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Impact Damage Formation on Composite Aircraft Structures /
Non-Destructive Evaluation Methods for Detecting Major Damage in
Internal Composite Structural Components
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Impact Damage Formation & NDE of Major Internal Damage

[ Ice Impactonﬁandwmh
Panel

Motivation and Key Issues
* high energy blunt impact damage (BID) of main interest
 involves large contact area, multiple structural elements
 GSE, FOD, railings/corners, hail ice, bird
 internal damage can exist with little/no exterior visibility

» damage to internal members not visible by typical one- S|ded
NDE (e.g., UT scan)

» cracked shear tie, frame, stringer heel crack

» external-only NDE neeed to find such damage | Sandwich Core Crush |
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Program Objectives

 Understand blunt impact damage formation and visual detectability

« determine key phenomena and parameters controlling both internal and
external/visual damage formation

* internal vs. external damage formation vs. bluntness/contact-area size
» identify and predict failure thresholds (useful for design)

 Develop analysis and testing methodologies, including:
 full structure vs. sub-structure testing for HEWABI investigations
e accurate modeling capabilities
» establish damage visibility criteria — surface crack, residual dent

« Demonstrate detection method for finding major damage to
Internal structure

» detection performed from exterior skin-side only

* relate NDE measurements with damage location, mode, and
severity
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Qutline

e Ground Service Equipment (GSE)
High Energy Blunt Impact
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Focus: Frame-to-Floor Structure Joint Interaction

1| Region3 . , .
Z2na ~ Specimen Design & Build:
% Impact at Region 2
Region 2 - .
Region 1
@ E> Region 3

[

Region 2
@ O

* GSE impact location relative to floor joint
affects failure modes
* Region 1: bending dominated
* Region 2: more stiff — high beam shear
* Region 3: most stiff — frame & joint crush
* must represent frame-to-floor joint interaction
« compliance of frame-to-floor connection

e continuous shear tiesx




Simplification: Full to Truncated Specimen

N LOadlng:
‘.Loc 3
,-Loc 4
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6 stringers per panel,
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m Jm Advanged Materiais ie
Tramsport Alrcraft Structures 7
JOINT ADVANCED MATERIALS & STRUCTURES
CENTER OF EXCELLENCE




Boundary Conditions — Equivalence?

Full Model

Fixed Beam

Full-Loc.X-RubBump-L15
T-Loc.X-LowerBC-Sec3-L36

Truncated Model

Fixed Beam
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Select Models: \
Symmetry BC
Represents 2

Frame Panel

Lower Half
Represented by Loading Locations:
Beam Locl — Inline w/Floor
Loc2 — 1st Stringer Down
Loc 3 — 15t Skin Bay Down

Loc4 — 2" Stringer Down
rd i

Fixed

Full X=3,4 U3=0 on Skin Edge; Fixed Floor Beams
Truncated X=3,4 U3=0 on Skin Edge; Al Channel BC




2 Frames (Z-Symmetric Model) vs 1 Frame

Displacement - Load at Locb Stress - Load at Loc5 |
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Full vs Truncated Comparison at Location 4

Force - Displacement Comparison - Loc4

35000
Full-Loc4-RubBump-L15-Elastic-Implicit-
30000 DisplCtrl
T-Loc4-LowerBC-Sec3-L36-Elastic-
Implicit
= = =Full-Loc4-RubBump-L15-HSN-Explicit-
25000 | DisplCtrl
T-Loc4-LowerBC-sec3-L36-HSN-Explicit Stringer
) oo Failure
= nitiation:
3 20000 Shear Tie 6“’\0 11.27 kips
8 Failure €\
S Initiation:
'§ 15000 5.09 kips
w \
[
10000 \
5000 = _ C-Frame Failure
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Stringer Contact
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Simulation: T-Loc4-EX.avi JJW\S Simulation: Full Model
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Full vs Truncated Comparison at Location 3

. Force - Displacement Comparison - Loc3

35000 -
— = =Full-Loc3-RubBump-L15-Elastic-Implicit-
DisplCirl
30000 T-Loc3-LowerBC-Sec3-L36-Elastic-Implicit
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)
9 20000
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o
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g = -
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Test Matrix

