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Executive Summary of CRADA Work:

In spite of carbon fiber composite materials’ significant impact on light-weighting, performance, and
efficiency in the aerospace industry, adoption of these materials has been slow in high-volume industries such
as automotive. Two major barriers to adoption are cost and cycle-time. Current approaches to thermoset
composite part production are dependent on in-mold curing of thermosets which are not optimal for high
volume, high throughput production due to limitations and inefficiencies associated with the in-mold cure
itself. In addition, ancillary activities, such as transport and storage of shelf-life-limited uncured, or B-staged
prepreg materials typically necessitate refrigerated transport and storage which significantly impacts the
economic and energy costs associated with manufacturing. Furthermore, limited out-life means that trimmings
cannot typically be used as they partially cure during initial production leading to high scrap rates (+20% is
common). Finally, the need to cure in-mold drives cycle times to multiple minutes in the best cases, and 10’s
of minutes to hours in most cases.

Mallinda is developing polyimine malleable thermoset prepreg composite materials which have excellent
mechanical properties (100 GPa tensile modulus, 2 GPA tensile strength, 2.4% elongation at break) and high
operating temperatures (Tg>200°C). At scale, polyimine resins are commensurate in price with commodity
epoxy resins. What distinguishes malleable thermoset prepreg from traditional thermoset prepreg materials, is
that they are fully cured during Mallinda’s roll-to-roll production of prepreg laminate. This results in 5 key
value-differentiating benefits. First, it simplifies manufacturing logistics by enabling ambient transportation
and storage, and by significantly extending out-life and shelf-life almost indefinitely. Second, elimination of
autoclave curing reduces the economic and energy costs to the customer. Third, scrap rates can be reduced as
malleable thermoset prepreg materials are directly reusable. Fourth, the manufacturing consolidation step can
be roughly 10x faster than traditional thermosets, because the resin is already cured. Parts can be made via
compression forming by the application of heat and pressure to quickly vitrify and consolidate a multilayer
part — easily leading to sub 3-minute cycle times (at lab scale we have demonstrated a 20 second dwell time,
with room for further optimization). Finally, the closed-loop cradle-to-cradle solution-based recyclability of
malleable thermoset composites can also contribute significantly to the future of sustainable lightweight
materials.

The focus of this project was the development, optimization and validation of malleable thermoset composite
materials which exhibit manufacturing cycle times of 3-minute or less, high speed impact performance on par
with incumbent technologies, and defect-free consolidation of 3 dimensional parts.

Government funding is required on this project because Mallinda is a start-up company whose focus is the
development and scale-up of the described technology for introduction to the transportation segment. Unlike
incumbent industry players, Mallinda is bringing a completely new and highly relevant malleable thermoset
technology to bear on the problem of high throughput composites. As a small business, Mallinda relies on a
combination of government R&D funding and private capital to perform development work.

The national laboratory resources utilized for this project are highly specific to the DOE, and are very difficult
to replicate in the private sector:
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1. Compression forming and composite manufacturing capabilities

The composite manufacturing and processing capabilities at ORNL is well-connected to the automotive
industry through TACMI. The high-pressure molding capability (which is needed for this project) was
paired with decades of hands-on knowledge in composite fabrication and innovation. This unique
combination of capabilities & expertise is difficult to find in a collaborative environment.

2. High speed impact material characterization

High speed impact material characterization of the composite materials was conducted at Sandia National
Laboratories. The Experimental Impact Mechanics Lab (EIML) at Sandia has unique experimental
capabilities for material and structure characterization in combined mechanical (from low, intermediate, to
high-speed impact) and thermal (-100 to 1200°C) environments. The EIML has over 20-years of
experience on dynamic characterization of materials and structures, wave propagation, impact energy
absorption and crashworthiness, etc. In this project, the EIML used split Hopkinson (also called Kolsky)
compression and tension bars to dynamically characterize the composite materials at different strain rates
and environmental temperatures. The proposed test strain rates covered from ~50 to 1000 s-1 (in
compression) or 400 s-1 (in tension), which exactly fall into the region of automotive low-to-high-speed
collision. The test temperatures ranging from -40 to 60°C were combined with the impact mechanical
testing to simulate the automotive environmental temperatures. From this series of tests, the new
composite materials were fully evaluated in term of stress-strain response, ultimate strength, elongation at
break, and failure/fracture mode at different impact loading speeds and modes, as well as different
environmental temperatures. The effects of strain rate and temperature on the material performance was
also be determined for developing strain-rate and temperature dependent material models for numerical
simulation of automotive collision. In addition, the EIML is also capable of characterizing dynamic
fracture toughness to determine the delamination strength of the composite materials under impact
loading. All these impact testing data were compared to the mechanical properties of the conventional
composites currently used in automotive industries.

