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* Motivation and Key Issues

— Fiber metal laminate is a nhew generation of primary structure for
pressurized transport fuselage. However, there are limited and
insufficient information available about mechanical behavior of
FML in the published literature, and some areas still remains to be
further verified by more detailed testing and analysis.

* Objective
— To investigate the damage tolerance and durability of bi-
directionally reinforced GLARE laminates. Such information will
be used to support the airworthiness certification and property

optimization of GLARE structures

* Approach

— To develop analytical methods validated by experiments
— To develop information system
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Transport Aircraft Structures

JAVS Background aAMIAS

o GLARE (S2-glass fiber reinforced Al) laminates

— Hybrid composites consisting of alternating thin metal
layers and glass fiber/epoxy layers iieremy 240

o Advantages of GLARE

— High specific static mechanical proserity
and low density

— Outstanding fatigue resistance 22T

— Excellent impact resistance and damage

{ ~ 2024-T3 aluninun

to I e ra n ce Vertical stabilizer leading edge;  Hierizontal Stabilizer Leading Edge
— Good corrosion and durability ”’A \ (Z’
it /

— [Easy inspection like aluminum

structures g
— Excellent flame resistance \
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AMTAS
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To develop methodologies for guiding material development, property
optimization and airworthiness certification:

Residual Strength Modeling and Validation
--open-hole notch strength

--residual strength after impact

--open-hole notch strength after fatigue

Impact and Post-Impact Fatigue Behavior
Numerical Simulation of single and Multiple Impact
Fatigue Crack Initiation/Growth Modeling and Validation
--constant amplitude fatigue

--variable amplitude fatigue

Multi-site Damage

--fatigue

--impact

Information System for Certification

The Joint Advanced Materials and Structures Center of Excellence S



A Center of Fxcellence

JWS  Multi-Site Damage (MSD) ~ 4MIAS

- Multi-site fatigue damage occurred in in-service airliner fuselage, for instance,
Aloha airline accident in 1988.

- MSD can also be induced by corrosion, and impact.

critical row
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00000

Aircraft fuselage
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JMWWS Crack growth in aluminum with MSD
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Jones, R; Molent, L; Pitt, S, Understanding crack growth in fuselage lap joint,
Theoretical and applied fracture mechanics 2008 v49,n1, p38--50
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JMWWS Crack growth in fiber metal laminates

Transport Aircraft Structures

« Left: bridging mechanism in FML.
« Right: fatigue life of monolithic Al alloy and GLARE laminates.

50
45 “ ** Swa= 120 MPa
R =005
Aluminium 2024 T3 - 2mm W =140 mm
. 40 X L =530mm
Applled stres f =10Hz 0
2a0 =5mm a o
S v o
. . A o
Bridging stres 01 00,
0 " GLARE4B-4/3-05LT
i o 1]
25 : o RTL
(mm) Iy ,o° 0000°°¢o
F . u p200°°°
B : go” Lote00e®®""" GLARE3-32-03L
. - o ob
Delamination area . 5 507 eenst® 00%%°
Crack openir g Dsee0te°
10 ' ggee%e”
& nﬁﬂa
AQEEQQE
5887
Metal layer = Flber layer 0 .
0 0 40 ] 80 100 120 40 180 180 200
N (kcycles)

Vlot A, Gunnink JW, editors. Fibre metal laminates—an introduction.
Kluwer Academic Publishers; 2001.
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JAMVS Configuration of specimens with MSD AMIAS

Transport Aircraft Structures
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cemieilot excallence for
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IS Crack propagation in FMLs--I. A.IVL'MS
Through-thickness open holes

Transport Aircraft Structures
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s Crack propagation in FMLs--Il.  AMTAS

Advanced Materials in

Surface crack AN
9—
. Left: Surface cracks ] o
 Right: Through-thickness cracks L d e
« Top: Non-leading surface crack propagation ||, =\
« Bottom: Leading surface cracks and link-up =
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A Center of Excellence

IS Delamination in metal/prepreg AMTAS

Advanced Materials in

i n t e r f a C e Transport Aircraft Structures

« Left: Surface cracks

« Right: Through-thickness cracks

« Top: Non-leading delamination propagation
« Bottom: Leading delaminations link-up
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J\WS Lead and non-lead surface crack growth

a (mm)

rrrrr

Left: Maximum applied stress = 120 MPa
Right: Maximum applied stress= 100 MPa
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JAVS

Lead and non-lead
surface crack growth rates in FMLs

Advanced Materials in
Transport Aircraft Structures

« Left: Maximum applied stress = 120 MPa
« Right: Maximum applied stress= 100 MPa
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A Center of Fxeellence

JMWWS MSD crack growth in Al-2024 and FMLs A'MIAS

* Applied stress=100 MPa, R=0.1, on Al panel.
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Silva, Lucas F.M., Gongalves, J.P.M.; et al. Multiple-site damage in riveted lap-joints: experimental simulation and finite element prediction,
International Journal of Fatigue, v 22, n 4, p 319-338, 2000.
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A Center of Fxeellence

JAVS Prediction model of surface crack AMTAS

Advanced Materials in
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IS Bridging and secondary bending effect AMTAS

Advanced Materials in

i n F M LS Transport Aircraft Structures

« Left: Fiber bridging effect in FMLs with surface cracks.
» Right: Secondary bending effect in curvature change of neutral line.

