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What are composites ?

Heterogeneous mixtures of two or

more homogeneous phases
This work focuses on unidirectional ) /

fiber reinforced polymers Lamina
+
Fibers are embedded in a polymer
matrix to obtain a lamina _ \/
Fibers — strength La \/
Matrix — provides stability & +
transmits load among fibers
Laminae are stacked together to form @‘
laminates Lamina
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Where are they used ?

Composites are widely used in various
industries

Popular in aerospace, wind energy
sector, automobile & recreation etc.

Have high specific stiffness, high
specific strengths etc.

Tailor their material properties
according to needs of end product

Increase strength, reduce weight and
costs

Do composite materials fail ?

oL

Boeing 787

Carbon
composite
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Failure of composites

' !
-

Blade!

Pressure vessel*

Lhttp:/A ine.org/node/2734
2.http://www.yachtsurvey.com/composite_troubles_in_aircraft.htm
3.http://blog.tennishub.com/blog

s

Rudder? Tennis racket®

Bike frame®

4.http://www.immt.pwr.wroc.pl/~gasior/Researches/Laboratory/laboratory.htm
5.http://www.bustedcarbon.com/2010_06_01_archive.html
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1. Failure modeling techniques - HOW to predict failure ?
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8. Future work
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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®, N

Hashin’, Christenseng, Puck?® etc. T
= Failure prediction remains inadequate S e

Do lamina quantities capture the :
true stress/strain state in a constituent ?
6. Tsai, S.W., and Wu, E.M. (1971). A general theory of strength for anisotropic materials. Joumal of Composite Materials 5, 58-80.
. Z., and Rotem, A. (1973). A fatigue fai jon for fiber reinforced mate Journal of Composite Mat 7, 448-484.
5 (1“997) ket vt o e . u\::vl:;?ise\zavcifng;::taes Science and Technology 58, 1045-1067. [9)
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Volume average constituent stresses

Fibers
< 052> = 46.005 MPa

< 05,>=40 MPa
< 011> =—7.892 MPa

< 033> = —2.321 MPa

Composite Lamina |

<o0y1> =0 MPa
<033 >=0 MPa

. Matrix
/t. 7 < 0> = 31.178 MPa
L, < 0y,> = 11.593 MPa

< 033> =3.410 MPa

<0‘22>=40MPa A

7 *UNIVERSITVU;WVOMING

Multiscale micromechanical modeling

= Use average constituent

quantities to predict failure B Lomina

= Can apply constituent level
physics

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

= Examples are Chamis?0,
Mayes!t, Huang? & Tsai-
Ha's.

10. Gotsis, P., Chamis, C.C., and Minnetyan, L. (1998). Prediction of compos
d Hansen, A.C. (2004). Composi
004). A bridging model predict
Jin, C.,and Ha, S.K. (2013). Strength prediction of triaxially loaded composites usi

n ology 64, 395-448.
ng a progressive damage model based on micromechanics of failure. Journal of Composite Materials 47, 777-792.
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Volume average constituent stresses

10.0 MPa 10.0 MPa
G5, (MPa)
10.0
Il 11.00
| 8.5
Fibers
Matrix
10.0 MPa 10.0 MPa

Homogeneous material Composite material

o= - ST ]
@ A ®UNIVERSITY or WYOMING

Distribution of stress in constituents

10.0 MPa 10.0 MPa
0,5, (MPa)
 11.72
Bl 8.77
B 2.89
Fibers
10.0 MPa 10.0 MPa
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Overview

--------------------------------------------------------------

--------------------------------------------------------------
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Strain energy comparison

f.fr _1
iy & Vr Un =3 0y

Uf=%0'
U>Us+Upy
U= (Us+Up)+AU

where AU is the missing energy.

- S

LT,
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Interaction enerqy

_ 1 _f_f

Up = 5 0,™ &™ Vp+ PV,

AU = @ Vr + @,y

where AU is the ‘Interaction Energy’.

4 13 *UNIVFRSTTVN\Y/VOMING

Interaction energy

lfetzs
q)f:Ej ij dVs :EJ. i€ dVi,
2
Vf
~f~f
J.C”klg" £q Vs %J‘ IJklng gqd
Vin

Assuming transverse isotropy and expanding
ini,j.kand, | yields

= B ]
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Expression for Interaction energy

1 _C1f1<(51§ )2 > + szz <(52f2 )2 > + C3f3<(53f3 )2 > + 2C1f2 <51§ : §2f2> + 2C1f3 <§1£ : 23f3 > +
O, ==
L2 _2C2f3<52fz 'Esg> +C1f2<(771£ )2>+C1f3<(?71; )2> +sz3<(ﬁ72f3)2>
| callEn)ren(Eaf )+ ciflnf) vecnian an) - 2cn(an -2n)+
O ==
" 2\aen(an am)ren(faf )ren(Faf) ren(GaF)

/'_::\ . L soa—
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Expression for Interaction energy

o - 1 _Slf1<(51f1)2> + Szfz<(o~'zfz)2> + sz3<(o~'3f3)2> + 251];<51f1 ’ §2f2> + 2512<O~'11 : 5'3f3> +_
K _Zszfs<52f2 ’ 5'3f3> + 51f2<<;1; )Z> + S1f3<(;1; )2> + Szf3<(;2f3)2>

