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= Project Introduction

Non-Contact Ultrasonic Measurement of
Prepreg Level of Impregnation(t




the@group 1) Company Overview

The Ultran Group is the pioneer of non -contact ultrasound
and provides inspection systems for customers worldwide

wl'he Ultran Group was founded in 1977
oHeadquartered in State College, PA

wAdditional offices in Hoboken, NJ and
Minneapolis MN

ubDeveloped leading ultrasonic products, |
including transducers and systems for R&[
and production quality control

anitial advancements in neoontact (air
coupled) ultrasound were made in the late
1990s and optimized through the mid
2000s*

oGlobal presence with exports accounting
for over half of sales

uHales to numerous fortune 500 companies
and major aerospace corporations

*US and International Patents



the@group 1 Continuous

_ _ _ Inspection
The Ultran Group supplies online N@uhlysisystemdor
prepreg inspection

Representation of MuliChannel Online System for Continuous Inspection

, Customizable multi-channe!
\ Receiver Arrays
u

Setof 4 ]
Transmitters 4 Tansmiter

Modular 4 -
channel
NCU Array




the @ group

Aurora Flight Sciences

@ Aurora Flight Sciences

Design, analysis, testing, and
manufacture of military and commercial
manned and unmanned aerial vehicles.

Headquartered in Manassas, VA

Composites manufacturing facilities
(WV & MS)
» Lean aerospace manufacturing

» Commercial & military manned & unmanned
aircraft

» >200,000 SF capacity

» T-axis Electroimpact AFP machine
» 16’ x 40’ autoclave

» NDI, Trimming, Machining, etc.

R&D Center in Cambridge, MA

\\




the @ group

1) Project Team

Our project team Is composeasf inspection experts,
composite manufacturing specialists, and leading statistic:

researchers

Core Team Members

w Kashyap PatelThe Ultran Group
(Principal Investigator)

w Konstantine FetfatsidisAurora
Flight SciencesD30.03
Subcommittee Member

w Anuj Bhardwaj The Ultran Group
(Program Manager)

Supporting Groups

wMcGillUniversity, Center for
Composite Research: Professor
Pascal Hubert, Marc Palar®ym

wThe Pennsylvania State
University, Statistics Department

wHarvard University, Center for
Nanoscale Systems

wDr. Schenk of America, Optical
Inspection Equipment & Analysis




the@group SBIR PI‘OJeCt Ovel’VIeW
Sponsored by U.S. Air Force Research Laboratory =

wThe Ultran Group was awarded a Phase | SBIR grant on August 1, 20:
demonstrate feasibility of prepreg LOI measurement using NCU

A Project conducted in partnership with Aurora Flight Sciencesg Imanufacturer of
composite aerospace parts and UAVs

wEffort includes establishment of ASTM standard method for prepreg L(
measurement

A ASTM adopted methods will become industry standard for measurement and
certification of prepreg LOI

A Future work will ensure that standard method is applicable to a wide variety of
prepreg products

A SBIR effort so far has proven feasibility and accuracy of prepreg LOI measurem:
greater than 1% accuracy

w Testsconductedupon Cytec OOA IM7/5320 prepreg materiaprovided
for the SBIReffort.

wDraft ASTM Standard has been balloted

9 DISTRIBUTION STATEMENT A. Approved for Public Release: Distribution is Unlimited. (Case no. 88ABW-2015-2066)



= Methods of Analysis

A Non-Contact Ultrasonic Measurement of
Prepreg Level of Impregnation (2




the@group 2 ) Prepreg Material & Prep

Prepreg material was provided by Cytec for the SBIR effor

Prepreg Samples provided at 3 level of impregnatiocddziT Ay KI £ F (2
MHE &ljdzl NBad al O SNAL £ / 2YLI2A&A

Material Type | Label Size
Hand Layup | HLU-1 " "
(Low LOI) | HLU=2 |12 X 12
Automated ATL-1 " "
Tape Layup | ATL-2 127x12
Automated AFP-1 12" x 12"
Fiber Placement| AFP-2




the@group 2) NCU Analysis Technique

Images were captured using the U7lb@aging system

Ultran U710 Analysis System and Correspondlnq Imaqmq and Data

854625 136 187 238 288 338.868
0 1 1 1 1 1

1 ’* '
Test area imaged for | < - 11F
13.57 each sample 7 four )
' corners marked and

Average Amplitude (dB’

Standard Deviation 1.71 orientation saved | w1 | it i
i :
Highest Amplitude (dB) -9.95 Image Capture and «* 7 ‘ 1 , J
Scan Statistics 2, L8 i1

Lowest Amplitude (dB) -20.59

G1.Pk2Pk.dB



the@group 2) Frequency Analysis

The firstmain set of analysis was to determine the optimal
frequency range for analysis

Settings and Transducer Types for Frequency Analysis

NCU Transmitter Receiver Active
Frequency| Transducer Transducer Serial | Transducer Serial | Diameter of Gain HPF LPF
Model Number Number Transducer
50 kHz NCG50-D50 350175 350174 50 mm 50dB | 40kHz | 1000 kHz
100 kHz | NCG100-D25 370066 370065 25 mm 40dB | 40kHz | 1000 kHz
200 kHz | NCG200-D25 370061 370062 25 mm 10dB | 40kHz | 800 kHz
350 kHz | NCG350-D13 320094 320009 13 mm 52dB | 40kHz | 1000 kHz
500 kHz | NCG500-D19 300031 300284 19 mm 60dB | 40kHz | 1000 kHz
700 kHz | NCT700-D19 370396 370397 19 mm 62dB | 40kHz | 1000 kHz
1 MHz NCT1-D13 300671 280251 13 mm 64dB | 40kHz | 1000 kHz
2 MHz NCT2-D13 340324 340323 13 mm 84 dB | 800 kHz| 2000 kHz