Surface crack Aluminum layer
1, _
S T Neutral line |
P —~_ = P
Shifted neutral line
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Role of crack length in deflection of
neutral line in FMLs
- —— =

« Curvature: Using beam theory to obtain the displacement of neutral
line shift.

AMIA

Advanced Materials in
Transport Aircraft Structures

JAVS

* Right: Deflection decreases as laminates thickness increases.
» Left: Deflection increases as crack advances.
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JVWS Crack opening relations in FMLs

« Total crack opening= applied load induced crack opening +
secondary bending moment induced crack opening
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JAWS Effective stress intensity factor

Transport Aircraft Structures

« Surface crack growth in FMLs
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A Center of Fxeellence

WS Comparison of surface crack AMTAS

Advanced Materials in

g r : Wt h i n F M I S Transport Aircraft Structures
- 114
o s wvo Sy o

« Left: Maximum applied stress = 120 MPa
« Right: Maximum applied stress= 100 MPa
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A Center of Fxeellence

IS Residual strength in fiber metal AMTAS

 Advanced Materials in
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JANS Multi-site Impact Test AMMS

Advanced Materials in
Transport Aircraft Structures

Fatigue IoadM—‘" '_;-_

0 Investigate crack trajectory and
crack growth
alnvestigate crack propagation on
aluminum layer and on composite
layer after removing aluminum
layer.
0 Investigate delamination shape
O O O—— MSID—=— g P
0 0 Compare single impact fatigue
behavior with multiple impacts
fatigue behavior
<Case 1: Parallel <Case 2:
Vertical >

jlhe Joint Advanced Ma‘le and Structures Center of Excellence



JAVNS Fatigue Test After Multi-site Impact Damage AMIAS

! Advanced Materials in
Transport Aircraft Structures

eeeeeeeeeeeeeeeeeeeee

O Fatigue test
— Load ratio R=0.1
— Cyclic loading
- Aﬁ)plied impact energy: 4J and
8

— Load level: 20% (116.2 MPa),
30% (174.3 MPa), 40% (232.4
MPa) 60% (348.6 MPa) of PITS
(Post-Impact Tensile Strength)

— Frequency: 5 Hz

<Instron for fatigue test>

The Joint Advanced Materials and Structures Center of Excellence



A Center of Fxcellence

MIAS

J\WUS  Crack Propagation at 174.3 MPa (30% Stress Level)-1 oy

cycle : 55202

Cycle : 60548 Unit: mm
No/
1E 1L 1R 2L 2R 2E 3E 3L 3R 4L 4R 4E
Cycle
55202 | 14.34 0 6.93 0 0 7.09 13.67 | 4.27 3.49 3.49 11.04 | 12.02

60548 | 20.72 0 16.93 | 5.11 0.75 | 1164 | 17.03 | 7.79 | 1368 | 13.27 | 11.88 | 12.72
The-JoinitAdvanced-Materials-and-StrlicturesiConteriof-Excollence




Crack length a(mm)

Crack length a(mm)

20% of PITS: 116.2 Mpa 40% of PITS: 232.4 MPa
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A Center of Fxcellence

JMNNS Crack Growth under 0=174.3 MPa (30% Stress Level)dM-Ms
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A Center of Fxcellence

JMNVNS Crack Growth under 0=348.6 MPa (60% Stress Level)dM—ms

Advanced Materials in
Transport Aircraft Structures

N=8501 cycle N=8579 cycle (Failed)

At 0=348.6 MPa, GLARE 5-2/1 failed due to nuisance cracking from the edge.

The Joint Advanced Materials and Structures Center of Excellence



JAVNS Fatigue after Single Impact vs. Multi-site Impact AMMS

Transport Aircraft Structures

Comparison of crack initiation cycle
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Von-Mises Stress on Impacted Al Layfiras

Advanced Materials in

JAVS

ingle impac? oh impacted Al layer

(d=2mm) Multiple impacts on impacted Al layer (d=2mm)
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« The fatigue behavior of Glare with MSD is superior to that of the
monolithic Al alloy.

» Fatigue crack initiation life after MSID is usually shorter than that
with single impact. This reason is caused by the reduction of
strength of aluminum layer.

« The residual strength of composite layer may be decreased by
multiple impacts. So, fiber bridging from the composite layers may
not play a significant role. Therefore, fatigue life after MSID is

shorter than that subjected to single impact.

The Joint Advanced Materials and Structures Center of Excellence 31



JNWNS A Look Forward

 Benefit to Aviation

--Development of analytical models validated
by experiment and the information system
are critical to design optimization and to
support the airworthiness certification.

* Future needs
--MSD under variable amplitude loading
--Lightning strike resistance

The Joint Advanced Materials and Structures Center of Excellence 32



WIS Lightning Strike Resistance of AMTAS

G I Q H' E Transport Aircraft Structures
composites and advanced materials

' Panel number;
Lightning load:

Specimen config:
= F
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