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Brief Chronology of Early Aviation

«1903 Wright brother’s first powered, controlled flight in an airplane
*1909 Improved Wright Flyer becomes 15t military plane

*1909 Bleriot crosses the English Channel in a monoplane

*1910 Jorge Chavez (Peru) flies over the Alps in a Bleriot

*1914 US has no fighter aircraft ready for WWI combat!

*1917 — National Advisory. Committee for Aerenautics Is formed

Created by Woodrow Wilson to organize American aeronautical
research and raise it to the level of European aviation.

“Direct and conduct research and experimentation In aeronautics,
With a view. to thelr practical selution. ™



National Advisory Committee for Aeronautics (1917-1958)
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NACA to NASA
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"...I believe this nation should commit itself to achieving the
goal, before this decade is out, of landing a man on the Moon

and returning him safely to the Earth."
J.F. Kennedy, May 25, 1961



Image # EL-1996-00192

1/28/1970

Neil Armstrong At The Lunar Landing Research Facility

p .
o)
5
c
e "
O
¥
O
S
(4]
)]
%)
)
o
>
Q
o)
c
©
il
<
o
<
Z




Langley Snapshot B
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NASA Langley Research Center 1917-2017

« 2016 budget: $925
million

« 3,470 employees
* 300 hectares
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NASA’s Focus Areas

International Solar System
Space Station & Beyond
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@Structural Complexity and Building Block Approach

Levels of Structural Testing & Analysis

Building Block Integration
Certification Methodology (CMH-17)

Component
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Full Scale Static/

Article Fatigue Verification of Design

Data and Methodology

Components

Sub-componquy 0 Development of Design
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Structural Elements o

Design Allowables Coupons

Chronological Sequence
Specimen Complexity

Material Selection and Qualifications Coupons

v

Number of Specimens

eHigh-fidelity Progressive Damage Analysis
* Reduced reliance on testing

 Faster design process
* More accurate design tools == reduced recurring costs

== reduced non-recurring costs
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@ NASA Advanced Composites Project

Goal and Scope

Focus on reducing the time to develop and certify composite
materials and structures, helping American industry retain their
global competitive advantage in aircraft manufacturing

Product Design Cycle: 5 to 9 Years

Project Focus

———————————————————————————————
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@ Postbuckling Response & Collapse of Stiffened Panels

Typical stages in a panel’s postbuckling response

Collapse load

15t Global buckling

1t Local buckling

Load

e e e e e e e e e e e e e e,

ation
ossibility of damage propag

Typical Ultimate Load

Typical Limit Load

Energy Reserve

B

Shortening

>

From: R. Degenhardt, DLR, 2008
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@ Post-Buckled Stringer-stiffened Panels with BVID

Fuselage Component:

* Candidate Material:
IM7/8552 Carbon Epoxy tape A

=

Increasing complexity:

Phase Il e _
‘ N e Geometry and Loading
FY17-19 . . .
Subcomponents ¢ Failure mode interaction

N e Defect
Elements * Impact Site

Phase | . . ]
FY15-16 Sub- Ny T
elements
Coupons : v v oYvVvYy 4
= [ HIE
u] : |

*
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Single Stringer Compression Specimen (SSCS)

Flight direction

IM7/8552
Skin:  [-45/0/90/45],
Stringer: [45/0/-45/0,,],

Teflon insert

(Dimensions in mm)

SSCS is designed to have response and damage tolerance

characteristics similar to those of a multi-stringer panel
15



Instrumentation/Test Setup

Infrared camera
(passive thermal monitoring)

SSCS specimen

In-situ UT scanner

Rear VIC-3D

Front VIC-3D
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Passive Thermal Monitoring

Passive thermography can track the position of the
delamination front during fatigue cycling
Fatigue loading is stopped for UT scanning when changes

are detected
17
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Quasi-static Test — DIC interpretation




@ Passive Thermography: Collapse

21



58 mm

Collapse Sequence

Flange debonding

and tunneling Stringer crippling

Delamination inside skin
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&

Shell model

Analysis of Skin-Stringer Separation

/ Hat

Cohesive
elements

Cohesive elements

Bilinear Traction-Displacement Law:

Mixed-Mode Fracture:
T (N/mm)