Specimen Skin Skin Thk (in) | Shear Tie |S. Tie Thk (in)| Load Loc Load Type*
1 14 plies 0.11 16 plies 0.139 4 Quasi Static
2 14 plies 0.11 16 plies 0.139 4 Dynamic
3 14 plies 0.11 16 plies 0.139 3 Quasi Static
4 14 plies 0.11 16 plies 0.139 3 Dynamic
5 10 plies 0.079 12 plies 0.104 4 Chosen after
> ' > ' Tests 1 to 4
: : Chosen after
6 10 plies 0.079 12 plies 0.104 3 Tests 1 to 4
: : Chosen after | Chosen after
7 10 plies 0.079 16 plies 0.139 Tests 5,6 Tests 1 to 4
: : Chosen after | Chosen after
8 10 plies 0.079 16 plies 0.139 Tests 5,6 Tests 1 to 4
* Load Type: Quasi Static = increasing load until just past initial failure, stop & inspect, reload

further to next major damage state, stop & inspect, repeat etc (multiple steps).
Dynamic = fast speed (0.25 to 0.5 m/s) until well past initial failure (one shot).

N5

JOINT ADVANCED MATERIALS & STRUCTURES
CENTER OF EXCELLENCE

AMIAS

A nced Marena
Tramspont Alreraft Siruchures

12




Shear Tie Tool

Quantity Revd (it?)

Toray T800/3900-2 T800S 3900-2B UD 3010
Pre-Preg Purchased T800H 3900-2D PW 1829
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Qutline

 NDE of Major Internal Damage
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Non-Contact NDE Prototype

Non-contact system for panel scanning
- Line scan approach with non-contact sensors on moving carriage

- Air-coupled piezocomposite transducers: central frequency 170 kHz
- Nno contact coupling dependency
- Pitch-Catch (NO differential):

- 1 Cylindrically-focused transmitter + 1 unfocused receiver
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Non-Contact NDE Prototype

Typical Signal:
Multi-mode: A0 & SO in
Skin/Stringer

- confirmed by FEA

Time of Arrival computed
from Group Velocity
obtained from FEA

Receiver (Test 4)
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>
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0 100 200 300 . 40 500 600 700
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Non-Contact NDE Prototype

« Outlier Analysis: Multivariate :
y _ Super-Vector for mode compounding
0.0 Receiver (Test 4) MUIU'mOde
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Non-Contact NDE Prototype
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Outlier Analysis Results:

- Skin modes only

ROC curves
for performance assessment
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Damage Index

Non-Contact NDE Prototype

o Qutlier Analysis Results: ROC curves
for performance assessment

- Skin + Stringer modes (best combination)

Mahalanobis (packets:1 3 4) 1 ‘ . RO(': curve formdeleclzt typ‘e #2 . e § ROC curve for defect type #3
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NDE EXxcitation by Mini Impactor — Portability

Impact based excitation desirable for ease of use and high amplitude/intensity
- transducers need high power and couplant, lasers bulky & damage surface
Typical impulse hammer excitation has frequency content < 20 kHz.

Aluminum Tip — 0.56 mm thick 15

Uni-directional Carbon/Epoxy 1
[0]g Layup; 0.56 mm thick 05

0

-0.5

-1

S N R S S

1.8 1.9 2 21 2.i2 2.i3 2.i4 2?5 2?6 2.‘7 2.‘8
Time (s) x 10"
Normalized Composite Impact FFT Plot
0.02- . , : : : :
f —RI15 _
; —PicoSensor |-
«  Flick impactor > generates excitation 0015759 kHz '
having frequency in range of interest (30- -
80 kHZ; target 50 kHZ) 001 F S B P SOOI SRR RPRP ...................................
»  Excitation frequency controllable by 0005 ; : : :
changing mass/area of the impacting tip. 005 |/ A s e e _é
DN S S SN S
25 3 35 4 4.5 5
Frequency (Hz) x 10°
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Mini Impactor on Composite Panel

