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Introduction

« Bilinear Cohesive Zone Models capture the
Interlaminar failure of composites well

« However, they are inadequate for loading rate and
temperature-dependent fracture

» Traditionally, empirical expressions are used to
include the strain rate effects! as

Ty(éy) = Trefnt Ton In (-SN )

Eref

Gen(En) = Gregn- Gon In (-SN )

Eref

Stiffness of the interfaces assumed as rate-independent

Critical Mode | Strain Energy Release Rate, in J/m?
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Fig: Typical Mode-I energy release rate for
increasing wedge (opening) velocity of
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Loading rate and temperature dependent traction 4

A physically-based model that includes Traction-Separation curve
o
« Strain rate effects at the interfaces due to QS/dynamic loading
* Viscoelastic behaviour of interfaces at extreme temperatures S D(TY)
. . . . . ™. -
* Viscoelastic behaviour due to thermoplastic toughening and extreme , . /
I\ ™~ [
. ~|
temperature and moisture \,o_ (T, t) g
The loading part of the traction-separation curve is modelled by the
Generalized Maxwell model E, ' 0
t N t N
. t—-s)\ . —\\\ .
o(T,t) = j Ey6(s)ds + ZJ E;exp <_ .S> 6(s)ds | E, I i
0 = o T — AN o0
Using FDM forward scheme, we get L N,
9 ; 9 A AN [[ 500
At E;t;
n+l _ _n+l1 - n L1
o = 0y +Zexp( Tl->0‘ +E0At
L=
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Loading rate and temperature dependent softening

From sub-microcrack formation theory, damage of a material can be represented as
N(T,t) D(T,t) =0 — no damage o
= - wh ’
D(T, ) N, ' where D(T,t) =1 - macrocrack

N,-sub-microcrack concentration at rupture
Assuming a form for rate of damage
dD(T,t

C(lt ) _ (1—D(T,t))A(T, )

where the damage rate constant A is represented by the Zhurkov’s kinetic theory* as
1
A(T,0) = geXp((—U +yo(t))/(RT))
dD(T,t) 1
= (1-D(T,0))" —exp((=U +ya(T,0))/(RT))
0

Using FDM forward scheme

D™1= D + At(1 — D™)P —exp((~U + yo™)/(RT))
0
Finally, the traction is updates as

o(T,t) = (1= D(T,t))*o(T,t)
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Implemented as
material user
subroutine

ABAQUS /VUMAT
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Model validation against Bilinear CZM Mode | 6

Double cantilever Beam — 115 mm
Material - HTAG6376/C *

v

Loading rate = 1 mm/S

U= 114000 J/mol and o,= 168 MPa

E; =100000 N/mm”3 and E, =1000 N/mm~3
T =6S and p=-2.85

Mesh size =0.125

60
1.2 5o —DCB-Bilinear e
= = —DCB-Rate T
< ~ 40
%06 ) S 30 2 029 —~—DCB-Rate
. 0.4 —DCB-Bilinear E 20 6 —DCB-BL
—DCB-Rate F 0.25
0.2
0 0 0.245
0 9 4 6 8 0 0.003 0.006 0.009 0.012 0 1 2 3 4 5 6 7 8
Displacement (mm) Separation (mm) Crack Length (mm)
*Paul W. Harper, Stephen R. Hallett, Cohesive zone length in numerical simulations of composite delamination, Engineering Fracture Mechanics, 2008
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Proposed model capability — Mode | - DCB

Effect of loading rate Effect of Temperature
« Critical energy kept constant e Critical energy assumed to be constant
 Peak traction increases with loading rate | * Peak traction decreases as temp.
80 increases
70 —RT - 1mm/S
60 —RT - 10mm/S
= 50 —RT - 50mm/S : 1 : :
o
S 40 60. i
£ 30 i
5 20 &5‘* 50. ———  HT-90 °C-1mm/s |
210 é, 10. —— RT-1mm/S ]
0 = |
0 0.002 0004 0.006 0.008 0.01 0.012 S 30. i
Separation {mm) g r
— 20. -
0.28 I
10. -
0.26 0% . 1 . 1 . 1 . 1
£ (.‘ 0.000 0.002 0.004 0.006 0.008 0.010
5 0.24 10 IS Separation {mm)
g -1 mm/S
0.22 ——50 mm/S
0.2
0 1 2 3 4 5
Crack Length (mm)
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Fibre bridging effects
Effective damage rate constant
A(t, Ty
1+ exp[C(D(T,t) — DC)]