8 Frequencies analyzed frds® kHz to 2 MHz in through transmission
W s2 MHE E mMué alyvyLX Sa FylrtelSR 4G S
ATL, AFP)
I 48 scans conducted for frequency analysis
I Samples were also scanned with backing paper on at 3 frequenciegg
200 kHz, 500 kHz, and 1 MHz. 18 additional scans perfoGoeadtal)




the@group 2) Frequency Analysis

Analysis was conducted in through transmission with
transducers of varying size and frequency

__

Prepreg

-

Direct transmission route

Transducers used for analysis




the@group 2) Multiple Conditions

For the second set of analysagiditional variables were
considered to determine the optimal test method

Through Transmission (left), Reflection
(right), and focused (bottom) Methods

Additional Variables Considered

-
Focused ultrasound vs. Planar: The

previous analysis was conducted using

planar transducers. Focused ultrasound

will provide higher spatial resolution as the -

S Material
spot size is significantly reduced
(potentially <1mm) . . Air or Liquid
Air or|Liquid 1

Surface reflecfuon data: Prior aqaly5|s was —
conducted using through transmission
mode. While through transmission may
provide the core information regarding LOI, O
reflection data may prove useful
complementarily

dium

Material




the@group 2) Multiple Conditions

The combination of test conditions were arranged using a
DOE test matrix

DOE Test Matrix

Factors Levels Values
Clrzisonie 3 500 kHz, 700 kHz & 1 MHz
Frequency

FoeLs 2 Focused & Planar
Parameter
Inspection Top reflection, bottom
P 3 reflection, & through
Mode .
transmission
LOI 3 High, Medium, & Low

w Test matrix consisted of 4 variables at multiple levels with a single replicate (4
samples)

w Total scans performed = 216
w Increased sample size to obtain more accurate correlation




the@group 2) Analysis with Paper Backing

Initial testsconducted with paper backing simulate inline
test conditions

wUltran was advised to consider conditions where the prepreg pay
backing is not removed

A Analysis with paper backing is required for measurement online during
manufacturing

wMajority of analysis conducted has been performed upon prepret
with no backing to allow for ideal conditions which are viable for :
offline test

wlnitial analysis conducted upon first set of IM7/5328amples
provided by Cytefdesignated for frequency analypis

wAdditional analysis will be conducted a wider variety of materials




= Secondary test methods

A Non-Contact Ultrasonic Measurement of
Prepreg Level of Impregnation @




the @ group

3 ) Guided Water Pickup

Use of a guided water pickup test can be usedreate a ver
accurate correlation function between NCU transmittance

and prepreg LOI*

AFP 1

HLU 5 i AFP 2

*US Patent Pending

Guided Water Pickup Test

wLarger areas of samples are imaged using
NCU

wAreas with high uniformity are selected to

test for water pickup

I Test accuracy of standard water pickup
test is greatly improved by choosing areas
of high uniformity

I High uniformity allows water to flow
unrestricted through sample

i Accuracy improved from +5% to
approximately +1%

wFollowing water pickup the samples are
weighed to determine level of
impregnation




the@group 3) X-ray MicroCT

X-ray MicroCT isised as another method to qualitatively
analyze porosity of prepreg

MicroCT Imaging System at Harvarad wAurora Flight Sciences has conducted MicroCT

University analysis at the Harvard University Center for

Nanoscale Systems

I Multi-layer laminates of cured CFRP have
been successfully analyzed usMgeroCT to
detect porosity variation and delamination

wWe have also begun working with Professor
Pascal Hubert at McGill University in
Montreal, Canada
I Professor Hubert and his student, Marc
PallardySimhave extensive experience
analyzing composite materials using
MicroCT

: : : : I Their research center, the Structured
Cross Section View in MicroCT of Composites Material Laboratory, at McGill

IM7/5320-1 Prepreq Sample* has analyzed select material which we have
provided to them

*Image produced by McGill University




the@group 3) Optical Imaging

We conducted experiments with Dr. Schenk, an
optical inspection technology = company, to study
relationship between NCU and surface photography

Optical analysis conducted in reflection and through transmission modes

Reflection Mode
camera

illumination in

@ reflection

/

we b \ ‘\I. ——

illumination in ) )
transmission Transmission Mode




the@group
NCU LOI Measurement Results &
Accuracy

A Non-Contact Ultrasonic Measurement of
Prepreg Level of Impregnation (4




themgroup 4) Frequency Analysis

Following frequency analysis, it was determined that optimal
frequencies of measurement are from 500 kHz to 1 MHz

Sensitivity of Ultrasonic Transmittance to Prepreq LOI Variation at frequencies
from 50 kHz to 2 MHz

50 kHz 100 kHz 200 kHz 350 kHz 5/OO’IZI:|Z 700 kHz 1 MHZ 2 MHz
0 _
$ || 1} Ay ll ll
2 10 747 5. 60 \-\4 53 -4.88 5.71
oo 1oq5i08s 830 9.12 7. -8.07 o |
€ 5 -15 -11.02 "1116 12.23 1118’ 200 o
<= -15.88
s 20 ,‘
> = -19.69
< B cu®®® -21.83
= -23.30

LT 500 kHz 700 kHz 1 MHz

——

Lower frequencies

exhibited some - ; nghest senS|t|V|ty
saturation in ] S - and correlation :
measurement an 3 . I
lower sensitivity to £ | to prepreg LOI i
change inLOI. 2 €~ . variation found at :
MHz exhibited 3 500 kHz, 700 kHz,
someareasofno X -13.84 : !
signal amplitude 18 -15.88 \ and 1 MHz ‘ ,.

