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Challenge

" Composite materials offer many
advantages to aerospace applications

" Defects (e.g., porosity) occur during the
manufacture of composites, including
cure

" Process models can predict cure defects
" Example: Advanced Composites Project

( AC P) Cure Defects Process Model Image Credit: NASA/AFRC/Ken Ulbrich
(https://images.nasa.gov/details-AFRC2019-0260-53)

(CDPM)1.2

" No direct validation of porosity during
cure



https://urldefense.proofpoint.com/v2/url?u=https-3A__www.nasampe.org_store_ViewProduct.aspx-3FID-3D4765959&d=DwMFAg&c=ApwzowJNAKKw3xye91w7BE1XMRKi2LN9kiMk5Csz9Zk&r=hkuLEVKw4S7JYQOnac0SA43h7uqAKgrZNpd0HUG9XD4&m=5XVDiWy1I2AYEjxYHaplb7U-f04qfOHyC1mrFztu7fI&s=eFOTMF0SDemJkCMQXbEGQADY0fy4iji516y3NwGFxqA&e=
https://ntrs.nasa.gov/citations/20200002678


Objectives

" Develop system to perform defect (e.g., porosity) detection,
localization, and quantification during cure in oven and autoclave

" Why is this hard?
" Limited accessibility to composite part during cure

" Small size of defects Autoclave

" Harsh environment of curing
* Current commercial-off-the-shelf
inspection systems cannot
withstand the elevated
temperatures required to cure





Approach and Design

" Initial testing in oven, then transitioned to autoclave

" Scanner mounted inside insulated, unsealed cooling enclosure

" Liquid nitrogen (LN,) delivered from outside of oven/autoclave moderates the
temperature inside enclosure

" Oven/autoclave controls maintain temperature and pressure for curing

* High-temperature ultrasonic transducer (2.25 MHz) inspects composite
part through the tool plate

. Contact UT
" Composite part vacuum bagged Couplant Transducer
underneath tool plate V4

(Other orientations possible)

Composite





Prototypes

1st Version (Oven System)

® No space concerns in oven so enclosure
intentionally large

" X-Y raster scanner and ultrasonic transducer
inside enclosure

® Composite panel vacuum bagged underneath low
thermal conductivity tool plate (borosmcate glass)
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27 Version (Autoclave System)
"Backwards compatible to oven
®"Reduced footprint
" Ultrasonic transducer outside enclosure
"Improves processing
* No thermal gradient in part
* Nearly identical to traditional processing
Results published in Composites Part A

T.B. Hudson, P.J. Follis, J.J. Pinakidis, T. Sreekantamurthy, and F.L. Palmieri, “Porosity
detection and localization during composite cure inside an autoclave using ultrasonic
inspection.” Composites Part A: Applied Science and Manufacturing, 106337, 2021.
https://doi.org/10. 1016/| compositesa.2021.106337

Unsealed Cooling
Enclosure

Cantllever Arm \
(Connected to X-Y Raster ;¢ i BNC Ca s
Scanner Inside Enclos ‘ . lgellows N\ Q

" Motor Control

Couplant

Pool ‘Uonnection W



https://doi.org/10.1016/j.compositesa.2021.106337


Intentionally Embedded Porosity

" Porosity simulated by hollow glass ;
microspheres introduced during layup of g
out-of-autoclave (OOA) composite. \ ......... |
" Material: Newport® AS4C-M/NB321 OOA plain  ryi2s

weave (PW) prepreg (42 wt.% resin, 195 g/m?) " \\ |
" Layup: 24-ply quasi-isotropic ([0/90, £45],) - | 1]
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localization during composite cure inside an autoclave using ultrasonic inspection.” Composites Part A:
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es u s 2. Sloan, J. "Out of autoclave processing:< 1% void content." (2015) Retrieved from https://

t: 71 min
__T:88°C i

® Scans performed every ~15-20 minutes throughout cure cycle Lo Lo 6is e

® Scan area: 165 mm x 318 mm
® Scan resolution: 1 mm x 1 mm
" Scan time can be significantly reduced by optimizing scanning

parameters
® C-scan images of ultrasonic amplitude of reflections within | , 1
o a t: 143 min t: 170 min t: 196 min t: 223 min t: 249 min
" Porosity causes a reflection T:129°C Ta3ec

8 Iz 133 °C : T: 133 °C€ , T:134°C
" Higher value (red) indicates porosity/defect present “ 1 i
" Three porosity defects clearly visible

® First detection later in cure cycle for OOA material than during
autoclave testing' (not shown)

" OOA preforms have high porosity before processing because they I o ol _
are only partially impregnated. Partial impregnation provides path =~ “; 275 N \ 1300mm C tmin r3samin
for entrapped air to escape when vacuum is applied during cure _ T.134°C : ; 108°C__ 7. 86°C _1:70°C

before full consolidationz



https://doi.org/10.1016/j.compositesa.2021.106337
https://doi.org/10.1016/j.compositesa.2021.106337
https://www.compositesworld.com/articles/out-of-autoclave-processing-1-void-content
https://www.compositesworld.com/articles/out-of-autoclave-processing-1-void-content


Results (cont.)
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Summary

" System developed that performs defect detection and
localization during cure in oven and autoclave'.

®" Features:

" High spatial resolution cure monitoring of resin state and material
properties (in addition to defect detection).

" Scalable from research and development to existing production lines.



https://doi.org/10.1016/j.compositesa.2021.106337


Impact

" Impact:

Real-time knowledge of porosity (or other defect) location and quantity during cure.
Validation of process models and/or processing parameters during certification.
Control of processing parameters during cure based on real-time measurements.

Results in more efficient process development, shortened certification time,
reduction in off-spec parts, and increased production throughput.

" Applications:
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