L1 snl(Gnf)+sa((Enf)+su(Gnf )rasn(en -ax)+asn(en-oa)+
" 2\ asp(an o)+ sn((Fr) )+ sn( ) sa(Ea))

AU - (D fo +CDme

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

=
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Overview
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FEA model

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

.
S
S0

555

ol
3
A

5

8
i

= Fiber material - Carbon

e 0% et
Q"‘:::‘ >

Fiber

-
22
RSS
-

£

Three parametric studies:

ey

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
K. A. Malusareand R. S. Fertig, American Institute of Aeronautics and Astronautics, 2014.
18 ﬁUNIVERSITvmWVOMWG
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Effect of fiber volume fraction on interaction enerqy

= Matrix modulus 1% (2.35 GPa)

= Strongly dependent on the
loading

= Maximum for shear-12 &
negligible for tension-11

= For VF 0.6 AU is about 30% for
shear-12.

0.7

0.6

Variation of interaction energy (AU)
with fiber volume fraction
® Tension—11
# Tension—22
<« Shear—12
® Shear-23
3129% PR R «
< 4
4 b
< P
<
“ 14,56 %
11.58% *
‘4 """""" ' *;;*** f* * ooy
4 t®

0 01 02 03 04 05 06 07 08 09
Fiber Volume Fraction

K. A. Malusareand R. S. Fertig, American Institute of Aeronautics and Astronautics, 2014.
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Effect of material properties on interaction enerqy

— B0,
E 22matrix 5 A) E 11fiber

E 32, = 11.75 GPa

E3z,,,, = 14.00 GPa

Interaction Energy is minimum

-

0.7 — T YT Y
Variation of AU with matrix
06 modulus for tension-22
A VF 0.05
# VF0.25
0.5 ® VF 0.60
= VF 0.85
5 0.4 e® °®
5 ° [ ] L] b
| °®
0.3} ° L]
[ ]
® |
) aan®
L Y1l
02 * Loszitt
® W+t
5 o,y
0.1 2 . "
u AAAAAA
i:AAAAAA“““‘
00.05 0.2 0.4 0.6 0.8 1 1.2
Emel 1 fiber
K. A. Malusareand R. S. Fertig, American Institute of ics and ics, 2014.
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Effect of material properties on interaction energy

0 5 . . - ! " 0 ¥ l-
Variation of AU with matrix
0.45
modulus for shear-12
04}
AVF g.gg
» VF 0.
035p ® VF 0,60
b = VF0.85
03 F
=
S5 025}
<
0.2
i N
0.15+®
E22mam‘x =30% Ellﬁber =70.5GPa ort® oo ® ®
L ] ° e 1
0055 & THTILL
G =26.31GPa add
12m,1mx_2 b N A‘!l.gg..lll!!i+A“+‘A‘“
G 12, = 28.00 GPa 0 020304 06 08 I 1.2

En/E1 1 fiber

K. A. Malusareand R. S. Fertig, American Institute of Aeronautics and Astronautics, 2014.

Interaction energy is minimum
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Effect of biaxial loading on interaction enerqy

= Five types of biaxial loads were

considered y
A G, = G-C0s0
" 0, — 033 o, = G-sinf
" 0p—0p ST ;
" 012 — 023 Ouf o/
" 012 — 013 - 4] : .
" Oy3 — Oy o,

= Biaxial load represented by
radius of circle

= @ isvaried from 0 ° to 180°

: o . T B ]
@ 2 *UNIVERSITVU;WVOMING
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Effect of transverse biaxial loading on interaction enerqgy

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

23

0.125

Variation of interaction energy for
transverse biaxial load

0.1

0.075

AU/U

0.025

0° 45° 90° 135° 180°

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

Fiber material is carbon
Epm = 1.702% E;
= 4.0 GPa

= For g1, — 043 interaction
energy is constant

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

= For remaining three cases
interaction energy is
maximum at an angle of 90°

s

24

AU/U

0.8 - . .
Variation of AU with 0
0.7
® tan”! (6,5/05,)
0.6 A tan! (6,,/0,3)
0.5 B tan! (655/G33)
: * tan”! (0,3/655)
0.4 ¢ tan! (6),/03)
0.3 1
: A A0
0.2 oA A0
0.1
l..--. ..-.-ll
O o -.0 * o . o 0
0 45 90 135 180
0
K. A. Malusareand R. S. Fertig, American Institute of ics and ics, 2014.
L ———
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Matrix contribution to interaction enerqy

Variation of matrix contribution to AU
w.r.t fiber volume fraction

1.25
5 lledacaadgggeedsgy]
'E ...
:L)= [} [ ]
a 0.75 i.-
f

E
S o0st

® Tension—11
# Tension—22
025 <« Shear—12

’ m Shear—23

0 01 02 03 04 05 {06 07 08 09
Fiber volume fraction

K. A. Malusareand R. S. Fertig, American Institute of Aeronautics and Astronautics, 2014.
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Challenges

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

 All this interaction energy is due to the matrix

« Can we augment the matrix stresses with the
interaction energy to improve failure load
predictions ?

