constituent ?
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Volume average constituent stresses

Fibers
0y, = 46.005 MPa

022 = 40 MPa 0y, = —7.892 MPa
033 = —2.321 MPa
Composite Lamina .
011 =0 MPa PR
033 =0 MPa
Matrix
A 05, = 31.178 MPa
L, [ 0y, = 11.593 MPa
‘ 033 = 3.410 MPa
Oy = 40 MPa

A,
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R R . . (
Multiscale micromechanical modeling

= Use average constituent
guantities to predict failure  Lamina

= Can predict the response of the
entire composite using just
constituent properties

y Tcm
=  World Wide Failure Exercise —
Chamis, Mayes and Huang O RCEELELY
Constituent quantities do not o .
m

COMPLETELY represent the true
stress/state in the constituent

Matrix
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Stress and strain fluctuations

Homogeneous material Composite material

S, Mises (MPa)
(Avg: 75%)

Bl +8.566e+00

B +5.469e+00
Il +2.371e+00

Non-
homogeneous

stress field
Homogeneous

stress field
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Strain energy comparison
U= >0, ¢SV,
=70 & Y
_ 1 _f_.f _1

U > Us + Up,

U= (Us+Up)+AU

oL

where AU is the missing energy.
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Interaction energy

_ 1 _f_f

AU = @:Vp + @,

where AU is the ‘Interaction Energy’.
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Interaction energy

Lfsiaf
q)f:Ej ij dV lj eV
2
Vi
~f~f 1
.[C”klg” £q AV E\}[ IJklng gkl

Assuming transverse isotropy and expanding
inij,kand, lyields
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Expression for Interaction energy

| Cil(aiFpron(Ef ) ci(aF ) rach(al ) r2ok @l a4)

D, =
2 2C2f3<52f2'Esf3>+clf2<(}71£)2>+C1f3<(171f3)Z>+C2f3<(772f3)z>

. cf;<(§;; )2>+c;"2<(§;;)2>+c3f3<(5;g)z>+zc;g<glrg Ep)+2ch(5]-55)+

2 ez 5;;)+c1";<(’y'f2)2>+C{2<(7£)2>+C£“3<(7zms)z>

m=

AU - (Dfo +cDme

How does it depend on fiber volume fraction , properties of the materials
or applied load state?
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FEA model

= Representative Volume Element
(RVE) with hexagonal fiber packing.

= Fiber material - Carbon
Fiber

Three parametric studies:

1. Fiber VF varied from 0.05 to 0.85

2. Matrix modulus varied as function Matrix
of fiber modulus 2
3. Five types of biaxial loads 3‘-1
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Effect of fiber volume fraction on interaction energy

0.7
« Matrix modulus 1% (2.35 GPa) Varlatlf)n of interaction energy AU)
with fiber volume fraction
= Strongly dependent on the 05| : %ZEZigﬁiéi
loading <« Shear—12
m Shear—23
= 0.4
* Maximum for shear-12 & > P
negligible for tension-11 = 03 p—H22% Ch) < “
< |
|
. |
* For VF 0.6 AU is about 30% for 0.2t <
< 14,56 %
shear-12. 5%, : P
Why does AU vary with 0 M "

0 01 02 03 04 05 0.6 07 08 09

Fiber Volume Fraction
- L rese—
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fiber VF and load case ?

. . . (14/25)
A closer look at the expression for interaction energy

= Material inhomogeneity increases and decreases with fiber VF

1 C11<(511)2> + C22<(522)2> + C33<(533)2> +2C15(811 £20) + 2C1a(En1 - €33) +

2 2Cza<§22 : 533> + C12<(7712)2> + C13<(3713)2> + Cz3<(7723)2>

» d=f(&)=f(F and AU = ©;V; + @V,

"So AU=f(&=f(6)

Q1 : Negligible /6 in Tension-11 Q2 : Maximum &/& in Shear-12

5 \ = s ec—
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Distribution of stress with load case for fiber VF 0.6