- Excitation and measurement (R15 contact transducer) on exterior skin-side

- S0 waves through skin path move faster (~150 kHz content); arrives first

- A0 waves through C-frame path move slower (~50 kHz content); arrives 0.2 ms later

- Specimen with C-frame removed has only skin modes content
. T '-t\l_‘ With C-Frame

347775 _
ooy SO Skin Modes

151378 wll ' .‘ "

N 99872.2
65801 A0 Frame Modes

SkinBStringer _
P,_a th > & & 4 2 347775
229446

W/out C-Frame

e & & 8

151378

Shear Tie + T 998722
—=—=—C-Frame Patl 65891
43471.9
28680.7

. @
JOINT ADVANCED MATERIALS & STRUCTURES
CENTER OF EXCELLENCE




Mini Impactor on Composite Panel

- Gating of time signal important for capturing different modes of interest — specifically
those passing through frame.

- FFT shows clear sensitivity to disrupted path (C-frame detached at bolts to represent
being fully cut)

Composite Ham"ner on Frame02 Panel Full Signal Plot

= |
0.1 0.2 03 loa 05 0.6 0.7 0.8 0.9 1

| | Time (s) x 107

Panel Exterior View ' : A : SR Includes A0 modes through C-Frame path

Composﬂe Hammer on Frame02 Panel FFT Plot

) _ s
Skmiit[:nger - Dlsrupted pat through C- Frame shows S Sk:: x,o Cr:r::,e

: ] X 4 267e+04
Shear Tie + C- - i
——Frame Path
T3 35 4 45 s
Frequency (Hz) x10°
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Qutline

« Blunt Impact Damage to Sandwich
Panels
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Damage on Nomex® Cores (Flatwise Compression)

4

Unloading at peak stress (point #1):
—— MTSCCB23, 1 Full Cycle || ° Onset of resin fillet disbonding from cell wall

~~—~-MTSCCB24, 2 Ful Cycles || « Strength is recoverable upon re-loading

- 1 1 | I
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Normalized Out-of-Plane Core Displacement (%)
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Sequence of failure events

Unloading at unstable region (point #2):

ST e D L Fractured fillet leading to local cell collapse
(A): Onset.Of B).' Onsetof (C): Core crushing Strength and stiffness not recoverable
post-buckling resin fracture plateau ‘

JOINT ADVANCED MATERIALS & STRUCTURES
CENTER OF EXCELLENCE

24




Out-of-Plane Effective Stress (MPa)

o
ol

Overview of Flatwise Compression Tests

4.5 T T T T T T T T
Pendulum test #1, Panel ID: -059
4r Collapse Pendulum test #2, Panel ID: -059
35l stress = = = Quasi-static test #1, Panel ID: -059
) variation = = = Quasi-static test #2, Panel ID: -061
3L = = = Quasi-static test #3, Panel ID: -061

= N
PoU N Ol

(@)

Crushing stage

Pendulum Dynamic Loading

0 1 2 3 4 5 6 7 8

Normalized Out-of-Plane Core Displacement (%)

- Collapse stress scatter likely affected by
manufacturing process and sandwich curing cycle

- No significant strain rate effects (up to 90 s'1)

observed — same effective stress/displacement

respon

se and similar failure mechanisms

Visual wall post-buckling

Rate: 15037 Exp: 1ps

384 Rate: 15037 Exp: 1 ps
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Detailec Modellng of Nomex® Cores

3.5 - Resin fillets enhance stability of core cells
Analy3|s w/o flllet zones
3 Analysis w/ filet zones [| * ISsue: limited data on Nomex® paper and
55 et phenolic resin — need to measure
2
1.5

$

Out-of-Plane Effective Stress (MPa)

' / Element
0 : Size ~ Total area
0 1 2 3 4 5 0.02 mm 60,000 pm#

Normalized Out-of-Plane Core Displacement (%)

Collapse for non-filleted core Collapse for filleted core
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Hail Impact: Low Glancing Angle Tests
« 10° glancing angle, 80 - 160 m/s velocity; 275 - 800 J kinetic energy