= B ]
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Overview

s :
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4. Failure modeling using volume average constituent stresses !
z ,----__ZZ--_----__---_______________--___--_-__-_-____----_-Z:I
S :
— [
=] H
[ 1
Qi i
w U e s e o et o 2 e e e T Gb e e e e e Ae o T e e W e e e e W G W N Ge e e e W e me W G b we W e a e e e e 4
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Fertig matrix failure theory4

Br {Ir }2 + [B I + Bwfl.vg = 1 f\\k\Lamina

Ay

0

| = Oy + 05+ \/(02”; + 0'3”;)2 - 4(0'2";0'3"; - 0';"30';“3) (Tension) Matrix
.=
2

Tcm
ITI2 n'l2 - .
Iy =0y, +05; (Longitudinal Shear)
I, = %(05"2 _ 0'?':;)2 +on’  (Transverse Shear)
I, = oy + 03 (Effect of pressure on shear plane) G
m

14. Ray S. Fertig, I1I, “Bridging the gap between physics and large-scale structural analysis: a novel method for fatigue life prediction of composites”, SAMPE 2009 Fall Technical
Conference — Wichita, KS, October 19-22, 2009.

- ™ 2 S ]
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Fiber failure theory

B Lamina
The Maximum stress failure criterion used | N
f f
(o O,
—+=1 or —fll_ =1
S11 Sll

s longitudinal tensile strength of the fiber
s~ compressive strength of the fiber

Of¢

L T e ]

29 *UNIVERSITVU;WVOMING

Computing constituent stresses

= RVE with hexagonal fiber
packing

" loads 0,004,751 T15, Ty Fiber

= Mapping Lt T ¢

. . Matrix
= Can obtain constituent

. 2
stresses for any composite
stress state 3

K. A. Malusareand R. S. Fertig, American Institute of Aeronautics and Astronautics, 2014.
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GRP lamina under combined transverse and

shear loading

O,
1o
A
1o |
G,

Failure Envelope

@ Testdata
M UD values provided
== Fertig failure
== Bogetti failure
Tsai failure
== Zinoviev failure
== Puck failure

—-2000 —150 —100 50 0 50

G2 (MPa)

K. A Malusare and R. S. Fertig, International Conference on Future Technologies for Wind Energy, Laramie , 2013.

*UNIVERSITVQ;WVOMING

CERP lamina under combined hyrdostatic

and shear loading

2

800

700

600

500

400

T2 (MPa)

300

200

100

Failure Envelope

@ Test data from 90° tubes
M UD values provided

== Fertig failure
== Puck failure
Carrere failure
== Cuntze failure
== Pinho failure

0*1000 —800 —600 —400 200 0O 200

0= G, = 03 (MPa)

K. A. Malusare and R. S. Fertig, International Conference on Future Technologies for Wind Energy, Laramie , 2013.
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GRP lamina under combined transverse and
through thickness loading

Failure Envelope

1500
@ Test data
B UD values provided
1000 = Fertig failure
= Puck failure
500 (_Jurrerc [gilurc
= = Cuntze failure
£ = Pinho failure
= 0
g
500
—1000
~1500
—1000 —800 600 400 200 0 200
63= o) (MPa)
K. A. Malusare and R. S. Fertig, International Conference on Future Technologies for Wind Energy, Laramie , 2013.
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GRP lamina under combined longitudinal and
transverse loading

Failure Envelope

600
@ Testdata
500 W UD values provided
G, = Fertig failure
400} o Bogetti failure
Tsai failure
300 == Zinoviev failure
E 200 == Puck failure
3
O 1 ) 1 g 100
0
—100
=200
O
2 ~300
—1500 1000 —500 0 500 1000 1500
G1 (MPa)
K. A. Malusare and R. S. Fertig, International Conference on Future Technologies for Wind Energy, Laramie , 2013.
34 QUN]VERSITV(”WVOMING
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The von Mises-maximum principal stress failure
theory

= RVE must be subjected to S, Max. Principal (MPa)
transverse failure load. (Avg: 75%)

. Bl +51.17

a, = O-maximunjnprina'pal - +51.17
<o.> I -41.42
= Matrix failure theory is <ol> =30.389 MPa
O-r:znaximum principal =1 or O-I’/,'?M 1 2
Ym - m -
‘S+t am VM
il 44

= Fiber failure criterion is
same.

K. A Malusare and R. S. Fertig, International Conference on Future Technologies for Wind Energy, Laramie , 2013.
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GRP lamina under combined longitudinal and
transverse loading

Failure Envelope

600 Matrix >
500 @ Test data
W UD values provided H
400 | = Ferie faluc(oditied Fiber e
== Bogetti failure
Tsai failure ’
300 == Zinoviev failure Cracks
—_ == Puck failure
= 200
gj‘ 100
=]
0
—100
—200
-300
—1500-1000 500 0O 500 1000 1500
Oy (MPa)
K. A. Malusare and R. S. Fertig, International Conference on Future Technologies for Wind Energy, Laramie , 2013.
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Overview

=

=

=

=

o

(=4

-

23?""""T""""'T""""""";:::""'"""""""TT"?