S,S11 (MPa) S, $12 (MPa)
(Avg: 75%) (Avg: 75%)
+2.350e+02 +4.366e+00
| +1.962e+02 - +3.661e400
+1.768e+02 +3.308e+00
e +Hg§e+3% — +%'g§?e+88 9% : ';."
+1. e+ +2. e+ o8y Sa gy
© 19937e+01 H +1.898e+00 RS Y
+6.054e+01 +1.193e+00 e LA
. +4.116e+01 . +8.405e-01
+2.399e+00 +1.354e-01
Homogeneous Non-homogeneous

stress field
in the constituents

stress fields
in the constituents

7 "# e
{ RO A
R A
W
Lo

AU in Tension-11 is negligible AU in Shear-12 is about 30%
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Interaction energy in tension-22 and shear-23 e/zs)

0.7 300
Variation of interaction energy (AU) Distribution of strain
06 | with fiber volume fraction , in the composite
250 1
® Tension-11 *2&:11:5
05} # Tension—22 -#Tension-22
« Shear—12 200 4
m Shear—23 =
o 04 £ Fiber
=) <4« = 150 1
< 03 < « <4 ,2
3t < 2
< |
P 100 1
0.2 1 < < Matrix
4« o mpEEEg_ | P NPTy T N
| < P 50 |
01f gis* L i
4agt®’ i g
e e oL :
0 01 02 03 04 05 06 07 08 09 0 0.005;0.01 0.015 0.02 0.025 0.03 0.035 (0.04
. . Strain
Fiber volume fraction
-
e S
- s E—
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Effect of material properties on interaction energy
0.7 —— — o
Variation of AU with matrix
0.6l modulus for tension-22
A VF0.05
05 ® VF0.25 |
- ® VF 0.60
u VF 0.85
0.4 'y
% e® o® .
3 ®
0.3} e®
... (] ]
[ ] gan n®
T et
- ]
Ezzmatrix = 5% E 11fiher 0.1 » .:: u " 8 1
Eg,.. . =11.75GPa !:: AAAAAAAAAAAAAAAAAAL
— A \ , : ,
E22p,, = 14.00 GPa 0005 02 04 06 08 1 12
. N Em/El 1 fiber
Interaction Energy is minimum
- S = s B ]
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Effect of material properties on interaction energy
-
0.5 . . . . .
Variation of AU with matrix
045 modulus for shear-12
0.4
s
035 ® VF 0.60
. ® VF 0.85
o}
I S 025
<
> 0.2
-
015} ®
E 22 paerie = 30% E11m,e, =11.75GPa ol
» . . e® ) [ ]
Gy . =26.31GPa 0054 & ....I....
matrix ‘A ‘ ad L
G 12, = 28.00 GPa o [2aly 200 fRidiiananad
0 020304 06 08 1 1.2

Interaction Energy is minimum E vEl 1 fiber
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Effect of biaxial loading on interaction energy

= Five types of biaxial loads
were considered

" 033 — 033
" 012 — O
" 012 — 033
" 012~ 013
" 033 — 022

= Biaxial load represented by
radius of circle

= @ isvaried from 0 ° to 180°

(19/25)
A O, = G-C0sh
o, = G-5ind
On|l o© :
- (I -
G,
\
e ———————

oL

%
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Effect of transverse biaxial loading on interaction energy

S, Mises

(Avg: 75%)
+1.680e+01
+1.554e+01
+1.429e+01
+1.303e+01
+1.177e+01
+1.052e+01
+9.259%e+00
+8.002e+00
+6.745e+00
+5.488e+00
+4.232e+00
+2.975e+00
+1.718e+00

0.125

0.1

0.075

AU/U

0.05

0.025

Variation of interaction energy for
transverse biaxial load

0° 45° 90° 135° 180°

6=tan"! (6)/033)
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Effect of biaxial loading on interaction energy

0.8 : : .
" Ep=1702%E; = Variation of AU with 0
4.0 GPa 0.7 oo oo
an” (0)/022
0.6

A tan! (0),/053)
* For g;, — 013 interaction 0.5 ® tan! (675/033)

H * tan”! (653/G,5)
energy is constant 23922
&Y 0.4 ¢ tan”! (05/0,3)