3. Non-destructive defect analysis via Scanning Acoustic Microscopy

The combination of measurement and analytics capabilities is unique to the national laboratories in the
LightMAT consortium. The collection of measurement capabilities, analytics, experience, and experts
separate the national laboratories from industrial counterparts. More specifically, commercial off the shelf
scanning acoustic microscopy measurement capabilities do not compare with the custom capabilities
developed at PNNL. Although the scanning acoustic microscope at PNNL is a commercially available
system, it features modifications that allow it to perform more research-oriented, nonstandard
measurements requiring real time data collection, dual probe inspection, improved signal to noise ratio,
increased sensitivity, and multi-frequency analysis. Additionally, the teaming of experts in nondestructive
examination, simulation & modeling, materials science, and mathematics on prior research efforts
produced proven algorithms and analysis approaches that are ready to be applied to new problem spaces.
The capabilities, collection of experts and experience of the national laboratories in this project distinctly
separate them from industrial counterparts. Having these resources co-located in one organization aided in
meeting project objectives.

Overall, access to the resources made available through this project significantly accelerated the project by
more than 2x. The time and capital requirements of this project would make it impossible for Mallinda to
pursue in the near future without the support of this project. Instead, access to the resources in this project
enabled the completion of this complementary project concurrently with Mallinda’s 2-year development of
high speed R2R composite production capability.

This CRADA resulted in no new inventions to report.
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This CRADA resulted in the new network/collaboration of Mallinda’s Philip Taynton serving as
Industry Mentor for PNNL’s RECOVER (High-Performance Bioplastics with High Recyclability and
Repairability) Energy i-Corps Team 131.

Technologies/techniques/methodologies furthered through this CRADA include:
Dynamic tensile and flexural testing capabilities at ORNL
Dynamic mechanical property characterization of composite materials at various strain rates
in compression, tension, and three-point-bending at Sandia
Ultrasonic analysis of composite defects in 3D parts at PNNL

Summary of Research Results:

Summary of ORNL Research Results
by R. E. Norris, D. L. Erdman, F. Xiong

It is widely acknowledged that composite materials structural failures can be greatly affected by (among

others):
. Multiple constituents utilized (fibers, resins, fillers, etc.)
. Levels of each of the constituents utilized
. Arrangements/architecture of the constituents and interfaces
. Design, shape, joints, etc., involved in making the final components
. Quality of each manufacturing step
. Damage present at each stage of life

Being “malleable”, one projected advantage of the Mallinda vitrimer material is that it would likely be useful
in automotive energy absorption applications. Although doing extensive “qualification” testing of a material
still very much in the developmental stage is beyond the scope of this project, Mallinda proposed doing some
preliminary dynamic testing of example materials to demonstrate some early results as well as potential
techniques for more in-depth comparison of the materials as larger quantities of specimens become available
and specific application targets and requirements become better defined.

ORNL has worked with the Automotive Composites Consortium to implement some unique tools for this
purpose. Primary tools identified for this work include a High Speed Tensile Tester as shown in Figure 1 and a
larger machine knows as the Test Machine for Automotive Crashworthiness (TMAC) as shown in Figure 2.
Key attributes of this equipment are focused on capability to do constant velocity testing, with the coupon
tester able to supply loading up to 22 kN at speeds up to 18 m/s while TMAC can supply loads of up to 500 kN
at up to 8 m/s with the maximum loading somewhat inversely proportional to the test velocity. The TMAC
machine is designed to test actual structural components over up to 250 mm of maximum stroke. These tests
can be used to evaluate strain rate effects in materials systems from small coupons to components to in many
cases actual structures. Dynamic testing as demonstrated in this work allows direct comparison of many
potential approaches/combinations and provides data for design and modeling.

The TMAC machine was planned to be the main focus in demonstrating capabilities of the Mallinda resin
system employed in a prototype application for direct comparison with a conventional state-of-the-art resin
system commonly employed for this application. The TMAC machine was recently upgraded in part to support
this project along with other requests to utilize this exclusive capability. Plans were to utilize the High Speed
Tensile Tester to provide preliminary data from smaller-scale coupon tests to provide materials data for
modeling purposes.
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Figure 1. High Speed Tensile Tester Figure 2. Test Machine for Automotive
Crashworthiness (TMAC)

During this project performance period, the Mallinda team partnered with Vistex Composites to create a
custom mold and carry out pilot manufacturing of the seatback component as depicted in Figure 3, which
summarizes the resulting component vs. the OEM component. Original plans were for the Test Machine for
the ORNL TMAC to be used in the final year of this project to evaluate the impact performance of both the
OEM component and the Mallinda redesign of this component to reduce mass and take advantage of their
vitrimer materials for both manufacturing and performance benefits.