= !5. Modeling fluctuations and augmenting volume average quantities

f= 1 s

=4 E

= i

v) B e em em A o e e M Sm e e am om Am Am e e e em  mm A e m em m o Sm s e A = T A s e e e o e 4

- = 2T e ]
37 *LMMVERMTVuHWVOMING
Modeling fluctuations
Used an RVE with (SAV"QES;E,;"‘;“’*‘)
Hexagonal fiber packing -' +1.552¢+00 .
with fiber VF - 0.6 ] +8.993e-01 Meximu
Bl 2462¢-01
Subjected to unit biaxial/tri-
axial loading
Minimum
Stress/strain fluctuations of
matrix constituent were Medial
extracted
Two types of matrix
fluctuations were observed
38 ﬁLanERMTquWv0M|NG
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Modeling fluctuations - Type 1

Stress (MPa)

. o~ 2m
Comparison of <63 > and V<03 >

0° 457 90" 135" 180° 225° 270° 315° 360°

Angle
s re——

%UNIVF.RSTTVLJFWVOMING

Modeling fluctuations - Type 2

Stress (MPa)

. m ~m
Comparison of <T3> and Y<Ty3 >

09 f

m
== <Tp> -
08 — -—‘\fc,rz?:,m}

- T3
07 f

06 f
05
04 f
03

®90° 135° 180° 225° 270° 315° 360°
Angle
B e ]

%UNIVFRSTTVmWVOMING
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Interaction enerqy due to energy
conserving guantities

. - 1
= Strain energy of composite Variation of Interaction energy
1 c 08 T - === from <o) > & <g;" >
U =Zoj&V, Y [—
2 A
) ) 04}
= Strain energy of composite from e m——— ~—— == -
. 2 F - 7
constituents 0
Zo}
1 o, 1.,
Uiew = Eo_ij & Vi +Eo-ij gi}an 02
. . . -0.4
" Comparlson of strain energies
-0.6
U>U,, AU =U-U,, 0" 45 o0 135 180 225 270 315 360
Angle
= e —
F . *LINIVERSITVN\WVONHNG

Augmenting quantities

= Need to incorporate the I

. ' V:.lriatio;l of ln'teracti.on ene'r /
fluctuation energy constant - ¥ By
2 08 f - flom <oy > & <" >
—m m ~m
Gij :_<GIJ >ilP <GIJ > 06 | —_ . = from El:n & Eum wo W |
from @' & E' with ¥'=04750
— ~m2
&' = i<gi;"> +¥ <gijm > 04}
02-"_- --‘-"h_—"- _-."'-n-.

AUU
(=]

Range of Psiis 0<W¥ <1

Psi is obtained by iteration 0.2k

M~ . E
. RN ’
. . . -04} N / i
= Psi depends on material properties, . e \ 7
configuration of loading -0.6} - ..~
& type of fiber packing 0° 45 90° 135° 180° 225° 270 3150 360
Angle
- I s S
o Q&UNWFRSWVUI WY OMING
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Overview

SOLUTION PROBLEM

43 *UNIVERSITVQ;WVOMING

GRP lamina under combined transverse and
shear loading

Failure Envelopes

180
02 160 ® Test data
W UD values provided
= = Fertig failure
12] 140 = Fertig failure (augmented stresses)
120
F 100 °
T2 T2 g
~ 80
60
T2
40
G, 20
0
=200 —-150 —-100 =50 0 50
G, (MPa)
44 *UNIVERSITVU}WVOMING
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CERP lamina under combined hyrdostatic
and shear loading

Failure Envelopes

700 I o Test data

® UD values provided
600 | = = Fertig failure
= Fertig failure (augmented stresses)

500 p

300 f

200 g

I (fiber)

100

0 N N . . N
—1000 -800 -600 -400 -200 0 200
0, =0,=0; (MPa)

¢ J 5 *UNIVERSITVO;WVOMING

GRP lamina under combined transverse and
through thickness loading

Failure Envelopes
1500 . . -

e Test data

1000 b ™ UD values provided

= = Fertig failure

== Fertig failure (augmented stresses)
500 p

o, (MPa)
=

=500 F

-1000 F

a

—1500 . a . 4 -

—1000 —800 —600 —400 200 0 200
oy =0, (MPa)

: o . B ]
@ ” *UNIVERSITVU;WVOMING

9/3/2015

23



9/3/2015

GRP lamina under combined longitudinal and
transverse loading

Failure Envelopes

300
o Test data
B UD values provided
200 f - - Fertig failure
— Fertig failure
(augmented stresses)
100 1
—_
£
0
=
s
—-100
—200 f

00 N N N N
—1500 -1000 —500 0 500 1000 1500

G| (MPa)
N 47 *UN]VERSITVQ}WVOMING
Overview
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7. Summary/Conclusions
- B ]
48 ﬂUNIVERSITvm\VVOMlNG

24



Summary

= Stress/strain fluctuations in the constituents give rise to
Interaction energy which can reach 30%

= Interaction energy is mainly due to the fluctuations in the matrix
constituent

= Stress/strain fluctuations were extracted from the matrix
constituents and the matrix quantities were augmented to
minimize interaction energy

= Athree parameter micromechanics based Fertig failure theory was
used along with energy consistent stresses to predict failure

QUNT\/FRSTTV;H WYOMING

Conclusions

= The augmented matrix quantities are now energy
conserving

= Use of energy conserving matrix stresses improved
failure predictions slightly

= Slight improvement in static failure prediction will
improve creep and fatigue load predictions significantly.

QUNTVFR‘HTVm WYOMING

9/3/2015

25



9/3/2015

Overview
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8. Future work

= B ]

- *UNIVERSITVva(L\MNG

Future work

= Failure envelopes for multiply laminates need to be
obtained

= Fertig failure theory needs to be augmented with matrix
stresses in the longitudinal direction (a{7)

=  Augmented stresses maybe used with other

micromechanical theory to see if there is an
improvement in failure load predictions

= B

74 52 *UNIVFRSTTVU;WVOMING
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Thank you
QUESTIONS ?