AU/U

= For oy, — 033 interaction
energy is minimum at 45°
and peaks at 135°

= For remaining three cases
interaction energy is
maximum at an angle of 90°
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Major contributor to interaction energy
1.5 ; . . . . . . .
Variation of matrix contribution to AU
1251 w.r.t fiber volume fraction
s 1 lIiiili]]:::;“‘4‘
£ i 8 [ ]
:LE a °
a 0.75F L
\E [}
RN
£
S 05
® Tension—11
: Eﬁnsmrﬁzz
L ear—
0.25 m Shear—23
0 n n n " n " " n
0 01 02 03 04 05 {06 07 08 09
Fiber volume fraction
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Stress plot of a real microstructure for load case shear-23

S, Mises

(Avg

2

: 75%)

+1.446e+02
+1.333e+02
+1.221e+02
+1.108e+02
+9.952e+01
+8.825e+01
+7.698e+01
+6.571e+01
+5.444e+01
+4.317e+01
+3.190e+01
+2.063e+01
+9.360e+00

o

R ————————
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Interaction energy of a real microstructure

Missing energy

Tension-11

Tension -22

Tension - 33

Shear-12
Shear-13
Shear-23

4.043e-5
0.144
0.154
0.365
0.370
0.168

R ————————
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Conclusions

* Interaction energy is in the range
of 30-40% for shear loading.

* All this interaction energy is due to the
matrix

* Need to augment only the matrix
failure theory with this energy
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Thank You.
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Effect of material properties on interaction energy

0.7 v v . - v
Variation of AU with matrix
0.6 modulus for shear-23
4 VF 0.05
0.5 * VF 0.25
@ VF 0.60
2 2 m VF 0.85
_ 0.4 o
= e®® ®
3 1 3 < °
0.3 ®® °
[ ]
° [ ]
[ ] *
0.2 °® ‘***#:::=I=I'
— — * u
Ezzmatrix =5%E fiber — 11.756Pa . e . * ¥ ol ML m®
0.1 ]
623mam'x=4'386Pa Li AAAA‘AAAAAAAAAAAAAAA
G 23, = 5.60 GPa : :
fiber 00.05 0.2 0.4 0.8 1 1.2
E
Interaction Energy is minimum Em/E1 1 fiber
- = ~ ST e ]
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Material properties

Volume fraction Matrix modulus Biaxial
variation variation loading
Material Fiber Matrix Matrix Matrix
Material Transversely Isotropic Isotropic Isotropic
type isotropic
E{1(GPa) 235.0 0.01E;; (2.35) 0.01E;; to 1.2E4 4.0
E,, (GPa) 14.0 0.01E44 (2.35) 0.01E;; to 1.2E;4 4.0
G1,(GPa) 28.0 0.8769 Varies with matrix 1.493
modulus
V12 0.2 0.34 0.34 0.34
Va3 0.25 0.34 0.34 0.34
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Material properties of the real microstructure

Fiber Matrix

Material Transversely Isotropic
type isotropic
E{11(GPa) 210.9 2.723 (1.29% E14)
E,; (GPa) 16.95 2.723 (1.29% E44)
G12(GPa) 18.09 0.8769
V12 0.247 0.323
Va3 0.197 0.323
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Matrix failure theory

Bt{lt}z + Bs1l51 + Boplsp =1

Where

022, t 033, + \/(Uzzm + Ussm)z - 4(022m‘733m + Uzzmz)

2

I, =

» The {} denote Macaulay

2 brackets.

» The values of B; are
determined from three
composite static failure
tests: transverse tension,
transverse compression,
and in-plane shear.

_ 2
Is1 = 012, + 013,

1 2
Is; = z (Uzzm - 033m) + 023,

1. A COMPUTATIONALLY EFFICIENT METHOD FOR MULTISCALE MODELING OF COMPOSITE MATERIALS: EXTENDING MULTICONTINUUM THEORY TO COMPLEX 3D COMPOSITES, Ray S. Fertig, i, Firehole

Technologies.
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