® High = Medium = Low
(AFP)  (ATL) (HLU)




the @ group

@ Initial Analysis

A clear reduction in signal amplitude is present when the |
of Impregnation drops
Ultrasonic Gscan Images of AFP, ATL, and HLU Samples at 700 kHz in Through Transm

AFP

ATL HLU

854625 136 187 238 288 338.868
0

43

96

144

182

239.
G1.Pk2Pk.dB

B .

-38 -19 0

Ave. Ultrasound Signal:
-4.64 dB

854625 136 187 238 288 338.868 854625 136 187 238 288 338.868
_ I 1 1 1 1

0 .,’».»L
Al - |

| ’
144 :

i
i

144 4

192 4 192 A q.. ‘
23950 23950
G1.Pk2Pk.dB G1.Pk2Pk.dB
M . .
.38 -19 0 -38 -19 0
Ave. Ultrasound Signal: Ave. Ultrasound Signal:
-8.15 dB




the@group 4) Multiple Conditions

By addinghew Input variables acquired by NCU, accuracy
prepreg LOI measurement can be increased*

Schematic of Reflection Additional Variables of NCU Analysis
and Transmission Signals

[ 1 ]

T.. NCU Transmittance (planar)
T.o: NCU Transmittance (focused)

— — R«. NCU Reflectance (top surface)
: R R,. NCU reflectance (bottom surface)
¢d'i” T.s: NCU Transmittance (frequency 1)
% bR, T.+: NCU Transmittance (frequency 2)
— V: Velocity

— . Fpo Peak Frequency
Fb: Signal Bandwidth

w Prior correlation functions considered only one variablggtTl frequency

w Analysis can include correlation functions with numerous variables, including
reflectance values and transmission/reflection at different frequencies

w A correlation function can include limitless variables as follows (linear example); s

%Imp=m(T,)+n(R,) + | (T«) +K(T,;,) +1(F,).....+Db

*US Patent Pending 7 e i s s s




theﬁgroup @ Multiple Conditions

AFP (High LOI) Samples 5-8: NCU Image at 1 MHz through

transmission (single variable only)

100.3687 113 125 137 148 161 173 185 198  209.681

& (AFP samples are nearly\
100% impregnated

oNCU average values are
very high, showing high
transmittance through
well-impregnated
material

ubocalized striping pattern
Is noticed. Likely caused
by ridges in nip rolls used

\to infuseresin /

*Actual level of impregnation as measured by guided water pickup test

26 DISTRIBUTION STATEMENT A. Approved for Public Release: Distribution is Unlimited. (Case no. 88ABW-2015-2066)



. Multiple Conditions

the group
@ATL (Medium LOI) Samples 13 -16: NCU Image at 1 MHz through

transmission (single variable only)

100.3687 111 122 133 144 155 166 177 188 199 209.681

*Actual level of impregnation as measured by guided water pickup test

f GATL samples are \
impregnated between 92
96%

oNCU averagealues
reflect even minute
variations in LOI

olocalized striping pattern
Is noticed. Likely caused
by ridges in nip rolls used

Kto infuseresin j

27 DISTRIBUTION STATEMENT A. Approved for Public Release: Distribution is Unlimited. (Case no. 88ABW-2015-2066)



the@group @ Multiple Conditions

HLU (Low LOI) Samples 21 -24: NCU Image at 1 MHz through

transmission (single variable only)

100.3687 111 122 133 144 155 166 177 188 199 209.681
1

1 1 1

0 1 1 1 1 : :
LU ﬁ!. .
HLU #20 HLU #21 |

2+ ANCU Ave. =-13.97 [ ANCU Ave. = -1
dB dB F 3
w1 ALOI* = 83.47% ALOI*= 78.48% .

N

oHLU samples are
Impregnated between
76-84%

oHigher variation within
and between samples is
detected in NCU

«NCU data can clearly
detect localized variation

45

o -
HLU #22 HLU #23 in LOI P
“7 ANCUAve.=-15.11 | ANCU Ave. =-19.93
78 dB B -
ALOI* = 81.86%
89
100. -

*Actual level of impregnation as measured by guided water pickup test
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the@group @
LOI correlation to NCU transmittance at 1 MHz (single variable)

Graphical and Tabular representation of NCU Transmittance vs. Prepreq LOI (single

variable) 1
Prepreg NCU Tx

Level of Impregnation (%) Type Sample # (dB) GWPU (%) LOI (%)

LOI (%) = 107.8 + 1.667 (NCU dB) 1 4.99 0.34% 99.669

EEEEEEEEEEEEE 1] 2 -5.27 0.50% 99.509

10000% T s 00107705 = 3 -4.94 0.34% 99.65°

Hi ™A e i 4 5.18 0.51% 99,490

ssou Hlrrrrr ik AFP 5 5.45 0.17% 99.839

A 6 -5.37 0.00% 100.009

— 0.00% » . 7 -5.31 0.17% 99.83¢
£ : 8 -5.30 0.17% 99.83°
3 B5.00% e 9 -8.19 6.59% 93.419
e 10 -8.93 7.11% 92.899

