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Qutline

« Research updates:
e Sandwich fracture mechanics

 Sandwich damage tolerance

 Notch sensitivity of sandwich composites
e Sandwich notch sensitivity testing

* Numerical modeling — progressive damage
analysis
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Fracture Mechanics Test Method Development
for Sandwich Composites

* Focus on facesheet-core disbonding
* Mode | and Mode Il loading

— ldentification and initial assessment of
candidate test methodologies

— Selection and optimization of best suited
Mode | and Mode Il test methods

— Development of draft ASTM standards
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Mode | Test Method:
Single Cantilever Beam (SCB) Test

Sandwich specimen pre-
cracked at one end

Specimen secured to
fixture base plate

Upward loading of upper
facesheet using bonded
hinge

Measurement of applied Applied__
oa
load, crosshead

Hinge
Disbond ‘/l g

displacement, crack length e ____

Crack Tip ]
waleulation offracture —
toughness, G,
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Candidate Mode Il Test Method:
Separated End Notched Flexure (S-ENF) Test

Modified three-point flexure test
configuration

High % Mode Il (>80%) for all
sandwich configurations studied

Use of tensioned wire to achieve
facesheet/core separation

No core removal required
Adjustable wire height and span
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Recent Developments:
Sandwich Fracture Mechanics

. CO m p I eted S even qﬁnﬁ Designation: X XXXX XX DRAFT ONLY -This is nof am aceepied ASTM Standard
laboratory international TR
SCB round robin activity e Tt o P oo S

. Finalized Mode | SCB draft | “meec . 7.,,,,_; .

(SCB)s]nzmm_

standard to submit to
ASTM Subcommittee
D30.09

= Progressing with
sandwich disbond
building block activity
(Testing & Analysis)
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Status Update:
Sandwich Damage Tolerance Test Methods

 Draft standard of sandwich composite Compression After
Impact (SCAI) completed

 Draft standard of 4-Pt. Flexure After Impact (4-FAl) in
progress
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Qutline

« Research updates:
e Sandwich fracture mechanics

 Sandwich damage tolerance

» Notch sensitivity of sandwich composites
e Sandwich notch sensitivity testing

* Numerical modeling — progressive damage
analysis
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Research Objectives:
Notch Sensitivity of Sandwich Composites

* Initial development of notched test methods & assessing
analysis methodologies for composite sandwich panels

* Explore development of new ASTM standards for notch
sensitivity of sandwich composites

* Documentation of notched testing and analysis protocols in
Composites Materials Handbook (CMH-17) with Parmigiani
group (OSU)

Sandwich Open-Hole Sandwich Open-Hole
Compression Flexure
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Testing Considerations:
Sandwich Open-Hole Compression

Test fixture/Specimen support

— End supports
= Clamping top and bottom
= Potting

— Side supports
» Knife edge

Specimen size
— Separation of central hole and boundary effects
— Production of acceptable strength reductions

Specimen alignment
Strain measurement

Open hole compression fixture
for monolithic composites
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Sandwich Open-Hole Compression:
Determination of Sizing Guidelines

° HOle dlam eter (W/D) Sandwich Open Hole Compression
— Legacy: W/D =6
— Acceptable strength reduction

— Avoid finite width effects :
Aspect ratio (H/W)
— HW =2
— Larger strength reduction than :

No Hole W/MD=8 WD=6

2500

)
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Normalized Load (Ibf/in)
—
L
(=]
S

HM/ = 1 . 5 Sandwich Open Hole Compression

— Avoid finite height effects

Aspect Ratio Comparison

® Unnotched
m Notched

H/AW=15 H/W=2 H/W=2.6
Aspect Ratio
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Sandwich Open-Hole Compression:
Determination of Sizing Guidelines

Minimum size of 3"x6” with ¥2” hole

— Strain gage placement j
= Low strain gradient
= Low shear strain

g . $0.50
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Testing Considerations:
Sandwich Open-Hole Flexure Test

. Test fixture/Specimen support 0
— Inner span ;

= Separation of notch and
loading boundary effects

— Quter span

* Develop sufficient bending
moment

* Ensure failure in inner span

P/2

e Specimen size L2 PI2
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Sandwich Open-Hole Flexure Test:
Determination of Sizing Guidelines

Current configuration:

Specimen width W = 3 inches
Hole diameter D = 0.5 inch
Inner span L =4 inches

Inner span can be increased
to allow DIC to measure far
field strains

No inner span (L/W) strength
sensitivity observed

Outer span sized to ensure
Inner span failure
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Normalized Strength
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Aspect Ratio Comparison
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Chart1

		0.9986684421		0.0499051816		0.0922990213

		2.0013342228		0.126494261		0.1716100888

		2.9930162953		0.2196632618		0.1777908093



Aspect Ratio (L/W)

Normalized Strength

Sandwich Open Hole Flexure
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Sheet1