Going into the concluding stages of this project, it had been much preferred that final testing focus on a full-
scale demonstration in TMAC. These tests would serve to facilitate understanding of potential failure
mechanisms for the actual seat back component in comparing the original design manufactured with industry
standard Glass Mat Thermoplastic (GMT) materials and the newer redesign featuring state-of-the-art
developmental carbon fiber in a Mallinda vitrimer matrix resin system. However, in working test details,
ORNL and Mallinda determined it was going to be impractical for Mallinda to provide adequate components
to do meaningful full-scale testing. In multiple discussions on how to get the most meaningful data for the
investment, it was decided to test and compare the underlying materials systems in coupon form instead of
more expensive and complex final components that were not available at the time. Data from the coupon tests
would allow Mallinda to model, compare, and optimize the component performance utilizing the two
competing material forms with more fidelity than had been possible previously. However, since the material
forms being compared are so different, one being a randomly oriented glass fiber architecture as opposed to the
other being a largely unidirectional carbon fiber reinforced system, the results being presented here are not
directly comparable utilizing raw data alone.
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MALLINDA

= MATERIAL USED : GMT = MATERIAL USED : CF-

= TOTAL VOLUME: 1600 cc PREPREG (MALLINDA)

= APPROX. WEIGHT: 4.5 |bs. = TOTAL VOLUME: 791.6 cc
= FIBER VOLUME: 45% = APPROX. WEIGHT: 2.5 lbs.
= NOT RECYCLABLE = FIBER VOLUME: 60%

= RECYLABLE

Figure 3. Mallinda redesign of seatback component for manufacture using vitrimer prepreg.

The High Speed Coupon Tester had been established primarily for direct tensile testing of composite material
configurations (non-unidirectional fiber architecture) where it was expected that the composite matrix system
would play a significant role in material system performance. As stated previously, the desired test profile is
to operate and test at constant velocity, so ORNL test engineers have designed a “slack adapter”, shown in
Figure 4, which is attached to the actuator to allow test system movement to reach targeted speeds prior to
engaging and loading the test specimen. In exploring alternative means to acquire data that allowed for both
direct and/or indirect 1) comparison of composite material systems that were constituted vastly differently in
fiber type reinforcement, fiber architecture, and composite matrix system, and 2) comparison of inherent
capabilities of the different matrix systems to effectively manage energy dissipation as a function of strain rate,
the ORNL team evaluated test approaches with potential to work in this existing test equipment. An earlier
thought was to test in bend or flexure mode. Preliminary testing in conventional 3-point test fixtures at modest
speeds as shown in Figure 5 did demonstrate potential to further expand and exploit this approach to meet most
of the testing objectives

Fgure . Slak r Utilized to Allow Test Machine to Reach Targeted Speed before Engaging Specimen
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Figure 5. Preliminary Testing in 3-Point Bend Test Fixture without Slack Adapter to Maintain Constant
Velocity

Based largely on ASTM D790, Flexural Properties of Unreinforced and Reinforced Plastics and Electrical
Insulating Materials, the test technique assumes the following:

-The relationship for the center displacement (&) and strain (& )on the beam outer fiber:
_ % ¢2
6= 6hS [1

Where S is the full span of the specimen between end supports and / is the height or thickness of the test
specimen

-Taking derivatives of both sides of equation 1:

- g_f 5

6= 6h5 [2]

-We now have displacement (&) and strain (&) rates.

-ASTM recommends S/k ratio = 40 to avoid short beam shear failure

- Initial specimens for exploration were approximately 25.4 cm (10 inches) in length and 4.6 mm (0.18
inch) in thickness, and that the span was then 18.3 cm (7.2 inches) for S/A=40

It was determined the fastest displacement rate to prevent fixture damage would be prescribed as ~1000 cm/sec
(400 inches/sec). Therefore, subdividing the specimen thickness repeatedly, the following table was created
demonstrating the relationship of testing configurations versus strain rates while maintaining the maximum
velocity of 1000 cm/sec (400 in/sec), and S/ ratio of 40 as shown in Table 1.
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S h S/h Velocity | Strain Rate
{cm) (mm) {cm/sec) [sec
18.29 457 40 1000 8.20
9,14 2.29 40 1000 16.40
4,57 14 40 1000 32.81
2.29 0.57 40 1000 65.62
1.14 0.29 40 1000 131.23
0.57 0.14 40 1000 262.47

Table 1. Theoretically possible strain rates at maximum velocity as a function of test configuration.