+ 11 -7.98 6.69% 93.319

80.00% Bhd ATL 12 -9.13 7.86% 92.149

e - 13 -7.18 4,79% 95.219

73.00% I-Ir" 14 -9.10 7.64% 92.369

200 17.5 -15.0 4125 100 75 5.0 15 -r.14 4.32%  95.689

NCU-A 16 -8.76 7.01% 92.999

17 -12.70 14.63% 85.379

_ : _ : 18 -13.89 15.65% 84.359

w There is a very strong and direct relationship between 19 -1356  17.06% 82.949
NCU transmittance and prepreg LOI HLU 20 -1458  17.01% 82.999
RZ_ 98 2(y S ﬂ; 080/ f 21 -13.97 16.53% 83.479
W K= Jo.2Y, .08%(error of measure) 22 1925  21.52% 78.489
w The accuracy of the correlation function can be s | Asdl) 1al4k 81a9:
increased further by adding additional transmittance 21 | 1993 | 23.99% 7001
variables (i.e. multiple frequencies)* o shal FALUSNBR 02

_ remove pinhole effect
*US Patent Pending
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themgroup 4) Multiple Conditions

Inclusionof multiple variables (i.enore than 1 frequency &
focused + planar) and separating functions by product typ
can increase correlation and accuracy of measurerfient

1 MHz Planar 1MHz & 1 MHz Planar 1 MHz

(single 500 kHz & 500 kHz planar & 1
Variable) Planar Focused MHz focuseo
Linear Function R2=98.16% RP=98.40% |R=98.27% R2=98.79%
(single equation) S=1.08% S=1.03% S =1.07% S=0.89%
Quadratic Function | R2=99.43% RR=99.57% | RR=99.52% R2=99.67%
(single equation) S=0.61% S =0.56% S =0.59% S =0.49%
Linear Function R2 =99.59% RP=99.67% |R2=99.77% R =99.59%
(three equations) 1 MS = 0.53% S =0.49% S=0.43% S =0.55%

While inclusion of variables enhance accuracy, the best combination of
accuracy and ease of measurement is 1 MHz planar with 3 linear
correlation functions for IM7/532061 prepreg __——

1 Separate equation is applied to each AFP, ATL, and HLU U 51 G FA 48
*US Patent Pending remove pinhole-gg sl

—



the@group @ Initial Tests with Paper Backing

Initial analysis uposamples with paper backirdemonstrate
similar ability to measure varying levels of impregnation

C-scan Images of Samples with and without Paper Backing (1 MHz transmission) i From
Initial Frequency Analysis

HLU

Paper
Backing on

.
.
i
;
t
.

Paper
Backing off




= Other Prepreg products

A Non-Contact Ultrasonic Measurement of
Prepreg Level of Impregnation (s




the@group 5) Other Prepreg Materials

Certain analysis has also been conducted upon other
prepregs, such as wind turbine blade material

Wind Turbine Grade Carbon Fiber Prepreqg with Various Defects

Wave Defect
Misplacement of
fiber

,,,,,
111111111111

Dry Prepreg|

Region R L\ a0

oFuzzbaé
Defects




the@group 5) Other Prepreg Materials

Porosity (inversely related to LOI) is measured using NCU
wind turbine prepreg

0 30 60 90 120 150 180 210 240 270 300
1 1 1 1 1 1 1 1

.!
)
0

50

80

110

140

170

200

230

260

230

320

350

61 Prpice | Dry Region
-19.266 -3.454 (M ar ked)




the@group 5) Other Prepreg Materials

Additional wind turbine blade prepreg with dry region (blue

45 69 92 115 138 162 185 208 231 254 277 300
1 1 1 1 1 1 1 1 1 1 1

98

123

Dry Region
(Marked)

147
171
e

220

244

268
G1.Pk2Pk.dB

-46 4412 ey -0.0095




the@group 5) Other Prepreg Materials

Over a number of years, Ultran has applied NCU to inspec
various prepreg materials

wMajority of analysis has been conducted upon
unidirectional carbon fiber prepreg material for aerospa
applications

A However, some analysis has also been conducted upon
additional materials, such as glass fiber, falased prepreqg,
and material for other industry applications

wTlhe Ultran Group will incorporate testing of additional
materials into the development plan for the ASTM
standard method




the@group
Draft ASTM Standard Method

A Non-Contact Ultrasonic Measurement of
Prepreg Level of Impregnation (6




the@group 6) ASTM Standard

A method for prepreg LOI measurement has been ballote
with ASTM subcommittee D30

wDraft standard method balloted on May 5, 2015 in
upcoming review cycle

wStandard includes Procedure A and Procedure B, for
offline and online processes, respectively

wWe will work with the ASTM subcommittee D30 to revie
and iterate the proposed standardethod and initiate
round robin testing with industry partners

wAcceptance of ASTM standard is planned in upcoming
12-18 months




the@group 6) ASTM Standard

An offline test can be conducted usin@-alimensional
non-contact ultrasonic imaging device with two transducer

Transducer (JLQuaIiﬁcation of

Pobes prepreg LOI can be
conducted using an
NCU imaging device

wl'wo transducers
designed for
operation at 1 or 2
frequencies will be
used

wAnalysis and post
processing software
should provide a test
report with image and
LOI values & statistics

