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Motivation

Thermoplastic Composites (TPCs) could enable 4X-6X production rate increase in Next Generation
Single Aisle aircraft

The NASA Hi-Rate Composite Aircraft Manufacturing
(HICAM) program envisions enabling production rate
increases across the seven identified rate drivers in a
systematic manner by concurrently advancing
manufacturing technologies and analysis methods/tools
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Objectives — Structural Sizing Tools

Systematically validate analysis methods to enable faster incorporation of TPCs into aircraft structures
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High Impact Energy Tests : Gas Gun Test Apparatus
and Chamber

Tests performed at NASA Glenn Research Center

Projectile: A 92 gm metal cylinder with curved front end
(not sharp)

Thermoplastic Panels:

- TC1225 T700G/LM-PAEK unidirectional tape (Toray)

- APC AS4D/PEKK-FC unidirectional tape (Solvay)
Layup: [45/0/-45/90],¢

Thirteen impact tests on LM-PAEK panels: Rebound and
punch through

Twelve impact tests on PEKK panels

Impact Velocity range: 39.5 m/s to 216.7 m/s (71 J to
2160 J)

Projectile

Test Panel

High Velocity Impact Tests Conducted




Impact Test: Test video and NDE Scans

Toray panels penetrated at 158 m/s and higher
DIC used to measure panel deformation

Post-test Ultrasonic C-scans for delamination
assessment

Post-test X-ray CT scans done to assess delamination
and ply damage

Test data for impact at 73.8 m/s
Damage modes:

* Fiber failure (not significant)

« Matrix cracking and delaminations

5& RTX



Panel Impact Model

Model set up:
Layup: [45/0/-45/90],s ; 32 plies and 31 interfaces
T700/LM-PAEK properties sourced from NCAMP database
Impact velocity: 73.2 m/s (250 J)

Modeling approach:

Each ply modeled with one element through the thickness
— Reduced integration elements with hour-glass control
— Type of mesh used — structured, not fiber aligned
— Element edge length in damage region: 0.62 mm
Delamination modeled via Contact-Tiebreak
Parametric variations of Glc, Glic performed (reduced by 20%)
Front and rear frame fixturing modeled
12,227,870 nodes; 6,092,148 solid elements
MAT299: Composite_Softening_ DGD damage model
New material model in LS-DYNA
Improved damage coupling modes over MAT 261
Deformation Gradient Decomposition (DGD) based composite damage model
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Back Frame
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Bilinear cohesive law, with B-K mixed mode behavior

High-fidelity impact models were developed
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LS-DYNA MAT299

Improvements made to damage evolution & coupling, over MAT 261
LaRC-04 failure criterion in compression and Hashin criterion in tension
Updated damage evolution modes:
Fiber tension and compression considered separately
Matrix failure mode: Damage variable (dmat) affects only in-plane matrix response (not through-thickness shear)

Damage variable (d3) Though-thickness matrix damage is treated separately, and applied to through-thickness
shear damage modes as well

If fiber or matrix mode has failed, no in-plane shear resistance exists
Transverse ply damage a function of fiber damage (tension/compression) and through-thickness matrix damage
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Deformation of Panel

Out-of-plane displacement profiles of the panel, due to impact
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Deflection of Cross-section of panel
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Correlations with Test Data
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Predicted Delaminations at various interfaces

Ply layup:
[+45/0/-45/90] 55

Ply interface 17-18 Ply interface 18-19

Ply interface 15-16
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Correlations with Test Data: Delaminations

Delamination footprint comparison
— Ultrasonic C-scan performed on panel, compared with simulation

— Predicted delaminations are smaller by 9.6% (width) and 6.9%
(height) as marked

— Shape prediction is similar, but clear differences observed

« Ultrasonic C-scan images superposed on X-ray CT

Images
* Location: Ply 7 (-45°) /Ply 8 interface (90°)
 Geometry

— 2 petal-shaped delaminations seen in test and simulation

— Petals unsymmetric in test, unlike in simulation

— Non-uniform petal size in tests (simulation shows uniform size)
« Delamination Geometry

— Test data indicates delaminations are not symmetric
— lrregular shape; may change with repeated testing
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* X-Ray CT scan of the panel | Fiber racurel S

~

..

performed
» Location of ply: Ply # 9 (+45°)
« Damage modes marked:
« Matrix splitting

- Fiber fracture 7 \Vatrixsplitting "

* Model:

* Matrix damage plotted (matrix
splitting, variable # 6)

* Fiber-aligned mesh not used

* Matrix damage evolves in various
directions (not bound by the
meshing direction)

» Fiber damage captured by model is
minimal

X-ray CT Scan showing ply damage LS-DYNA result (ply # 9, var # 6)

Fiber damage minimal
(Var # 4)
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Summary

Several T700-LM-PAEK panels were impacted at various velocities

Test with impact velocity of 73.8 m/s simulated

Projectile did not penetrate panel

Significant delaminations seen in most interlaminar regions.
Modeling of Panel Impact

Performed in LS-DYNA, using MAT 299 for intralaminar damage, tie-break for interlaminar damage

Panel deformation captured accurately on impact (< 1% error)

— Rebound impact deformation reasonably accurate (error 3.7%)

— Rebound velocity error 20.4%

Delamination size -under-predicted

Delaminations un-symmetric in test, symmetric in simulation

— Strain rate effects not incorporated, material model is capable
Future work:

Address strain rate effects

Simulate higher-velocity impact tests (with penetration of panels)

An impact test of a T700- LM-PAEK thermoplastic panel was performed, and simulated in LS-DYNA
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Thank You
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Impact Test: Side view (Test 14006)

- Sideview of Impact Test
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Impact Test: NDE Scan with delaminations marked

- HEDI Test 1406

Impact Side (7 “ x 7” scan) T Back Side (7 “ x 7” scan)
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P02B-10 20.0 ft-Ib Impact

- Low Velocity Energy Impact (LVI): Test Scope Matlr(lx
Cracks : ‘
.

- Force vs. time response measured. ‘
- Panels scanned for damage using ultrasound "
- Damage modes: delamination, matrix cracking
‘Rotating fan’ shape of delaminations, bounded by matrix cracks
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MAT 299: Capabilities

Improved stability: Residual stiffness after failure of element (PFRF)
— Can define it as a factor of the original stiffness

Strain rate dependence of the following parameters:
— Non-linear, elastic portion of the in-plane shear response
— Matrix strength
— Interlaminar delamination response:

- Option 13- G_lIc, G_llc

Improved localization effects:

— Ply transverse shear and ply crushing: Hashin fiber shear-tension failure criterion
— Element erosion/deletion: fiber mode, matrix mode
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Matrix Damage in Plies
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Low velocity and high velocity impact tests were conducted
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