Although it was originally desirable to explore a wider range of strain rate values, it was decided for practical
test specimen manufacturing and test execution that the 4.6 mm (0.180 in) thickness and 18.3cm (7.2 in) test
span would be preferred to maintain constant versus other options. While this configuration and limiting the
maximum displacement rate to 400 in/sec also limits the maximum strain rate to about 8.3 /sec, a general rule
of thumb from earlier testing indicated that most strain rate effects of interest in automotive events are
encountered at or below this strain rate level. To facilitate this testing, a new customized test fixture was
designed and built as shown in Figures 6 and 7 with the slack adapter attached. A high rate, constant velocity
test on this machine can only be run in tension. To achieve this, the fixture was configured with the center
roller fixed and the frame with the outside rollers articulated downward. The frame is attached to the slack
adapter on top of the actuator to achieve the desired velocity before engaging the specimen and starting
loading.

Figure 6. The High Rate Three Point Bend fixture
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== 3
Figure 7. Provides a better view of the slack adapter/actuator.

The test machine has an 18 m/sec (700 in/sec) actuator with a 400 GPM servo-valve, that is driven with a 5
gallon accumulator on the pressure side. The frame has 100-kip load capacity, and the actuator has 15-inches
of travel. There are two load cells, a 10-kip strain gauge cell, and a 9-kip Kistler piezoelectric cell for more
rapid response. The software to control the test and drive the waveform to the MTS 407 analog controller is
custom, in-house developed using LabView. Data acquisition (A/D) and control (D/A) is achieved with a
National Instruments (NI) PXI chassis that is equipped with a variety of NI PXI Multi-Function input/output
(I/0) cards. Synchronization was reduced to approximately 10 microseconds (slew rate of the analog
conditioners) by timing the signals through the PXI chassis clock versus the computer clock.

Mallinda shipped in samples of their material and some industry standard GMT from Hanwha for comparison.
ORNL set up and ran tests in the above configuration at velocities of nominally 125, 250, 500, and 1000
cm/sec (50, 100, 200, and 400 in/sec), with corresponding strain rates of approximately 1.0, 2.1, 4.2, and 8.3
/sec. Data is plotted in Figure 8 showing maximum recorded stress versus speed. Although plans were to run
more samples to get more detailed test statistics, the test machine platen extensometer was destroyed during
the first test at 400 in/sec. The project period of performance expired before the extensometer could be
replaced and the entire planned test matrix completed. However, the data appears to show relatively small
scatter and slight strain rate effects with mildly increasing stress as a function of speed for the GMT material
tested both in machine direction and transverse to that direction. For the Mallinda unidirectional carbon
coupons, the stress at failure was significantly higher as expected regardless of speed. However, the greater
data scatter along with small number of samples prevents us from drawing firm conclusions as to failure stress
as a function of speed, although it appears that there is not a significant speed effect.
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Mallinda CF System vs Commercial
Glass Mat Thermoplastic
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Figure 8. Dynamic test data comparing Mallinda material with commercial thermoplastic

A secondary objective had been to also provide test data from high-speed tensile testing of the unidirectional
carbon fiber reinforced Mallinda resin system. Since this system is unidirectionally reinforced, it was not
expected that data would be strongly influenced by choice of resin system or by testing strain rate beyond
factors such as fiber strength translation factor that can be obtained in static testing. However, it had been
planned to obtain this data for the Mallinda system to provide input to future modeling. Based on some earlier
testing, it was estimated that a sample thickness of up to a standard ASTM coupon thickness of about 0.040 in
could be adequately gripped and pulled to failure using the slack adapter in the High Speed Coupon Tester
configuration. However, tests were unsuccessful due to severe slippage in the grips and our funding
authorization expired while the machine was down for repair of the machine Temposonics displacement
measuring device.

Summary of Sandia Research Results
by Bo Song

In this project, Sandia conducted dynamic mechanical property characterization of Mallinda’s composite
materials at various strain rates in compression, tension, and three-point-bending. Both experimental and
diagnostic techniques were developed for evaluation of composite materials at intermediate strain rate regime
where low-speed impact, i.e., car crash, occurs. This study provides insights of material reliability and
suitability for automotive applications.