A closer look at the expression for |E

= Material inhomogeneity increases and decreases with fiber VF

1 Cll<(511)2> + C22<(§22)2> + C33<(533)2> + 2C12<511 : 522> + 2C13<511 : 533> +

2 2C23<522 : 533> + C12<(712)2> + C13<(7713)2> + C23<(J723)2>

" d=f(8)=f(3) and AU = Vs + Dyl

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

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

N Q&UNJVFRSWVUI WYOMING
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S, 511 (MPa) S, $12 (MPa)
(Avg: 75%) (Avg: 75%)
+2.350e+02 +4.366e+00
W 79620402 B 35610100
+1.768e+02 +3.308e+00
+1.575e+02 . +2.956e+00
h +1.187e+02 = +2.251e+00
+9.931e+01 +1.898e+00
+6.054e+01 +1.193e+00
. +4.1166+01 . +8.4056-01
+2.399e+00 +1.352e-01
Homogeneous Non-homogeneous

in the constituents

0.7

0.6

Distribution of stress with load case for fiber VF 0.6

stress fields

AU in Tension-11 is negligible

o

stress field
in the constituents

PR
"ln.',:',:'
LRt

AU in Shear-12 is about 30%

K. A. Malusareand R. S. Fertig, American Institute of Aeronautics and Astronautics, 2014.
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Interaction energy in tension-22 and shear-23

300
Variation of interaction energy (AU)
L with fiber volume fraction ,
250
® Tension—11
+ #* Tension—22
o Shear—12
m Shear—23 = 200
s z
« =
< 3 150
< « S
L < 3
< |
P 100
H 4
4
4
| < R 50
< gi= » *
R | -7
0000000000000 008 0
0 01 02 03 04 05 06 07 08 09

Fiber volume fraction

K. A Malusareand R. S. Fertig, American Institute of Aeronautics and Astronautics, 2014.

Distribution of strain
in the composite
- Shear-12

Shear-23
-+ Tension-22

Fiber

Matrix

07 0005001 0015 0.02 0.025 0.03 0.035 0.04
oo ICT

Strain

-
-
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Effect of material properties on interaction energy

0.7
Variation of AU with matrix
0.6 modulus for shear-23
A VF0.05
0.5 * VF 0.25
@ VF 0.60
= VF0.85
0.4
2 2 0!
‘/‘\ 3 o®® b
3 1 0.3 o® P
L ] ® 1
L] 'EES
02 . ;»**':-:l'.-i
B . L] . * a® ]
. * "
Ezzmatrix = 5OA:'Ellfiber =11.75GPa 01 o ::l.. AAAAAA
u AAA 4
0 ‘.ll:AA‘A“““‘
G 23,0 = 4-38GPa 0005 02 04 06 08 1 12
G 23fiber =5.60GPa En/El 1 fiber
Interaction Energy is minimum K. A. Malusareand R. S. Fertig, American Institute of Aeronautics and Astronautics, 2014.
o 2T e ]
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Effect of fiber volume fraction on interaction energy

1

Variation of Interaction energy
09 F with fiber volume fraction
0.8 ® Tension—11 ]
# Tension—22
0.7 F <« Shear—12
o Shear—23
0.6 b
= 0.5 F :
2 I
04} g V!
19,
<« .
03 F « n L
4 mg ®
«t ze?
0.2 F « ‘ *
< < ’ 3 L}
01} q 5 8 ;
‘—:—:—O—O—O—O—H—O—.—.—O—O—H—.
0
0.1 02 03 04 05 06 07 08
Fiber volume fraction
= ]
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Effect of material properties on interaction energy

< 07 | Variation of Interaction energy
I with matrix modulus for shear-12
06 1 A VF0.05
® VF0.25
® VF 0.65
0.5 & W VF 0.85
S 4
2
03 e
e . N
. o
@
L = [ ]
0.1} ® !
hA 4 - : :
0 AAAAA!I".......|'|||
0 0.2 0.4 0.6 0.8 1 1.2

En/En fiber
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Material properties

VE Matrix modulus Biaxial
variation variation loading
Material Fiber Matrix Matrix Matrix
Material  Transversel Isotropic Isotropic Isotropic
type y isotropic
Eq11(GPa) 235.0 0.01E;; (2.35) 0.01E;; to 1.2E;; 4.0
E,, (GPa) 14.0 0.01E;; (2.35) 0.01E;; to 1.2E;, 4.0
G2(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 WWFE-1

Fibre type AS4 T300 E-glass 21xK43 Silenka E-Glass
Gevetex 1200tex
Matrix 3501-6 cpoxy BSL914C epoxy LY556/HT907, MYT7350/HY917,