		Specimen		W		L		S		D		Lpad		c		t		W/D		L/W		(S-L)		Pmax		Fult		Favg		Fmax		Fmin		STD		Favg		Fmax		Fmin		STD

		SOHF-3-T-1		3.007		10.0		30.0		0.50		1.0		0.50		0.021		6.0		3.0		20.0		404		61398.9470445328		73393		88212		61399		11367		1.0879032021		0.2196632618		0.1777908093		0.1684850703

		SOHF-3W-10L-30S-1		3.006		10.0		30.0		0.50		1.0		0.50		0.021		6.0		3.0		20.0		580		88212.40619027

		SOHF-3W-10L-30S-2		3.002		10.0		30.0		0.50		1.0		0.50		0.021		6.0		3.0		20.0		494		75153.5642600269

		SOHF-3W-10L-30S-3		3.006		10.0		30.0		0.50		1.0		0.50		0.021		6.0		3.0		20.0		453		68808.1032584923

		SOHF-3W-7L-27S-1		2.998		7.0		27.0		0.50		1.0		0.50		0.021		6.0		2.0		20.0		396		60325.9315734299		57282		65816		45705		10395		0.8490913301		0.126494261		0.1716100888		0.1540880569

		SOHF-3W-7L-27S-2		3.008		7.0		27.0		0.50		1.0		0.50		0.021		6.0		2.0		20.0		301		45704.9428073594

		SOHF-3W-7L-27S-3		3.002		7.0		27.0		0.50		1.0		0.50		0.021		6.0		2.0		20.0		432		65815.9679185329

		SOHF-3W-4L-24S-1		3.004		4.0		24.0		0.50		1.0		0.50		0.021		6.0		1.0		20.0		466		70829.7932829651		67463		70830		61236		5398		1		0.0499051816		0.0922990213		0.0800214787

		SOHF-3W-4L-24S-2		3.001		4.0		24.0		0.50		1.0		0.50		0.021		6.0		1.0		20.0		462		70323.0553408133

		SOHF-3W-4L-24S-3		3.000		4.0		24.0		0.50		1.0		0.50		0.021		6.0		1.0		20.0		402		61236.2657283003
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Test Method Development:
Third Loading Configuration

* Investigate additional notch
configurations

— Notched core shear
— In-plane bending edge v-notch

— Compression one sided open hole
(single facesheet)

— In-plane shear picture frame
— In-plane biaxial tension/compression

— Out of plane shear (Mode lll)

— Open hole tension P Flatwise shear

In-plane bending Out-of-plane shear
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Analysis of Notched Sandwich Specimens
ABAQUS with NDBILIN:

User-defined nonlinear material model | N
(UMAT) for ABAQUS |
Developed by Materials Sciences Corp. o | e
Stiffness degradation based = ea 2

progressive damage model
— Lamina level stiffness degradation

— Max. stress, max. strain or Hashin
failure criteria for damage onset

— Bilinear stiffness response used
to model material damaged state

— “Built in” laminated plate theory for _L'
elements e

Mat rials Sciences Corporation
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Analysis of Notched Sandwich Specimens

Validation of Modeling Approach

« Modeling of damage progression in
carbon/epoxy facesheet material

— Interlaminar disbond (Mode | and II)
— Laminate tension (+/-45 layup)

— Open-hole tension test

— Open-hole compression test

« Modeling of damage progression in
sandwich composites
— Sandwich interface disbond (Mode | & 1)
— Sandwich open-hole flexure
— Sandwich open-hole compression
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Analysis of Notched Sandwich Specimens

Validation of Modeling Approach

« Comparison with results from mechanical testing
— Ultimate strength
— Stress vs. strain plots
— Strain fields from Digital Image Correlation
— Damage Progression using X-ray CT

DIC X-ray CT NDBILIN Damage
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Analysis of Notched Sandwich Specimens
Interlaminar Disbond:

e Calibration of interlaminar cohesive elements

— Mode | DCB using ASTM D5528
— Mode Il ENF using ASTM D7905

j

| = | —]

| I I

DCB Load vs Displacement End Notched Flexure Precracked

12
= . . =
= 10 ——Experimental Fatigue =
~ Precrack ~
= = o
g 8 ——Experimental Non-precrack g 10 —Experimental
— o —— Analytical Model

—— Analytical Model

Displacement (in)
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Damage Progression in Facesheets:
Analysis of +/-45 Laminates

 Simulation of tension testing of

IM7/8552 carbon/epoxy [45/-45],s | Stress vs. Strain
laminate

25000

« NDBILIN matrix shear strength
and damage parameters 20000
modified to model test behavior

—— Specimen 1

Stress (psi)

15000 —— Specimen 2
—— Specimen 3
---n1=9.0,n2=0.11

10000 - --11=9.0, 12=0.2
---1n1=9.0,12=0.3

5000

0 0.01 0.02 0.03
Strain
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Damage Progression in Facesheets:
Analysis of Open Hole Tests