During the period of project, two carbon fiber composites (woven and unidirectional composites) were
dynamically characterized. For the woven composite, dynamic compression and tension tests were conducted
at different strain rates with Kolsky compression and tension bars, respectively. For the unidirectional
composite, a Kolsky compression bar was used for dynamic compression and three-point-bending (TPB) tests
to understand strain rate effects on the dynamic compressive stress-strain response and impact velocity effects
on the dynamic flexural response, respectively. Figure 9 shows the schematics of Kolsky bar setups for
dynamic compression, tension, and TPB tests. It is noted that, through this project a new diagnostic technique
was developed, as illustrated in Figure 10, to simultaneously track the displacement/strain field and cracks on
the top surface and two side surfaces of a composite specimen to determine the failure strength when cracks
are initiated. A high-speed camera was applied to all compression, tension, and TPB tests to photograph the
failure process of the composite specimens during dynamic tests.
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(b) Kolsky tension bar for dynamic tensile tests
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Figure 9. Experimental setups for dynamic characterization of composites

]
S
i

- IMHHMWﬂ'ﬁ

|

Figure 10. Illustration of a pair of mirrors applied to the tensile specimen for simultaneously tracking cracks at

top and side surfaces.
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1.  Woven carbon fiber composite

Dynamic compression tests were conducted on the woven composite along in-plane (the loading direction is
parallel to the plane of woven fabric; ~45°/135° to the fiber direction) and out-of-plane (the loading direction
is perpendicular to the plane of woven fabric). The compressive stress-strain curves are shown in Figure 11. As
also seen in Figure 11, the woven composite exhibits very little strain rate effect on the compressive stress-
strain response within the strain rate range conducted in this study. The dynamic compressive stress-strain
response along in-plane direction is quite different from that along out-of-plane direction. The stress-strain
curves of the composite along out-of-plane direction are more linear and with higher failure strength and strain
than those along in-plane direction. The significant anisotropy of the composite along in-pane and out-of-plane
directions also leads to different failure mode, as shown in Figure 12. The in-plane specimen failed via
splitting; whereas the out-of-plane specimen catastrophically failed.

300 T T I 900
P e

800 -
S 700+
£
~ 600 |
8
£500
w
2400+
g
2300

Engineering Stress (MPa)

605" 200 -
100s| =
20057

100 -

0 0.005 0.01 0.015 0.02 0.025 0.03 0 0.02 0.04 0.06 0.08 0.1
Engineering Strain Engineering Strain

(a) In-plane (b) Out-of-plane

Figure 11. Dynamic compressive stress-strain curves of woven composites at various strain rates.

(a) In-plane (b) Out-of-plane

Figure 12. Failure mode of the woven composite during dynamic compression

Figure 13 shows the dynamic tensile stress-strain response the woven composite. The tensile load was parallel
to the fabric (in-plane). The dynamic tensile stress-strain curves are similar to the compressive stress-strain
curves shown in Figure 11(a). The results from the high-speed imaging with digital image correlation (DIC)
show that the crack was initiated prior to the peak load, as shown in Figure 14.
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Figure 13. Dynamic tensile stress-strain curves of woven composite.
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Figure 13. Crack initiation observed on the top and both side surfaces during dynamic tension.
2. Unidirectional carbon fiber composite

The dynamic compressive characterization of the unidirectional carbon fiber composite followed the same
testing procedure as that for the woven composite. For the in-plane direction, the loading direction is parallel to
the fiber direction (0°). Figure 14 shows the dynamic stress-strain curves along the in-plane and out-of-plane
directions. The material along the in-plane direction showed a higher modulus but lower failure strength and
strain than those along the out-of-plane direction. The strain-rate effect along both directions are insignificant.
As shown in Figure 15, under dynamic compression, the material along in-plane direction showed a failure
mode of splitting; whereas, the material along out-of-plane direction showed a shear failure mode.
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Figure 14. Dynamic compressive stress-strain curves of unidirectional composite.

(a) In-plane (b) Out-of-plane

Figure 15. Failure mode of the unidirectional composite under dynamic compression.

Dynamic TPB tests of the unidirectional composite was conducted with the same Kolsky compression bar with
the fixture shown in Figure 9(c). The length direction of the beam specimen aligns with the fiber direction.

The force-displacement curves from the TPB tests at various impact velocities are shown in Figure 16. The
flexural stress-strain curves at the back side of the beam specimen were also calculated and shown in Figure
17. Figures 16 and 17 show that the maximum force and flexural stress were independent of impact velocity
or strain rate. However, the flexural modulus was observed to be impact velocity (or strain rate) dependent, as
shown in Figure 18. Under dynamic TPB, the composite beam specimen was failed via delamination first and
then tensile failure with increased load, as shown in Figure 19.
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Figure 16. Force-displacement curves from the TPB tests.
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Figure 17. Flexural stress-strain curves from the TPB tests.
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Figure 18. Effect of impact velocity (strain rate) on flexural modulus.