DY063 epoxy DY063 epoxy

Specification Prepeg Filament winding  Filament winding  Filament winding

Manufacturer Hercules DFVLR DLR DRA

Fibre volume fraction, V; 0-60 060 0-62 0-60

Longitudinal modulus, E, (GPa) 126* 138 5348 45-6

Transverse modulus, 11 11 177 16-2

In-plane shear modulus, Gy (GPa) 6-6" 5.5¢ 5.83 5.83

Major Poisson’s ratio, via 0-28 0.28 0-278 0.278

Through thickness Poisson’s ratio, 3 0-4 04 04 0-4

Longitudinal tensile strength, X1 (MPa) 1950 1500 1140 1280

Longitudinal compressive strength, X, (MPa) 1480 900 570 800

Transverse tensile strength, Yr (MPa) 48 27 35 40

Transverse compressive strength, Y, (MPa) 200 200 114 1450

In-plane shear strength, S;, (MPa) 79" 8ob 720 730

Longitudinal tensile failure strain, &7 (%) 1-38 1087 2132 2.807

Longitudinal compressive failure strain £¢ (%) 1-175 0-652 1-065 1.754

Trans ¢ tensil ure strain &7 (%) 0436 0245 0-197 0-246

Trans omp ve failure strain, &3¢ (%) 2.0 1-818 0-644 12

In-plane shear failure strain, y;2, (%) 2 4 3.8 4

Strain energy release rate, Gye (Jm %) 220 220 165 165

Longitudinal thermal cc cient, @ (107%°C) -1 -1 8-6 8.6

Transverse thermal coeficient, oy (107%/°C) 26 26 26-4 26-4

Stress free temperature (°C) 177 120 120 120

Curing 2hat 120°C 2hat90°C
2hat 150°C 1-5hat 130°C

2hat 150°C

“Initial modulus.
*Nonlinear behaviour and stress/strain curves and data points are provided.

L T e ]
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Material properties WWFE-1

Fibre type AS4 T300 E-glass 21xK43  Silenka E-Glass
Gevetex 1200tex
Longitudinal modulus, E (GPa) 225 230 80 74
Transverse modulus, E» (GPa) 15 15 80 74
In-plane shear modulus, Gy, (GPa) 15 15 3333 30-8
Major Poisson’s ratio, vp2 02 02 02 02
Transverse shear modulus, Gy 7 7 33.33 30-8
Longitudinal tensile strength, X (MPa) 3350 2500 2150 2130
Longitudinal compressive strength, Xg (MPa) 2500 2000 1450 1450
Longitudinal tensile failure strain, £54 (%) 1-488 1-086 2-687 2-905
Longitudinal compressive failure strain, Eﬁ,][; (%) 1111 0-869 1.813 1.959
Longitudinal thermal coefficient, aq (10 C —0.:5 —0.7 4.9 4.9
Transverse thermal coefficient, ap (10 5100 15 12 4.9 4.9

Matrix type 3501-6 epoxy BSL914C epoxy LY556/HT907/ MY750/HY917/
DY063 epoxy DY063 epoxy

Manufacturer Hercules DFVLR Ciba Geigy Ciba Geigy
Modulus, E,, (Gpa) 4.2 40 335 335
Shear modulus, G,, (Gpa) 1.567 1481 1.24 1.24
Poisson’s ratio, v, 0:34 035 0:35 035
Tensile strength, Y (MPa) 69 75 80 80
Compressive strength, Y,,c (MPa) 250 150 120 120
Shear strength, S, (MPa) 50 70 — —
Tensile failure strain, &, (%) 17 4 5 5

45 55 58 58

Thermal coefficient, e, (10°¢/°C)
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Material properties WWFE-2

Fibre gpe M7 T00 AS S2.ghass EGlss
Maerbe 8551.7 PRII9 Epoy | Epoxy 2 MY750
Fibre volume fraction V(%) © © ] @ @
Longitudinal modubss £, (GPa) 165* 9 140° 52 ©6
Transverse modulus 3 (GPa) 84 56 10 19 162
Theough-thickness modulus £ (GPa) 24 56 10 19 162
In-plane shear modulus G, (GPa) 6 133 5 or S8y
Transverse shear moduks G (GPa) 56" 133 3 o7 58y
Theough-thickness shear modulus Gy, (GPa) 28 186 335 67 s7
Major Poisson's ratio vy 034 o318 03 03 0278
Major transverse Poisson's rao vy 034 0318 03 03 0278
Theough-thickness Poisson's rato vy os 0s 049 042 04
Longiudinal tensile strengch X (MPa) 2560 1378 19% 1700 1280
Longiaudinal compressive strengeh X, (MP3) 15% 950 1500 1150 00
Transverse tensie strengdh Yy (MPa) n “ 38 6 o
Transverse compressive strength Y (MPa) Ies* s 150* 180" s
Theough-thickness tensile srength Z; (MPa) ] 40 38 0 ©
Theough-thickness compressive serength Z; (MPa) 185* 15" 150° 180 s
In-plane shear strongeh 5,2 (MPa) %* Lo 7 n n
Transverse shear strength 15 (MPa) %0* 9 70 n n
Through-thickness shear strengeh Sz (MPa) 57 45 50 “ £
Longitudinal wenile failure strain ¢ (%) 1551 107 142 327 2807
Longitudinal compressive falkire serain ¢, (X) [N 074 12 221 1754
Transverse tensile filure strain 31 (%) 087 043 038 [XH] 0246
Transvarse compressive falure strain r:c (%) 32 28 6 15 12
Through-thickness ensile faikure strain £37 (%) 0755 043 038 0263 0246
Theough-thickness compressive filure strain 3c (%) 32 28 6 15 12
In-plane shear failure strain 74y, (%) s 86 35 4 4
Transverse shear falure strain v, (%) s 86 35 - 4
Through-thickness shear falure strain 12, (%) 21 15 [ 0s9 088
Longiudinal thermal cosfficient a, (10”*/°C) -1 -1 -1 86 8
Transverse thermal coeficient a; (104/°C) 18 % 2% 24 %4
Through-thickness thermal coefiicient a, (1074°C) 18 % 2 264 %4
Stress free temperature ('C) 177 120 120 120 120