Al !
Go= | t(8)ds
. 4 0

k /.
.
PR —
k:(l d"ﬁ—/’ unloading reloading
P 0

— —p
8o r

Ge = Gic + (Gype — Gio)BT

(Davila et al 2001)
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B.C. for potting applied

Predicted SSCS Response - Nominally Pristine Specimen

4x Magnlflcatlon 50

Applied Force, kN

e S et St e
I e
2 R e e &
.
T —_—
A/ B
i i i ‘

0.2

Initiation of delamination

In|t|at|on of matrix damage

N\

Residual thermal deformation

First buckling

N\

\ End dlsplacement mm.
Collapse
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@ Analysis of SSCS — Nominally Pristine Specimen

Delamination 50 3
Sequence §
(edge view) 40 b o o o S |
> : : : : A
= X
) :
o | | | 1
o o S s o et
o :
D | D9
E— i . .
Z o B S S SR B
. | | | E°
Matrix damage
shown 1 : :
10 7 S o o S 7
0 | \ | |
| 0 0.2 0.4 0.6 0.8

Predicted propagation of delamination (top view) End displacement, mm




Morphology of Indentation Damage with Fatigue

A. Cross-section . Skin
e
_ . _ z Flange P
B. Detail of indentation zone Web
Indenter
[45°/90°/-45°/0°)

™ ! Skin

C. Analysis of UT data

Flange
l‘—:—-f—b

[-45°/0°/45°/0°/45°/0°/-45°] >

Z

mo OB >

26



Fatigue Damage Propagation

initial damage 36,000 cycles 78,000 cycles

Collapse at 78,135 cycles
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Seven Point Bend (7PB) Test

7PB test fixture
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7PB Load Frame and Advanced Instrumentation

Seven Point Bend Test (7PB)

Infrared camera 7PB fixture Load frame Digital image
S . correlation

/——.,.

Sy /B 2 (ot shown)

Data |
' .,g-mm . Vs
acquisition B, ‘
/ Hq A 5

Test specimen

Strain gages

AE microphones
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Seven Point Bend (7PB) Test

APPROACH:

N

-0.18 -0.10 -0.05 0.00 0.05 + Ewvents before 1rst

A new seven point bend fixture (7PB) was designed that uses seven load cells for a
precise interpretation of the response of the panel

Top load points can be repositioned for symmetric and anti-symmetric loading

DE to Monitor Damage Progression for Model Validation

Acoustic Emission Passive Thermography
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% Large Event (> 10% of Max)
1rst

R
Events before 2nd IR
X (m) Events before 3rd

The 7PB test specimen exhibits
deformations and damage similar to
postbuckled panels, but in a controlled
environment that allows detailed

observations for method validation. e
Delaminations / cracks
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@ Seven Point Bend Test Results

Can the detall features of the interface damage be ignored?

31



@ Complexities of Interfacial Damage

1400

1. R-curve effects P
w7
600 “g/-

=

200

Gle (Jfim®)

0/

0]

o 10 20 30 40 50 60 70
[a-a0] { mm)

2. Complexities of interfaces

" " 1 " Applied Load Tape
between dissimilar materials PP 1

Fabric

Delamination

3. Migration of delamination




R-Curve Effect

.. Gc - stead-state

~<
-~
-~
-

Gc - initiation

Displacement

v

Delamination Resistance
curves for mixed mode 47 4r
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Modeling the R-Curve Effect

. Finite Element Analysis
pBilinear G - stead-state Y
A ;“'I
" - N \_;; 200 Propagation: Gc=180
O .
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A 200
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@ Standard Tests and Structural Interfaces

Standard Test
0/0 interface

Interlaminar mechanical properties of IM7/8552

Structural Interface
Skin/Stringer interface

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

7o (N/mm?) 7o (N/mm?) Gy (N/mm) oo (N/mm?) 7o (N/mm?) G. (N/mm)
51.0 115.7 (0270 51.0 115.7 @mm.ﬁ;
) 4
4 times!

Wagner, W., and Balzani, C., Computers and Structures, 2008
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@ R-Curves for Multidirectional Laminates

1400-
0875
+ Geooo
0/90
1000

4 times !

Gle (J/m®)

.D B 1 1 ] ! L] ]
0 10 20 30 40 20 60 70

[a-a0] ( mm)
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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0/0 interface
(standard test)

Interface Surfaces

Typical structural
interface

Is Gc the same?