Figure 19. Composite beam specimen failure under dynamic TPB.
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Summary of PNNL Research Results
by Michael Larche, Lisa Fring, Matt Prowant, Michael Hughes, and Leo Fifield

Introduction

The recent development of a malleable thermoset composite system requires extensive validation through
testing to support the industry acceptance of this technology. Mallinda has demonstrated the manufacturability
of its resin through prepreg production trials, and the testing of this material utilized the capabilities at three of
the national laboratories. The Pacific Northwest National Laboratory (PNNL) was tasked with characterizing
microscopic defects in cured panels using ultrasonic analysis. This was followed by destructive analysis to
image the defects and validate the ultrasonic findings.

Materials

The Mallinda team submitted two sets of flat panels to PNNL for ultrasonic characterization, along with one
scoping panel to allow for ultrasonic test setup and method validation. All panels were fabricated at the
Mallinda facility and were approximately six inches by six inches in size. The first set was submitted to PNNL
in November 2020, and Table 2 below summarizes the processing parameters used for each panel. Panel 0 in
the Table is the scoping panel.

Table 2: Process Parameters for Panel Set #1

Panel |PlyCount| Cure Temp (C) Cure Time (min) Consolidation Corjsolldatlon Consolldatloin Edge Condition
Temp (C) Time (sec) Pressure (psi)

0 7 180 300 700 Trimmed

1 12 115, 150, 180 60, 40, 20 180 600 400 Trimmed

2 12 115, 150, 180 60, 40, 20 200 300 200 Trimmed

3 12 115, 150, 180 60, 40, 20 180 30 400 Trimmed

4 12 115, 150, 180 60, 40, 20 200 60 100 Trimmed

5 12 115, 150, 180 60, 40, 20 160 30 100 Trimmed
Representative pictures of the scoping panel and one of the test panels from panel set #1 are shown in Figure
20 below.

MALLINDA SAMPLE 01 .

Figure 20: Test panels submitted for ultrasonic analysis from set #1

The second set of panels was submitted to PNNL in May 2021. Table 3 below summarizes the processing
parameters used for each panel. These panels were sealed by Mallinda on the top and bottom surfaces and on
all edges. Rust-oleum ultra cover gloss clear was used to seal the top and bottom surfaces, and silicone was
used to seal the edges.

Table 3: Process Parameters for Panel Set #2
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Panel |PlyCount| CureTemp (C) Cure Time (min) Consolidation CO?SO“datIOI’I ConsolldatloAn Edge Condition
Temp (C) Time (sec) Pressure (psi)
1 12 115, 150, 180 60, 40, 20 180 60 400 Trimmed and sealed
2 12 115, 150, 180 60, 40, 20 200 300 200 Trimmed and sealed
3 12 115, 150, 180 60, 40, 20 200 60 100 Trimmed and sealed

PNNL-32428

Representative pictures of the test panels from set # 2 are shown below in Figure 21.

Figure 21: Pictured left to right, Panel 1, Panel 2, and Panel 3 from set #2 in as-received condition
Ultrasonic Analysis Method

Plates were inspected using a focused ultrasonic immersion probe at 10 MHz. The probe used for
interrogation of the samples was 0.5 diameter with a 1 focal distance, and standoff was set at that focal
distance to the front surface of the plate. To ensure equilibrium in the water, each plate was immersed for 24
hours prior to scanning, and no sample was left in the water longer than 36 hours. The scanning setup is shown
in Figure 22.

Figure 22. Immersion scanning configuration

Each plate was aligned to the scanner and held in place using a fabricated steel fixture and scanning was
performed in a 3x3 grid of files, each collected at 0.5 mm resolution with 3 mm of overlap on boundaries. Data
was collected at 2 GS/s over a 4-5 us window gating the signal response of the plate. Three unique fiducials
were placed on each plate, visible in Figure 22, at known locations to ensure correct reconstruction of the data
images for processing. An example of the resulting raw data image is shown in Figure 23.
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Figure 23. Two raw data C-scans, showing overlap and a fiducial

Many studies have demonstrated the utility of different entropies for detection of subresolution backscattering
structures in both materials characterization and medical ultrasonics. Frequently, these techniques detect
changes that are not detectable by other approaches. These include reliable detection of near-surface defects,
diffuse accumulation of subwavelength-sized nanoparticle-based ultrasound contrast agents [1-5]. PNNL has
recently applied several entropies, defined below, to extend previous results on the detection of foreign objects
in graphite/epoxy composites [6].

All RF data were obtained by sampling a continuous real function, y = f(t), which is the backscattered
waveform. PNNL employed the convention that the domain of f(t) is [0,1], and always assumed that
underlying all of the digitized signals is a function that is differentiable. PNNL also assumed that f(t) is
Lebesgue measurable so that it has a distribution function y = wy(t). Roughly, w(y) indicates how often

f(t) =y.

log|E;| = log [fo f(t)zdt].