“lnieal moduks.

iwear behaour 3nd stres-serai crves and data points e provided

“Please note that values are considered to be low. compared with Gpical dita for the same matertl publshed somewhere

manfacaurers. We have not atempted to change them in order to faciltate 3 comparizon with test data in Part B of the exercse

oL

®UNIVERSITY or WYOMING

e or quoted by the

Material properties WWFE-2

Fibre type M7 T300 AS S2-gass E-Glass
Longitudinal modulus Eq (GPa) 76 231 bl 87 74
Transverse modulus Ep (GPa) 19 15 [ 87 74
Transverse modulus Eyy (GPa) 19 15 [ 87 74
In-plane shear modulus Gnz (GPa) 7 15 [ 36 308
Major Poisson's ratio w2 02 02 02 02 02
Major Poisson’s ratio w3 02 02 02 02 02
Transverse shear modulus Gps (GPa) 7 7 7 36 308
Longtudinal tensile strength X, (MPa) 5180 2500 3500 2850 2150
Longitudinal compressive strength Xpc (MPa) 3200 2000 3000 2450 1450
Longtudinal tensile failure strain 47 (%) 187 1.086 1515 327 2905
Longitudinal compressive failure strain £4.¢ (%) 116 0.869 1298 282 1.959
Longitudinal thermal coefficient ey (107°C) —04 -0.7 —07 5 49
Transverse thermal coefficient oy (107%°C) 56 12 12 5 49
Through-thickness thermal coefficient ar (107°C) 56 12 12 5 49
Matrix type 85517 epoxy PR319 epoxy Epoxy | Epaxy 2 MY750
Elastic modulus E,, (GPa) 408 095° 32 32 335
Elastic shear modulus G,, (GPa) 1478 035° 12 12 124
Elastic Poisson’s ratio vy, 038 035 035 035 035
Tensile strength Y,.r (MPa) 9 70 & 73 80
Compressive strength Y, (MPa) 130 130 120 120 120
Shear strengeh S, (MPa) 57 41 50 52 54
Tensile failure strain & (%) 44 73 265 25 27
Compressive failure strain &mc (%) 9 136 375 5 5
Shear failure strain v (%) 5.1 115 416 6 6
Thermal expansion coefficient a,, (107%°C) 467 60 58 58 58
*These values are considered to be low, compared with typical data for the same materil Ise or quoted by the

We have not attempted to change them in order to facilicate a comparison with test data in Part B of the exercise

The behaviour of materials PR319 and Epoxy | is taken as linear.

s
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World Wide Failure Exercises

= WWHFEs are composite failure benchmarks for GRPs and
CFRPs

= Various failure theories were tested against experimental
evidence

= Experiments include strength envelopes for laminae and
laminates

= stress-strain curves for laminae and laminates

= Only lamina strength envelopes were predicted

*UNIVERSITVQ;WVOMING

Outcomes of WWEE-1 & WWEE-2

WWEFE-I| Puck, Zinoviev, Tsai and Bogetti

WWEFE-II Carrere, Pinho, Cuntze and Puck

= Usage of lamina quantities don’t permit the use of physics

= Calibration is cumbersome due to large number of input
parameters (50-75) parameters

ﬁUNIVERSITVmWVOMING
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CFRP lamina under combined transverse and

shear loading

T2 (MPa)

300

Failure Envelope

250

M UD values provided
== [ertig failure
== Bogetti failure

Tsai failure

. [ | v Test data

200 = Zinoviev failure
== Puck failure
150
%

100! ’

50

0

—2000 —1000 0 1000 2000

G (MPa)

K. A Malusare and R. S. Fertig, International Conference on Future Technologies for Wind Energy, Laramie , 2013.
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CFRP lamina under combined transverse and

shear loading

AUU

0.5

0.4F

03}

0.2}

0.1

—0.1F

Variation of Interaction energy

— — from <o"> & <g5'>

— from o' & &'

o

180° 225" 270° 315 360°
Angle

450 o0 135
B e ]
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CFRP lamina under combined transverse and
shear loading

Failure Envelopes

150
&8V Test dat
0-2 . L'Dw:]bl:;s“};‘rsovided
== Fertig failure ¢+
== Fertig failure +
(augmented stresses)
121 augmented stresses &
100
’:.E‘
T2 T2 =
e
50
T I
P
0 oy 4
-2000 =1000 0 1000 2000

O (MPa)
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GRP lamina under combined through
thickness and longitudinal loading

Failure Envelope

1000
== Fertig failure
O 3 ® A Test data = Puck failure
500 W UD values Carrere failure

== Cunltze failure
== Pinho failure

G3= 0, (MPa)
<o

=500 ‘

—1000

1 (fiber)

~1500

—2000 —1000 0 1000 2000
G, (MPa)

K. A. Malusare and R. S. Fertig, International Conference on Future Technologies for Wind Energy, Laramie , 2013.
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GRP lamina under combined through

thickness and longitudinal loading

G,

1 (fiber)

AUMU

0.5 T r T T T
Variation of Interaction energy
04} — = fiom <oy'> & <g"> 4
— from Eu'“ & Ei;"
03F
0.2F
(2 ‘s.‘\ e ~~.
/ A
/ AY \
’ NS
0 N4 N
-0.1

