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Skin/Stiffener Separation




Skin/Stiffener Separation
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~« How to model “real” delaminations?
e (Can the detail features of the interface damage be ignored?
 What material properties should we use?



Ultrasonic C-scanning
(UT)

R TV ol

Delaminations



Propagation of Interface Damage

Damage growth
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Seven Point Bend Test Results

3D model with multiple o B | m
Interfaces, interlaminar and
intralaminar failure modes

Shell model with
single cohesive
interface




G_: Standard Tests vs. Structural Interfaces

DCB test

Interlaminar mechanical properties of IM7/85352

Skin/stiffener separation test

\

Wagner, W., and Balzani, C., Computers and Structures, 2008

Properties for the interface between skin and stiffener made of IM7/8552

oo (N/mm?) 7o (N/mm?) G, (N/mm) oo (N/mm?) 7o (N/mm?) G, (N/mm)
51.0 115.7 0.270> 51.0 115.7 (1.103/0.875
t t
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R-Curves for Multidirectional Laminates
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Fig. 14
Typical R-curves of 0°/0°, 0°/67_5° and 0°/90° specimens.

Pereira, A.B., and de Morais, A.B., "Mode | Interlaminar Fracture of Carbon/Epoxy Multidirectional Laminates,"
Composites Science and Technology, Vol. 64, No. 13-14, 2004, pp. 2261-2270.
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Modeling the R-Curve Effect

Superposed cohesive laws

N\ N / Bilinear cohesive law
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Trilinear cohesive law
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Displacement

Trilinear cohesive laws can represent
a number of R-curve effects such as
fiber bridging, blunting, delving,
migration, and the combined effect of
crack networks.

Crack increment, Aa



Three Point Bend (3PB) Doubler Specimen
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3PB Specimen - Detailed “3D Models”

1) CompDa m_DGD * Flange Layup — [+45/0/-45/+45/-45/0]; fabric
e Skin Ljayup - [-45/+45/0/90/-45/+45], tape

Failure Process:

Interlaminar e Delamination predicted in

delamination different interfaces.

e Delamination migration and
bridging occurs via matrix cracks.

Fabric/-45 -45/45
45/0

&@4& N. Carvalho, 2016

\ -
45/0 _45/45 Fabric/-45
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Doubler
Skin-Stiffener
Interface

45/-45 Interface
(1 ply into skin)

Skin

CompDam Model

Load (N)
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3PB Specimen: Predicted Response
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* Predicted morphology of damage is excellent, but response is too brittle
« |t appears that “standard” material properties are not satisfactory for damage propagation
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Simplified Shell Model of 3PB Specimen

Skin (3 layers of elements)
Continuum Shell Model / Cohesive Doubler (2 layers)

Empirical cohesive properties
capture the effects of all damage
mechanisms

A

c Interface law w/ bridge

Interface law — nominal tape/tape

Bridge
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Simplified Shell Model of 3PB Specimen
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Paris law
1.E-04
Murrl, NASA/TM=2013-217566 « da/dN tests are expensive.
TEOS  Implementation into a cohesive
formulation is difficult (nonlocal).
da/dN,1'E'06 | e Paris law does not account for
RS | R-curve effects.
« Paris data does not apply to
vEaa | ‘ crack initiation or to short
da/dN = 0.001G, 115 cracks.
1.E-09 : : : : —
0.1 1.0

G in-lb/in2

Imax:?
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Cohesive Fatigue Damage Model (S-N)

Consider case of bar subjected to cyclic load

<4

A

L fatigue damage

c | /
ar | Fatigue F

’Unstable failure

Cohesive law is envelope of

What damage law
should be used?
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Cohesive Fatigue Damage Model

Consider damage law at point P:

20

* C i i
where damageis: D= Zf AAC i
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A N A

Number of cycles to failure obtained by integrating dN from A to B Get fand y from:
A pF - . ]
; o (1— D) experimental S-N
mm) N = ax I dD or
o > D+y idealized S-N
\ /

h

S-N curve
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Goodman Diagram (GD)

The GD is design tool that represents the locus of stress states
corresponding to a runout stress or a given number of cycles to failure

amp R = Gmin/Gmax




S-N curves for Different R Ratios

S-N curves are “anchored” at two points

2 cycles

Fatigue Strength, o™*/c,
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Solve two equation for 2 unknowns £, ¥

dD
D+y

DfF (1-D)Y’
S D+y

dD

Coefficients (S y) for several values of the stress ratio.

R B Y

-1 13.611 0.001911
0 21.842 0.002142
0.1 23.649 0.002194
0.5 38.033 0.002643
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Flowchart of UMAT

Fatigue model was implemented as a
UMAT user-written material
subroutine for Abaqus cohesive
elements

Calculate reference displacement

2 =(N =N )D+A

Calculate incremental fatigue damage

AD (D +y)[%)ﬁ AN

Update damage with fatigue

D™ =D+AD

Calculate tearing damage
A= AC

DT =
A —AC

Update damage
D= Max(D"; D™ )

Calculate loss of constitutive stiffness

_AS
g2 =AD
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Applied load remains constant
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Analyses of DCB were conducted with 4 different applied loads (displacement control)

da/dN mm/cycle

1.E-01 E
1.E-02 :
1.E-03 é
1.E-04 é
1.E-05 é
1.E-06 é
1.E-07 é

1.E-08

Test: Murri, NASA/TM-2013-217966

Paris law @ +5% compliance

da/dN = 2.1 x107(G,,,,) > \

!

o +5% compliance

0.01
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G,, N-mm/mm?

R-Curve Effect on DCB Specimen
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Delamination Propagation Rates for DCB with R-Curve

da/dN mm/cycle

Comparison of predicted delamination growth rates with
R-curve bridging included with experimental results
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3PB Fatigue — Experimental Results
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Delamination initially grows
equally on both ends.

After about 10 mm, the
delamination on one side of
the specimen grows rapidly.

Delamination length,Aa;, Aa,, mm
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3PB Fatigue — Experimental Results

Loading: F =214 N,R=0.1

Fast/unsymmetric L
propagation P
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3PB Fatigue — Experimental Results

Delamination length,Aa;, Aa,, mm
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Symmetric results

3PB Fatigue — Analysis Results
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Unsymmetric model:

1.1 mm offset in center roller

Delamination length,Aa;, Aa,, mm

25

20

15

10

3PB Fatigue — Analysis Results

0

1000

2000

3000

4000 5000

Cycles, N

6000

7000

8000

29



Concluding Remarks

 Cohesive models can account for R-curve effects that result from
complex kinematics of migration and bridging

* New cohesive fatigue model works well with simplified interfaces:
* model based on S-N rather than Paris law
e assumes that quasi-static R-curve applies to fatigue
e appears capable of predicting crack initiation and propagation
e fatigue-specific input data was not used

* The level of fidelity required to model typical delaminations has
not yet been established
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