We may also compute Shannon's entropy, which for continuous signals $£(t)$ (sometimes also referred to as
the differential entropy[7]) is given by

fmax 2
H; = f wy () log[wy ()] dy,

Fmin
In several studies Hy has demonstrated sensitivity to subtle changes in scattering architecture[8].

If f(t) is differentiable, then wy(yy) may be computed using

1 3
W) )
t
o LACE
At this point it is worth emphasizing since f(t) is Lebesgue measurable, it constitutes a “bona fide™ random
variable. Hence, the approach is a special case of statistical signal processing. However, since the functions
considered are also differentiable, the distribution functions of the random variables are directly accessible
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from the functions themselves via the equation above. In the general situation this is not true as most random
variables are nowhere differentiable, since the set of differentiable functions in C1[0,1] has Wiener measure
Zero.

The most useful entropy found is a generalization of joint entropy of two random variables to the case where
those variables are differentiable. In this regime the joint distribution, wy 4 (x,y) for two random variables

x = f(t) and y = g(t), written more simply as wy 4 (x, y), becomes a “singular”’ mathematical object roughly
analogous to a series of Dirac delta functions concentrated on the planar curve ( f (o), g(t)). The precise
object representing wy ;(x, y) is a Laurent distribution[9]. The limiting value of the joint entropy where
dynamic range is infinite, or conversely the system resolution, €, becomes zero, is itself infinite. Nevertheless,
in this limit the joint entropy may be written as log[e] + Hf 4, where H 4 is bounded and expressible directly
in terms of f(t) and g(t) and their derivatives. Specifically, for backscattered radio frequency waveforms,
f(t), and a reference function, g(t), in the case where f(t), g(t) are differentiable functions this finite part, is
[10]

1t in[|f" ()], 19" (O]
Hy, = - J; min g

) PO . dleetmaxllf ©1 1y @1l

which, as shown elsewhere, is well-defined even in the case where one or both of f'(t), g'(t) are zero[10].

A good choice for the reference waveform, g(t), is frequently the reflection from a stainless-steel plate of the
emitted pulse from the insonifying transducer. However, it is possible to significantly improve upon this as
described in[11].

Ultrasonic Analysis Results

All specimens were scanned in nine slightly overlapped regions 53 mm by 53 mm on a grid of 106 x 107
points (with 0.5 mm step size). At each point in the scan one hundred, 259-point (each point comprised of a
16-bit word) waveforms were acquired with a single-shot sampling rate of 2GHz, averaged, and stored for off-
line analysis both, joint entropy, Hy ; (Eq. 4), and signal energy, Ef (Eq. 1), analysis. The reference trace was
generated using a reflection from the upper left corner of specimen SB01 as described in reference [11].

Figure 24 shows, from left to right, the resulting joint entropy images. Each is comprised of nine sub-images
produced using the nine sub-scans acquired as described above. The overlap region has not been edited from
the image to enable inspection for possible edge effects. Inclusion of the overlap regions is evident from the
apparent double imaging of certain features such as the brass nut placed on top of the composite plate during
scanning to produce a fiduciary marker to orient scan images relative to the physical plate. It is remarked that
no edge effects are observable in the composite image.

Figure 25 shows the corresponding signal energy images.

It is observed that the images are essentially the same up to inversion of the gray-scale lookup tables used to
produce each image. Moreover, these images do not exhibit the usual cross-hatching pattern that has been
observed in all previous studies of graphite/epoxy composited[8, 10-13]. The reasons for this are unclear.
However, inspection of the raw RF, resulting in exclusion of the front and backwall echoes indicates that the
image structure is generated by the internal scattering architecture of the specimens. We remark also that this
behavior differs drastically from specimen (SBO — not shown), which has the expected scattering behavior of a
well-consolidated graphite/epoxy specimen and which seems to have been fabricated using different
techniques than those used to manufacture SB01-SB03.
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Flgure 24 A Jomt entopy image of all three specimens in thls study From 1eft to rlght Hf g 1mages for
specimens SBO1, SB02 and SB03

Flgure 15. . joint signal energy image of all three specimens in this study From left to right: Hy ; images for
specimens SBO1, SB02 and SB03

Microscopy Method

Upon completion of the ultrasonic analysis, any indications found during scanning were marked on each panel
with a silver sharpie. Half of each panel was shipped back to Mallinda, and half was submitted for microscopy
cross-section analysis at PNNL.

The panels were sectioned perpendicular to the fiber direction at locations of scanning indications, as marked.
Low magnification images were taken to obtain an overview of the panel consistency, and higher
magnification images were taken in areas of interest.