0" 457 90" 135 180 2257 270" 315 360
Angle
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GRP lamina under combined through

thickness and longitudinal loading

O3

1 (fiber)

o, = o, (MPa)

Failure Envelopes

1500
® Testdata
W UD values provided
1000 = = Fertig failure
= Fertig failure
(augmented stresses)
500
0 =
L
o’ 'Y
~500 H
—1000
=1500
=2000 -1000 0 1000 2000
G (MPa)
z
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CFERP lamina under combined through

thickness and longitudinal loading

G,

1 (fiber)

G, (MPa)

Gy=

400

200

200

—400

—600

Failure Envelope

@ Test data
M UD values provided

== Fertig failure
«= Puck failure
Carrere failure
== Cuntze failure
== Pinho failure

2000 1000 0 1000 2000
S, (MPa)

K. A Malusare and R. S. Fertig, International Conference on Future Technologies for Wind Energy, Laramie , 2013.
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CERP lamina under combined through

thickness and longitudinal loading

O3

1 (fiber)

AU/U

0.5 T T T v T
Variation of Interaction energy

0.4} — — from <o"> & <g"> 1
— from E}" & El"'

03}F

0.2}F

0.1F

oz ====~ L mm——— ===
=0.1F
07 457 90" 1357 1807 2257 2707 3157 360

Angle
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CFERP lamina under combined through
thickness and longitudinal loading

Failure Envelopes

600
® Testdata
B UD values provided
63 400 | == Fertig failure
= Fertig failure
(augmented stresses)
200
g
O =
2 e 0
I
2 g'
=200 o
®
=400
1 (fiber)
-600
=2000 -1000 0 1000 2000
) (MPa)
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CERP lamina under combined hyrdostatic
and shear loading

0.5 T T T T T T
Variation of Interaction energy
04k - = from <:;}">&<i;}"> ]
O, — fom T & E
TN LR
03F / N 4 \
/ \ 4 \
/ \ / \
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Angle
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GRP lamina under combined transverse and
through thickness loading

0.5 T u T T T
Variation of Interaction energy
041 - = from <0;"> & <g"> A
— from o &
03F
s~ N ,- =~ N
/ N s ~
02K / \ I
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2 N N
N7 N/
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00 45" 90" 1357 180" 225" 2700 315" 3607
Angle
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GRP lamina under combined longitudinal and
transverse loading

0.5 v v v v v
Variation of Interaction energy
c 04} — — from <u.}">&<s,}"> 4
2 — from o' & F
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GRP lamina under combined transverse and
shear loading

Failure Envelope

180
—aA  Max. principal stress failure
o 160 with a stress concentration factor
2 --A Max. principal stress failure
without stress concentration
140 ces fail
— ¢ Von Mises failure
121 ® W Experi | test dat;
120 xperimental test data
7
= 10
T T € ¢
12 e
12 2 e °
60
T2
40
O, 20
0 N L "
-200 -150 =100 =50 0 50
o, (MPa)
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CFRP lamina under combined transverse and
shear loading

Failure Envelope

150
—a Max. principal stress failure
with a stress concentration
--A Max. principal stress failure ®
without stress concentration L]
—# Von Mises failure
L]
@ W Experimental test data g L ]

T, (MPa)

G,

‘ To1
Ty |

G,

0
=2000 1500 1000 —500 0 500 1000 1500 2000
I, (MPa)
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GRP lamina under combined longitudinal and
transverse loading

Failure Envelope

400
—A Max. principal stress failure —4¢ Von Mises failure
300 with a stress concentration —@ Fiber failure
--A Max. principal stress failure @M Experimental test data
without stress concentration
200
~ 100
) P A
-
Z """*‘"'""*.\ -
<0 “u -
© A
a ..o
=100 s 1
=200 1
=300
—1500  —1000 500 0 500 1000 1500
O, (MPa)
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CERP lamina under combined hyrdostatic
and shear loading

Failure Envelope
700 —a  Max. principal stress failure
with a stress concentration factor
A Max. principal stress failure
600 without stress concentration
— & Von Mises failure
500 @B Experimental test data
£
E 400
< 300
L]
®
200 . :
[ ]
1 (fiber) 1°%
" e %
0 n " L : " F
-1000  —800 =600 =400 =200 0 200
G,= 0,= 0;(MPa)
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GRP lamina under combined transverse and
through thickness loading

Failure Envelope

1500
—a Max. principal stress failure
with a stress concentration factor
1000 A Max. pri I stress failure
without st concentration
— ¢ Von Mis
500 @ W Experimental test data

o, (MPa)
(=1

o®
=500 L] o
L
1 (fiber) .
3
=1500
1000 800 600 400 200 0 200
7,=0;(MPa)
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GRP lamina under combined through
thickness and longitudinal loading

Failure Envelope
1000 T T

—A Max. principal stress failure —¢ Von Mises failure

800 with a stress concentration

—e Fiber failure
A Max, principal stress failure
600 without stress concentration

@MW Experimental test data

400

200

0
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g —200

—400

1 (fiber) 60
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CFERP lamina under combined through
thickness and longitudinal loading

Failure Envelope

800
—aA Max. principal stress failure —& Von Mises failure
600 F with a stress concentration — @ Fiber failure
-A M?‘ principal s "““5"3 @M Experimental test data
without stress concentration
400
g 200 t
2
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—200
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—600
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