Specimen
Holder

Receiver Pulser
Processor

PC Chassis with Ultrasonic

Hardware

Non-Contact Ultrasonic Machine




the@ group 6) ASTM Standard

For manufacturers of prepreg, an online standard will also
Implemented for continuous inspection and qualification
during production

wrl'he online standard
method will include
multiple transducers
(at least 23 pairs to
cover the web width)
% % % % #éé % % % wrl'he analysis will be
wesmie || conducted in a similar

1’ *{ ﬁfr ?r T T T T mode to the offline

PC Chas ' fest

Hdw

winspection will be
3 continuous and a
\ report can be
PrePreg Roll on moving webline generated for an
entire roll or mfg. run




the@ group 6) ASTM Standard

Pinhole effects and other artifactsan be filtered out Iin

post-processing
AFP C-scan without AFP C-scan with

27 ! 27

53 . e 53

80 . * i_; 20 ‘

L L

133 o 133

160 . !; | 4 0

g o "

NCU Ave. =-4.40 dB NCU Ave. =-4.72 dB

Standard Dev. = 1.24 dB Standard Dev. = 0.59 dB

By eliminating artifacts created by air gaps between fibers, we can mogg
accurately measure LOI. The average transmittance is slightly reduc
while standard deviation is significantly lowered




the@group 6 ) Conclusions

Our recommendatiorior LOI measurement of IM7/532D1s
through transmission at 1 MHz with planar transducers

w Results demonstrate high accuracy of measurement (approximately 0.5% err
when imaging in through transmission at 1 MHz

w Initial data from analysis with paper backing demonstrate no loss in
measurement accuracy

A Data from results without paper backing can be processed to improve accuracy
removal of pirhole areas)

~

w Off-line measurement standard will include, X A Yl I3Ay 3 2F al )
néov dzaAy3a m alih thrbu@Htraners]smfna R dzO S N&

A Analysis can possibly be conducted with paper backing (further testing required)

A Online measurement standard will be conducted using 1 MHz NCU transducers
through transmission with paper backing

w The next set of analysis conducted! involvetesting under multiple condltlons
uponsamples with papebacking >

A This test will be conducted in similar fashion as recent tests



the@group 6 ) Conclusions

Other considerations fostandard Method Development

w Multiple companies with NCU products and services exist

A The Ultran Group is a pioneer of NCU and has high performing products, howev
other companies can also supply solutions

A Currently proposed method (designed mainly for IM7/5390ncludes inspection at
1 MHz. This is relatively high frequency for NCU, which other companies will lik
develop capability for in upcoming years

o Method may be revised for lower frequency to accompany more attenuative
prepregs

w Round robin testing

A Certain companies are already using NCU and can immediately support round r
testing

A Ultran will partner with additional prepreg manufacturers for method developmer
and round robin testing

A Currently open to working with additional supplieg$ystems can be Ioaned or__—
provided on a rental basis -




the@group 6 ) Next Steps

Additional stepgor ASTM standard implementation for
universal measurement

w Additional testingwill be conducted upon unidirectional as well as woven carbc
fiber prepreg products

A Glass fiber and other prepreg types can also be considered
A Materials will be tested with and without paper backing

w The implemented standard test method will be capable of measuring all relev
aerospace materials

w The Ultran Group standard product, U710, can be used to conduct the offline
method

A Other 3rd party hardware may also have this capability

wWe can also supply online test measurement systems to comply with the AST
online method

w Software will be further developed to conduct standard tests and produce
reports for offline and online methods

w Hardware development (system and transducer) can be considered but may
be necessary ~




3 Additional Observations

A Non-Contact Ultrasonic Measurement of
Prepreg Level of Impregnation @




g Signal strength through prepreg sample

HLU Gcan

854625 114 142 170 198 226 254 283 311 338.868
0 ';. & s o ”

27 ®

A-scan Signal at Specified Location

53 -
2
106 0
133 -

160

Line Scan across sample

186

213

G1.Pk2Pk.dB

2398
G1.Pk2Pk.dB

1 I 1 "
-37.969 22629 -7.289 B 0 = w0 208

A The recorded signal{-scan at 1 MHz)which makes up each point in the
2-dimensional (Gcan) image, has a very high signal to naiago; SNR = 30 for
above Ascan (29 dB). Higher SNRs measured in AFP and ATL materials

A This demonstrates that the integrity of oultrasonic measurementss very high

46 DISTRIBUTION STATEMENT A. Approved for Public Release: Distribution is Unlimited. (Case no. 88ABW-2015-2066)



the group

Sample AFP on tighter color palette with reflection image

AFP C-scan AFP Optical Image

170 198 226 254 283 311 338.868
1 1 1

ww

G1.Pk2Pk.dB

-11.7523 -6.7525 -1.7527
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the group

Sample AFP on tighter color palette with reflection image ‘

AFP C-scan AFP Reflection Image

198 226 254 311 338.868

283

142 170

106
133
160
186

213 B

= roms Low transmittance stripes appear

Ashinyo in optical
to resin which was not impregnated
into fiber bed (still remaining on
prepreg surface)

-11.7523 -6.7525 -1.7527
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the group
Sample AFP on tighter color palette with transmission image

AFP C-scan AFP Transmission Image

85.4625 114 142 170 198 226 254 283 311 338.868

:) 1 1 1 1 1 1 1 1 1

a1 t.