Specimens were mounted in Buehler Epothin 2 Epoxy with a blue mount die, as shown in Figure 26. Polishing
of each specimen included the following steps:

1. Plane ground sample through 1200 grit SiC paper using water

2. Intermediate polished sample(s) on 6 micron water based diamond using a Struers MD-Pan pad,
25N/sample, 150 rpm head/platen co rotate for 5-8 min.

3. Polished on 3 micron water based diamond using a Struers MD-Mol pad, 25N/sample, 150 rpm
head/platen co rotate for 5 min.

4. Polished on 1 micron water based diamond using a Pace Technologies “Microcloth pad, 15 N/sample, 150
head/platen co rotate for 5 min.
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5. Final polished on 0.05 micron alumina slurry using a Pace Technologies Microcloth pad, 15 N/sample,
150 head/platen co rotate for 5 min.

6. Washed in between steps with cotton ball and rinsed with ethanol, air dried.

Images were taken at several different magnifications on an Olympus BX51 optical microscope with a DP74
camera.

Figure 26: Representative image of the mount used for cross-section analysis
Microscopy Results

Panel set #1 was not evaluated because of water ingression issues encountered during the ultrasonic scanning.
These panels were sent back to Mallinda for further investigation. This was a deviation from the original
project plan.

The cross-section maps for the three panels from set #2 are shown below in Figures 27-29. The white dots seen
in the pictures correlate to the indications found in ultrasonic analysis. Panel 2 had no indications, so cross-
sections were taken across the width of the panel to capture overall consistency and architecture of that panel.
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Figure 28: Picture showing where cross-sections were taken on half of panel 2 from set #2

Figure 29: Picture showing where cross-sections were taken on half of panel 3 from set #2

The cross-section images of panel 1 are shown in Figures 30-33. While the interply resin region is relatively
consistent in thickness in most areas, several areas of fiber waviness and inconsistent fiber bundle spread can
be seen throughout all sections. There are also regions of porosity or lack of fiber impregnation present in all
sections. In sections 1 and 2 this is mainly observed in the center region, correlating to the location of the
ultrasonic indication. Section 2 also contains a resin rich area in the center-left area that is approximately 0.8
mm by 0.2 mm. It is not immediately clear what features in section 3 and 4 correlate to the ultrasonic
indications as there are several areas that exhibit either resin richness or porosity within the fiber bundles. A
few areas of resin cracking are also present in all sections from panel 1. A representative image of this
cracking from panel 1 is shown in Figure 34.

Figure 30: Panel 1, Section 1 low magnification view and high magnification view of left, center, and right
areas
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agnificaties;

Figure 31: Panel 1, Section 2 low magnification view and high magnification view of left, center, and right
areas

Figure 32: Panel 1, Section 3 low magnification view and high magnification view of left, center, and right
areas
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Figure 33: Panel 1, Section 4 low magnification view and high magnification view of left, center, and right
areas

Figure 34: Example of resin cracking observed in panel 1

The cross-section images of panel 2 are shown in Figures 36-39. Panel 2 shows a region in each section where
multiple, adjacent plies show interply resin thinning, as shown below in Figure 35. Similar to panel 1, but to a
lesser degree, there are areas of fiber waviness, inconsistent fiber bundle spread, and porosity or lack of fiber
impregnation present in all sections. Resin cracking is most pronounced in panel 2, and a representative image
is shown in Figure 40. No ultrasonic indications were found in panel 2.
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Figure 36: Panel 2, Section 1 low magnification view and high magnification view of left, center, and right
areas
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Figure 38: Panel 2, Section 3 low magnification view and high magnification view of left, center, and right
areas
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Figure 39: Panel 2, Section 4 low magnification view and high magnification view of left, center, and
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Figure 40: Representative image of cracking observed in resin in Panel 2

The cross-section images of panel 3 are shown in Figures 41-44. The images from panel 3 show areas of voids
in between many of the plies. Panel 3 also shows similar characteristics observed in the other panels. The
ultrasonic indications in panel 3 correlate to several areas of porosity, although it is not clear if one specific
area resulted in the indication.
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Figure 41: Panel 3, Section 1 low magnification view and high magnification view of left, center, and right
areas
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Figure 42: Panel 3, Section 2 low magnification view and high magnification view of left, center, and right
areas
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Figure 43: Panel 3, Section 3 low magnification view and high magnification view of left, center, and right
areas
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Figure 44: Panel 3, Section 4 low magnification view and high magnification view of left, center, and right
areas

Conclusions of cross-sectional analysis
The following conclusions are based on the cross-section analysis:

. All panels demonstrated regions of porosity, resin richness, inconsistent fiber bundle spread and
fiber waviness

. Resin cracking was observed in all panels but was most prevalent in panel 2
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The voids present in between the plies of panel 3 indicate that complete consolidation was not
achieved
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