A(t, T)eff ==

DC is Damage index at fibre
bridging initiation

DC =0.8
—RT-1mm/S-FB
—RT - 1mm/S

0 0.002 0.004 0.006 0.008 0.01
Separation (mm)

0.012




Model validation against Bilinear CZM — Mode I 8
End Notch Flexure
Material - HTA6376/C *

Loading rate = 1 mm/S

U= 124000 J/mol and g,= 230 MPa

E; =100000 N/mm”3 and E, =1000 N/mm~3
T =6S and p=-2.9

12 100 1.1
10 ,‘_U__ 80 —ENF-Bilinear 1 Ll LY VT Y VY YV Y VY YV YV VYV YVYVYYVVYYYY VIV YV VYVYVIVVYYIVIIYYYY
= 8 = —ENF-Rate = 0.9
T 6 < = 0.8
S 4 —ENF-Bilinear :§ 40 G 07 » ENF-Rate
5 —ENF-Rate = 20 0.6
0 0 0.5
o 2 4 6 8 10 12 0 0.003 0.006 0.009 0.012 0.015 0 2 4 6 8
Displacement {mm) Separation (mm) Crack Length (mm)
*Paul W. Harper, Stephen R. Hallett, Cohesive zone length in numerical simulations of composite delamination, Engineering Fracture Mechanics, 2008
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Mixed-mode viscoelastic CZM model

Mixed-mode traction
O (T, t) = (1 = Dy (T, ) )*0 (T, £)
Updated damage function
dD;(T,t)
dt
Updated traction function

0;(T,t) = (1 — Di(T,t))*a;(T, )

= (1 — D (T, t))piA(T, t); i =111

Energy based mixed-mode damage
o)

Gmi = Gme — f Opmido
0

Gmi = Gme — (
Gmi 5m0
—1-(1-
Pm =1 ( GmC) ( Om
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Mixed-mode viscoelastic CZM model 10

3.5
Fixed Ratio M-mode, GI/GII=1.33, HTA6376 3
_25
1 mm/S z
T
S 15 .
a1 —MMB-Bilinear
05 —MMB-Rate
35 mm 0
«— e 0O 2 4 6 8 10 12 14 16 18
- 50 mm ., Displacement (mm)
05 2.50
2.00
= 1.50
' 9
E’O-Z ——CTBL ® 100 - ~ GI/Gll-Analytic
5 ~ — GT-Analytic ——GI/GII-BL
0.1 ——GT-Rate 0.50 ——Gl/GlI-Rate
0 0.00
0 2 4 6 8 0 2 4 6 8
Crack Length (mm) Crack Length (mm)
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Validation - a carbon/epoxy material - DCB-Mode-| 11
Effect of Temperature

. _ Simulation
1.2 90 °C — 5mm/min 1.2
7 s
pe]
208 %08
C o6 = :
S Exp-1 2 0.6
5 0.4 —Exp-2 T 0.4 =90 °C - 5Smm/min
o o]
o Exp-3 =
=102 Simulation 0.2 - =23 °C - 5mm/min
0 0
0 S 10 15 20 25 30 0 5 10 15 20 25 30
Displacement {mm) Displacement {(mm})

Effect of Loading Rate

1.2 23 °C — 5mm/min 1.2 .. Simulation
. g NN
o @ e o N,
ﬁ 0.6 E 08 TN,
©
£ =
= =Xt 504 F 0 e 23 °C - 50 mm/min
T 0.4 Exp-3 ®
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0.2 - Simulation

o 0
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Summary 12

* A viscoelastic Cohesive Zone Model (CZM) with loading rate and

temperature dependent traction-separation is developed and implemented
as a VUMAT subroutine

* The proposed model is compared against the bilinear CZM for mode-| and
mode-Ill delamination cases

* An energy-based mixed-mode CZM framework is proposed and compared
against bilinear CZM for a fixed ratio mode-mixity

 The VECZM model is validated for a carbon/epoxy laminate under mode-|
delamination at different loading rates and temperatures

* The rate and temperature dependent simulation results are in good
agreement with the experimental results
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