 Currently, better correlation on failure stress in tension

than compression

Revisit open hole results with updated cohesive element
parameters and matrix damage parameters to determine

NDBILIN best practices

=
N

Open Hole Tension

Open Hole Compression

E 5 1.4
8) 1 o 1.2 -
<) =
[-P]
= os © 1
) ~—
-O 06 w 0.8 T :[
g . T os _
Nooa E Experiment
& s T ®FEM
& o2 S o2
S £
z ° 2 0 . |
1 I 05/905/05]T 0/90/0]15T
Experimental Finite Element [05/505/05] . [0/90/0]
Model Stacking Sequence
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Chart1

		[05/905/05]T		1.3227297938		0.032978048		0.0377226102

		[0/90/0]5T		1.3195643022		0.0517892345		0.0618129573
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FEM
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Sheet1

		Specimen		W		t		D		Max Load		Pavg		Pmax		Pmin		STD		Pavg		Pmax		Pmin		STD		Layup

		OHC-CP5N-1		1.504		0.104		0.251		14400		14965		15458		14400		543		1		0.032978048		0.0377226102		0.0362894863		[05/905/05]T

		OHC-CP5N-2		1.496		0.104		0.253		14600

		OHC-CP5N-3		1.508		0.105		0.252		15400

		OHC-CP5N-4		1.505		0.105		0.250		15458

		OHC-CP5N-5		1.509		0.103		0.250		12998

		OHC-CP5N-6		1.509		0.102		0.250		13500

		OHC-CP5N-7		1.509		0.105		0.251		10007

		OHC-CP5T-1		1.510		0.109		0.249		10500		10825		11600		9900		772		0.7233786628		0.0517892345		0.0618129573		0.0713073822		[0/90/0]5T

		OHC-CP5T-2		1.506		0.108		0.252		11300

		OHC-CP5T-3		1.508		0.107		0.250		9900

		OHC-CP5T-4		1.502		0.107		0.250		11600

		OHC-CP5T-5		1.508		0.110		0.251		9045

		OHC-CP5T-6		1.505		0.108		0.249		7003

		OHC-CP5T-7		1.500		0.109		0.252		11189

		FEM		Pmax

		OHC-CP5N		19793.990		1.3227297938

		OHC-CP5T		19746.62		1.3195643022
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Analysis of Notched Sandwich Specimens
Interface Disbond:

Mode | Sandwich SCB

Sinale Cantilever Beam Test

——Specimen SCB-8-1 —— Specimen SCB-8-4 ——— Specimen SCB-8-5 ====FEM

T T T T 1
30.00 40.00 50.00 60.00 70.00

Displacement [mm]

T
10.00 20.00

/f
f
P i
Vi
o Y

Single Cantilever Model Displacements
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Load vs Extension Data
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Analysis of Notched Sandwich Specimens
Interface Disbond:

e Mode Il Sandwich ENF

Mode Il Sandwich Test Results

50 /\W‘\,\«—/\/

-8
o

Load (Ibf)
N W
o o

-
o o

0 0.02 0.04 0.06 0.08 0.1
Extension {in)

Load vs Extension Data

Sandwich Model Displacements
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Normalized Facial Compression

Damage Progression in Sandwich Composites:
Analysis of Sandwich Open-Hole Test

« Modeling Sandwich Open-Hole Flexure

— Predicted ultimate strength roughly 20% over predicting average
but within test scatter

— No instability observed
— Damage progression from X-ray CT (in progress)
* Images captured at 70% and 90% of ultimate load

i -

DIC out-of-plane displacements

B Test
B FEM
1.00 inch

Core Thickness (in)

=
£

=
(¥

Strength
o o o
» o » ok

o
o

=]

NDBILIN DIC horizontal strain
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Damage Progression in Sandwich Composites:
Analysis of Sandwich Open-Hole Test

« Modeling Sandwich Open-Hole Compression
— Qut-of-plane displacement observed in DIC measurements
— First mode facesheet buckling observed
— Investigating facesheet buckling using ABAQUS Riks
— Progressive approach to validating models
= Laminate general buckling using IITRI (D3410) for OHC
» |nitial disbond of sandwich tests using Teflon insert

(FEM vs DIC) Initial disbond test  Out-of-plane deformation
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Future Work:

Notch Sensitivity of Composite Sandwich Structures

Completion of sizing guidelines for sandwich open
hole compression and flexure tests

Incorporate updated material/model parameters in
laminate open hole tension/compression simulations

Explore best practices for modeling sandwich core

Investigate buckling predictions of facesheet
delaminations under compression loading
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Summary:
Benefits to Aviation

e Standardized test methods for fracture mechanics,
and damage tolerance of sandwich composites

 Notch sensitivity test development and analysis
assessment for sandwich composites
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Thank you for your attention!

Questions?
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