Zl

:
53 1 .
¥ |
80 - : ¢
2 L]
4
. o 8
& :
133 u
160 ‘ — s |
186
213 1 ‘J
239
G1.Pk2Pk.dB
-11.7523 -6.7525 -1.7527

Right-side image demonstrates pin-holes and lines which
allow for very high transmittance in NCU (red dots and line
on left side of sample)




the@group . - .~ . @
Photograph depokcéeongi npgaps I

The presence of pin-holes allows for abnormally high
ultrasonic transmission, which must be filtered out in
real-time or post-processing
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the grou _ _ ] ]
Sample HLU on tighter color palette with reflection image '

HLU C-scan HLU Optical Image

854625 114 142 170 198 226 254 283 311 338.868

G1.Pk2Pk.dB

B .

-37.969 -22.629 -7.289

Section on right side of sample appears optically shiny, while
transmittance is especially low. This may be due to resin which is
not properly impregnated in this region, and remains upon the

nr\mnlr\ ol IIF'F"\I\I\
SAMTPTIC—SUTTaAtc
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the@group /) MicroCT Images

Images captured usingicroCT allows to observe crossectional
Images of the fiber construction and surrounding resin

CrossSectional Images from MicroCT performed at McGill University (HLU Sarmple)
6.9em/pixel resolution

Weaving
pattern with

areas of dry

T T N T T O N T .
TR = o L@ 8P E MW TRaTRY S SRS fiber



the@group () MicroCT Images

The Structure and Composite Materi&dssearch Laboratory
at McGill has analyzed samples of uncured prepreg, but
handling material presents challenging

wSmall square sections (12.5 x
12.5 mm) are cut from
prepreg sampleand placed
between sheets of
styrofoam

oPrepreg material was too
GFNBaKé | yR RrYra%R
the cutting process




the@group /) MicroCT Images

Cracking occurred during handling of certain samples

Comments and Image provided by McGill UniversibpTL Sample

A Material was very dry ... SR
A Cracking occurred oo R

while cutting which 200 [
caused problem in 2 oo oo
MATLAB code fso
identify entire S o o
prepreg =

| ] |“ :'l Tt -4 -illl L e .|ili-..'l-.
200 400 600 800 1000 1200 1400
no. of horizontal pixels




the@group () MicroCT Images

The research group at McGill University has developed a
method for attempting to calculatprepreg LOI but
challenges in post processing may affect accuracy

Methodology provided by McGill (Pascal Hubert and Marc Pala&ign)

From Thorfinnson and Biermann [1]

~

.. Owvw PV I 000000
OL O—4z 6660606 Iv
Ow 000000

Wedve modi fi ed

Ou Op




= Appendix |

A Non-Contact Ultrasonic Measurement of
Prepreg Level of Impregnation




the@group Frequency Selection i 15t set of analysis

The correlation between NCU transmittance and Prepreg
was highest at 1 MHz for the initial analysis

Correlation Results between LOI measured from Guided Water Pickup Test and NCL
Transmittance at 500 kHz, 700 kHz, and 1 MHz

R2 Value for Linear

Freq. Linear Correlation Equation

Correlation
500 kHz 89.81 % LOI (%) = 101.92 + 2.128 * (NCU dB)
700 kHz 92.71 % LOI (%) = 107.54 + 1.857 * (NCU dB)

1 MHz 96.30 % LOI (%) = 109.31 + 1.759 * (NCU dB)
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S/n_g/e Linear Function M

Regression Analysis : LOI (%) versus NCU -A IMHz Planar

2"d set of analysis

1MHz (Planar) Linear

Regression Analysis: LOI (%) versus NCU-A

Residual Plots for LOI (%)

Normal Probability Plot

-0015 0000

Residual

0015

Histogram

Analysis  of Variance
Source DF Adj SS Adj MS F -Value P -Value
Regression 1 0.135961 0.135961 1172.03 0.000
NCUA 1 0.135961 0.135961 1172.03 0.000

Error 22 0.002552 0.000116
Total 23 0.138513
Model Summary B

S R -sq Rsqg(adj) R -sqg(pred) b
0.0107705 98.16% 98.07%  97.46%

EQ.S

Coefficients £
Term Coef SE Coef T-Value P -Value VIF -

Constant 1.07780 0.00518 208.03 0.000

NCU A

Regression  Equation

LOI (%) = 1.07780 +

0.016672 0.000487 34.23 0.000 1.00

0.016672 NCUA
U

-001 0.00 0oL 002

Residual

51 01

003

FALf GSNBR

Resiclual

Residual

Versus Fits

ooz

L P TREEEEEt S T L

-002

Fitted Value

Versus Order

2 4 6 B 10 12 14 16 18 20 2 X
Observation Order

N ~ 7

u 2z

remove pinhole effect
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the@group Graph and Statistics from 1 MHz through transmission
(single variable) with single quadratic correlation function U

100005 -

95.00% -

LOI (%)

85.00% -

B0.00%

75.00% -

Level of Impregnation (%)

LOI (%) = 112.6 + 2.685 (NCU dB) + 0.0444 (NCU dB)~ 2

S0.00%

| |
o
[ 11 g 0.0061419
| R-5q 99.4% L
1| R-Sqladj) 99.4% B
F‘Fr
?J
N,.ﬂ?"
» _,-?"P
e
-Eill.ﬂ -IJI'.E -15.0 -12.5 -1{Il.ﬂ -TI"I.5 -5:.1]
NCU-A

W 54k FAfGSNBR
remove pinhole effect
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the@group Regression Analysis : LOI (%) versus NCU -A
IMHz Planar with Single Quadratic Function 1

Regression Analysis: LOI (%) versus NCU-A, NCU-A"2
1MHz (Planar) Quadratic

Analysis  of Variance

Source DF Adj SS Adj MS F -Value P -Value
Regression 2 0.137721 0.068860 1825.40 0.000