37



@ Characterization of Skin/Stiffener Interface Properties

Mixed Mode Bending (MMB)

(b) ) G
G P, Loading lever
4—
Less mode Il | More mode Il
Y
0
| Y
S Il
upport roller B
[N
Base
MMB in tape-side-up
orientation
Fabric

Model of MMB
specimen

(o))
o

U
o

B
o

W
o

N
o

[
o

Analysis w/ actual

properties
Test
Analysis w/ standard
properties
0.05 0.1 0.15 0.2 0.25

Load point displacement, in.
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@Characterization of Skin/Stiffener Interface Properties

Tests: J. Ratcliffe, 2016

30 60 (o) 4 70 d
Mode | 50% mixed mode Mode I
60
25 50
\ 2 s
20 40 ;‘
5 5 § 40
g1 gso / ©
£ ) 3 3
10 20 <
20
5 10 0
0 0 0
0 0.05 0.1 0.15 0.2 025 03 0.35 0 0.05 01 0.15 02 0.25 o 02 04 06 08 | s
Load point displacement, in. Load point displacement, in. Applied displacement, in.
s / Interface law w/ bridge
18 Interface law — nominal tape/tape

Total

16
14

Bridge
12

Test Nominal Bridging
" Gic= 1.36 2 Ib/in
z Tape/tape Gllc= 4.18 12 Ib/in
. Sig33= 9040 1000 Ib/in"2
2 // Taush= 13490 3000 Ib/in"2

Bridge

Gc (lbs/in)

5 K33= 1.8E+08 2.E+07 Ib/in"3
0 02 04 06 08 ! 12 Ksh= 1.3E+08 3.6+07 Ib/in"3
Mode Mixity BK= 507 3

w
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@ Characterization of Skin/Stiffener Interface Properties

Mode Il Tests: J. Ratcliffe, 2016

Applied Load, Ibs.

> o

Fabric-side-up

60

~
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=)}
o
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o
£y
o

Analysis

s
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[

o

Test

Applied Load, Ibs.

[
o

M
o

[

o
=
o

o

0 0.2 0.4 0.6 0.8 1 1.2
Applied displacement, in.

Tape-side-up

Range of analysis

results
Analysis

Test

"
>¢ Analysis w/

Tape-Tape
properties

0.2

0.4 06 0.8 1 1.2
Applied displacement, in.

« The R-curves for the two orientations of the same interface are different
« The “tape-side-up” specimen exhibits unstable propagation
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Migration of Delamination

Emile Greenhalgh, Imp. Coll., 2006
(a)

Growth Growth
Direction Direction
e
_>

Growth
Direction

¢°/0° ply interface

The sign of the transverse shear determines the direction of propagation
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@ Migration of Delamination

Emile Greenhalgh, Imp. Coll., 2006

Simple migration pattern

——— - |

90°Ply | i /

Pre-crack \
Interface

elements

—
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Skin/stiffener
separation




@ 3PB Specimen - Detailed 3D Models

1) CompDam_DGD + Flange Layup — [+45/0/-45/+45/-45/0], fabric
,_ * Skin L’_ayup - [-45/+45/0/90/-45/+45], tape

Failure Process:

* One side dominant

e Delamination predicted in
different interfaces

* Transition occurs via matrix
cracks

Interlaminar
delamination

Fabric/-45 -45/45

45/0




&

Load (lbs)

-300

-250

-200

-150

-100

-50

3PB Doubler Specimen Analysis Results

Nominal

6-inch Span
Blind Prediction
comparison of analysis
results with and without
bridging properties
w/ Bridge
CompDam

w/ Bridge

10-inch Span
CompDam w/ Bridge
Nominal
-0.1 -0.2 0.3 -0.4 -0.5 -0.6 -0.7 -0.8 -0.9

Displacement (in)
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Concluding Remarks

Interface Separation

* The collapse of postbuckled structures is usually the result of
skin/stringer separation

* |nterfacial damage is not well understood

Modeling delamination
* Models must account for
* R-curve effects
* Complexities of interfaces between dissimilar materials
* Migration of delamination

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

* Even the best analysis tools available may not account for all
of the energy dissipation mechanisms that are required.
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