15t Contact

50.8 mm ice ball in foam sabot t = 4.14 ms from trigger t = 3.64 ms from trigger

€ 02 !
£ . . I
é O E E : 2t 2t & """"""""" e = oA No Dent
g —®— Input kinetic energy = 275 J ' Visually
% 021 —A— Input kinetic energy = 590 J Observable
o -200 -150 -100 -50 0 50 100 150 200
Position x (mm)
I | I(.ql 1 | l2| 1 |B“I1’ 1 | I | l I 1 | I2|
GGBOL AMo—-E 0t GCBouampE| ~ 2
: S A .||||.|,
Threshold energy for core damage onset = 275J Core crushlng span for 600 J eergy: ~76 mm
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Ongoing Activities

Mechanical characterization of Nomex®
paper and phenolic resin
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data2

0 1 2 3 4 5 6
Axial Strain (Laser Extensometer) (%)

Plain Paper Tens. Stress (M

Digital image correlation method for strains

Contour plot of Sy (infinitesimal strain) (Current image #: 81)

Frame 8001, Current Time: 267.0¢

Validation of DIC
with office paper
coupons

Extend to Nomex
Paper

Obtain properties
through tension

X (pixels)

N5

(%)

- Generate imperfect geometry using B-
spline theory to account for defects

4[| — Piecewise B-spline
~—©—Control Polygon
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Qutline

 Conclusions, Benefits to Aviation, and
Future Work
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Summary/Conclusions
Ground Service Equipment (GSE) High Energy Blunt Impact

2"d generation large panel specimen was designed and updated — includes
frame-to-floor interaction.

Reduced-sized truncated specimen shown to exhibit equivalent response with
full quarter-barrel specimen.

Tooling fabricated and materials ordered/received.

Blunt Impact Damage to Sandwich Panels

Significant core damage has been experimentally documented through
ongoing gas gun tests at low angles of attack; no dent visible.

“Inverted” building block approach being followed to 1) quantify core damage
extent through panel impact tests, 2) assess main core damage mechanism
based on simplified tests (e.g. flatwise tests), 3) establish damage contribution
of the constituents of the composite Nomex® paper/phenolic resin system
through computational and experimental work at meso-structure scale.

NDE of Major Internal Damage

Non-contact approach system demonstrated successfully
» less effort and faster
* yields more stable signals due to absence of coupling and operator variations

Mini-Impactor generates frequency excitation suitable for both skin and internal
damage detection; large amplitude and does not require high power amplifiers.



Benefits to Aviation

Ground Service Equipment (GSE) High Energy Blunt Impact

« Understanding of key physical phenomena through experiments; HEWABI
damage near joints and stiffness transitions.

 Improved FE modeling methodology of blunt impact damage
Blunt Impact Damage to Sandwich Panels

« Establish core damage metrics for a set of conditions (size of projectile,
projectile angle of attack, skin stiffness, core configuration).

* Quantify effects of the manufacturing defects (imperfections) or manufacturing
induced geometric factors (coating thickness, resin fillets) on the widely
scattered mechanical properties of Nomex® cores.

NDE of Major Internal Damage
« System developed has large area scan ability, and is field portable.

« Better detection of major damage — e.g., stringer heel cracks, disbonded
stringer.
» higher performance Probability False Alarm vs Probability Of Detection
e more robust
» doesn’t require differential mode

Tramspart Alreraft Struchure:
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Looking Forward

Ground Service Equipment (GSE) High Energy Blunt Impact

« Continued development of high fidelity FEA modeling capability — validated at
element level.

« Large specimen: boundary fixture design and manufacture, specimen
fabrication (layup, assembly), conduct experiments.

e Continued study of failure in frame from bending and combined bending-torsion;
allows improved FE damage progression models.

« Discrete multiple fasteners modeling/representation within progressive failure
analysis.

Blunt Impact Damage to Sandwich Panels

« Experimental work on phenolic resin specimens as well as composite phenolic
resin/Nomex® paper laminates - obtain material properties needed for
detailed Nomex® paper computational models.

NDE of Major Internal Damage

« Further investigation on internal structural wave penetration with mini-impactor.
« Correlate the damage index features with damage location and type.

« Live demo to industry partners.

Tramspart Alreraft Struchure:
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