NCUA 1 0.011841 0.011841 313.89 0.000

NCU A72 1 0.001760 0.001760 46.65 0.000

Error 21 0.000792 0.000038
Total 23 0.138513 Residual Plots for LOI (%)
Mormal Probability Plot Versus Fits
= oo1{ *
Model Summary L 5 . & :
S R -sq Rsqg(adj) R -sq(pred) " y £ ol . '
0.0061419 99.43% 99.37%  99.06% L e S
Residual Fitted Value
Histogram Versus Order

Coefficients

2]

001

o

) T
Term Coef SE Coef T-Value P -Value ' 2. g om
Constant 1.12557 0.00759 148.24 0.000 £, =
NCU A 0.02685 0.00152 17.72 0.000 29.77 0
-00012 -0uD0E -0.004 O0DD 0.004 O.00DE 0012 2 4 & B 10 12 14 16 1B 20 22 24
NCU A"2 0.000444 0.000065 6.83 0.000 29.77 Residual Observation Order

Regression  Equation

W 54k FTAEGSNBR (2

LOI (%) = 1.12557 + 0.02685 NCUA+ 0.000444 NCU A"2 remove pinhole effect
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the@gwp Regression Analysis : LOI (%) versus NCU -A 1
MHz Planar + 500 kHz Planar with S/'n_g/e Linear Function \

Regression Analysis: LOI (%) versus NCU-A, NCU-G
1MHz (Planar) + 500 kHz (Planar) Combo

Analysis  of Variance

Source DF Adj SS Adj MS F -Value P -Value
Regression 2 0.136298 0.068149 646.04 0.000 Resicual Plots for LOI (%)
NCUA 1 0.002827 0.002827 26.80 0.000 Normal robabity plot ——
NCUG 1 0.000337 0.000337 3.19 0.088 % - 0oz
Error 21 0.002215 0.000105 e 2 o oI
Total 23 0.138513 gw ; m—-‘-----—-:—':-: ----- -:';-,—--‘v
Model Summary Residuat Fited Value

Histogram Versus Order

S R -sqg Rsqg(adj) R -sq(pred)
0.0102707 98.40% 98.25%  97.77%

Frequency
< ra + @ )
Residual

-0u024 -0.012 0.000 0012 0.024 2 4 & B 10 12 14 16 1B 20 22 24
Residual Observation Order

Coefficients

Term Coef SE Coef T-Value P -Value VIF
Constant 1.07793 0.00494 218.16 0.000

NCUA 0.02540 0.00491 5.18 0.000 111.66

NCU G -0.01104 0.00617 -1.79 0.088 111.66

Regression  Equation

7

U 5Fa0F FAEOGSNBR (2
LOI (%) = 1.07793 + 0.02540 NCUA - 0.01104 NCU G remove pinhole effect
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the@group Regression Analysis : LOI (%) versus NCU -A
IMHz Planar + 1 MHz focused with Single Linear Function 1

Regression Analysis: LOI (%) versus NCU-A, NCU-B
1MHz (Planar ) + 1MHz (Focused ) Combo

Analysis  of Variance

Source  DF Adj SS Adj MS F -Value P -Value
Regression 2 0.136832 0.068416 854.96 0.000

NCUA 1 0.000000 0.000000 0.00 0.995

NCU B 1 0.000872 0.000872 10.89 0.003 Residual Plots for LOI (%)
Error 21 0.001680 0.000080 Normal Probability Plot
Total 23 0.138513

Versus Fits

002

-
r i . 001 %

5 B 8

Pircent
Residual

00— —————— et L REF TR

i) -0

Model Summary . . .
-0.02 -0.01 (111 ool o2 [1F:] 09 10

Residual Fitted Value

S R -sqg R-sqg(adj) R -sq(pred)
0.0089455 98.79% 98.67%  98.21%

Histogram Versus Order
[T

001

0.00

Residual

Coefficients

-0.01

Frequency
=) =] = @ )

-0.02

Term Coef SE Coef T-Value P -Value VIF R B
Constant 1.3284 0.0761 17.47 0.000

NCUA 0.00003 0.00506 0.01 0.995 156.34

NCUB 0.01959 0.00593 3.30 0.003 156.34

Regression  Equation

LOI (%) = 1.3284 + 0.00003 NCUA+ 0.01959 NCUB

N ~ 7

W 5FGF FAEOGSNBR G2
remove pinhole effect
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the@group Regression Analysis : LOI (%) versus NCU -A
IMHz Planar with three Linear Functions (one function per product )\

Regression Analysis: LOI (%) versus NCU-A, PrePreg-L1
1MHz (Planar) - Linear & Individuel Equation

Analysis  of Variance

Source DF Adj SS Adj MS F -Value P -Value
Regression 3 0.137943 0.045981 1612.93 0.000

NCU A 1 0.007526 0.007526 264.01 0.000

PrePreg - L1 2 0.001982 0.000991 34.76 0.000

Error 20 0.000570 0.000029 Residual Plots for LOI (%)
Total 23 0.138513 . Normal Probability Plot . o Versus Fits
Model Summary i foo o
S R _ Sq R_ Sq( adj ) R _ Sq( pred ) -0.010 -0.005 R:;:za‘ 0.005 0010 080 a,:neu:_:ﬁle 055 100
0.0053393 99.59% 99.53% 99.24% . Histogram Versus Qrder
E‘ls
Coefficients Eu

-0.010 -0.005 0.000 0.005 0.010 2 4 & 8 10 12 14 16 1B 20 22 24

Term Coef SE Coef T-Value P -Value VIF Residus! Observation Order
Constant 1.05785 0.00418 253.06 0.000
NCU A 0.011596 0.000714 16.25 0.000 8.74

PrePreg - L1
ATL - 0.02661 0.00346 -7.70 0.000 2.23
HLU - 0.06025 0.00772 -7.81 0.000 11.15

Regression  Equation

PrePreg - L1

AFP LOI (%) = 1.05785 + 0.011596 NCUA U 51 G FTAf GSNBR {2
ATL LOI (%) = 1.03125 + 0.011596 NCUA :

HLU LOI (%) = 0.9976 + 0.011596 NCU A remove pinhole effect
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the@gwp Regression Analysis : LOI (%) versus NCU-AIMHz Planar
500 kHz focused three Linear Functions (one function per product )M

Regression Analysis: LOI (%) versus NCU-A, NCU-H, PrePreg-L1
1MHz (Planar) + 500 kHz (Focused) T Linear & Individual

Analysis of Variance
Source DF Adj SS Adj MS F -Value P -Value
Regression 4 0.138096 0.034524 1574.78 0.000
NCU A 1 0.000044 0.000044 1.99 0.175
NCUH 1 0.000154 0.000154 7.01 0.016
PrePreg -L1 2 0.001983 0.000991 45.22 0.000
Error 19 0.000417 0.000022

Total 23 0.138513 Residual Plots for LOI (%)
Normal Probability Plot Versus Fits
Model Summary e i : . m; .. .
S R -sq Rsg(adj) R -sq(pred) £= Fom e e S
0.0046822 99.70%  99.64% 99.47% : °"
Coeffl C | e ntS Histogram Versus Order
il = t:::
Term Coef SE Coef T-Value P -Value VIF g § om
Constant 1.04989 0.00474 221.40 0.000 - M - |
NCU A 0.00409 0.00290 1.41 0.175 187.97 SFSTSITT TS s
NCUH 0.00812 0.00307 2.65 0.016 134.51 e
PrePreg - L1
ATL - 0.03033 0.00334 -9.08 0.000 2.72
HLU -0.07217 0.00813 -8.88 0.000 16.08

~

U 501 FALfGSN

Regression  Equation remove pinhole effect

PrePreg - L1

AFP LOI (%) = 1.04989 + 0.00409 NCUA+ 0.00812 NCUH
ATL LOI (%) = 1.01956 + 0.00409 NCUA+ 0.00812 NCUH
HLU LOI (%) = 0.9777 + 0.00409 NCUA + 0.00812 NCUH
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the@group
MicroCT results from initial analysis 1

from Aurora/Harvard

Low resolution MicroCT image of single ply prepreqg (left) and setup (right) 1
Image created by Aurora Flight Sciences with Harvard Ctr. For Nanoscale
Development

Results from initial frequency analysis sample set. Low
resolution data did not provide conclusive results for analysis
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the@grouno MicroCT Analysis from McGill University i Slide provided by
Professor Hubert and student, Marc Palardy-Sim

Specimen cutting

62.5 mm

N
\ 4

A Sections cut as
you suggested

A5x 12.5 mm by
12.5 mm
specimens
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MicroCT Analysis from McGill University i Slide provided by

the@group
DO Mmaps Professor Hubert and student, Marc Palardy-Sim

A Generate maps of DOI
A Each pixel represents DOI at that location
A Ignore 10% of pixels on edges to isolate ply from

na. of vertical pixels

background and remove edge effects

200

180

160

1400 g

1200 |

1000 [

DO (%)
na. of vertical pixels

500 [

600
s00 @

200§

1500
no. of horizontal pixels no. of horizontal pixels
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the@grwp MicroCT Analysis from McGill University i Slide provided by
H LU Professor Hubert and student, Marc Palardy-Sim

A Similar to last time,

100

sections of high oo 8 .
Impregnation ol 30
» 1200 0
= {60
— 1000 =
# 150 5
® 500k 2
5 s —
2 600

i 30
400 F
i 20

{k N I f ..
1000 1200
no. of horizontal pixels
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Professor Hubert and student, Marc Palardy-Sim

themgroup H LU MicroCT Analysis from McGill University i Slide provided by
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theﬁgroup MicroCT Analysis from McGill University i Slide provided by
H I_ U Professor Hubert and student, Marc Palardy-Sim

HLU
0.48 -

0.47 -
0.46 -
_0.45
§o.44
0.43
0.42
0.41

0.40 |
1 2 3 4 5

Average 0.4525 0.4287 0.4600 0.4421 0.4748
St. dev. 0.2157 0.1958 0.2099 0.1760 0.1432
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the@growo AI: P MicroCT Analysis from McGill University i Slide provided by

Professor Hubert and student, Marc Palardy-Sim
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themgroup MicroCT Analysis from McGill University i Slide provided by
Professor Hubert and student, Marc Palardy-Sim

AFP
0.92 -

0.91 -
0.90 -
_0.89 -
§0.88 |
0.87 -
0.86 -
0.85 -
0.84 -

1 2 3 4 5
Average 0.9089 0.8989 0.8690 0.8870 0.8854

St. dev. 0.1130 0.1135 0.1217 0.1254 0.1217
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the group MicroCT Analysis from McGill University i Slide provided by
Professor Hubert and student, Marc Palardy-Sim
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