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Timeline:

* Project Start Date:
5/21/2018

* Project End Date:
9/20/2020

Budget:
e FY17 DOE Ph | Funding:
$150,000

* FY18 DOE Ph Il Funding:

$500,010

* FY19 DOE Ph Il Funding:

« $500,000

e Total DOE Project Value:

$1,160,000

Overview

Topic 26f: Rotary Vacuum and Water Seals in Heavy-lon Accelerators

T,

Needed for NP Experiments:

Ultra-high vacuum and water cooled seals
Under constant rotation at 600 rpm for ~ 1 year
Extremely high radiation dose (100s of MGy)
Need to change seal as infrequently as possible

Partners:
e Giles County Government
e CSU

* MSU, FRIB
e Garlock

e BalSeal




NanoSonic Team )

& Our Commercial Partners/Investors CES

Dr. Jennifer Lalli, Chief Development Officer

Ph.D. Chemistry, Virginia Tech

* > 20 years of adhesive/sealant and gasket/seal development

* Implemented ExoStar Distribution of Products to Defense Primes
* 2 R&D 100 Awards for HybridSil® & Metal Rubber™ (issued patent)
« Commercialized 15 SBIR products sold at www.nanosonic.com

Dr. William Harrison, Gasket Production Lead

Ph.D. Chemistry, Virginia Tech

* >20vyears of laboratory safety and production expertise

* Leads NanoSonic scale-up and product certification

*  Commercializing Zero Humidity Fuel Cell Membranes with LANL

Dr. Jian Gao,
Ph.D. Physics Vanderbilt

Target and Beam Dump Systems Group Leader
Facility for Rare Isotope Beams
Michigan State University

Dr. Frederique Pellemoine, MSU FRIB Seal Integrator

Ph.D. Experimental Physics Systems, University of Caen - France

»  Staff Physicist, Target and Beam Dump Systems Group Leader (FRIB)

* International Nuclear Target Development Society (INTDS)

Simulation Engineer, Grand Accelerateur National d’lons Lourds (GANIL)
Referee EMIR (network of accelerators dedicated to materials irradiation)

Facility for Rare Isotope
Beams
at Michiaan <tata
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« 2004 - Alliance Agreement with LM
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« 2010 — New Manufacturing Facility
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Our Manufacturing Facility Timeline
10,000 sf beginning, 30,000 sf today, planned 100,000 sf production site

k.)'i.'
L L

8 yesterday.

Year - Facility - Production Volume
2000-10,000sf - 100L/ day

2010-30,000sf - 255 gal / day
2020 - 130,000 sf - > 2,000 gal / day




Our Commercial Products O

15 SBIR Derived on Webstore
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DOE Topic 26f — Technology for High Radiation Environments
Grant # DE-SC0017107

T .,

OBJECTIVE:

* Develop new rotary vacuum and water seals for rotating targets and beam dumps for
rare isotope beam production and beam strippers in high-power heavy-ion accelerators

* Durable performance exposed to 300 - 600 MGy minimum 1 year (6,000 hours) rotating
at 600 rpm over 32 °C to 66 °C, water side: 60 gpm (25 psi), vacuum side: 1e’5 Torr L/s

Need the mechanical performance of Teflon with enhanced Radiation & Abrasion Resistance
May need new material and new design




Relevance:

Develop New Materials and Seal Designs for FRIB Beam Dump

GOALS:
e Developing new Teflon like, non-fluorinated materials with enhanced radiation resistance

* Utilizing extrusion for compounding new films not previously obtainable
* Investigating new seal design — Flood-Gard™ as opposed to traditional lip seal

Water side Vacu/um side 3
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Reproduced 4.5” SS Shaft for Abrasion Testing of New Seal Materials
to Mimic Beam Dump Water Seal




Technical Approach

Extrude New Compounded Materials for use in New Lip and Flood-Gard Seals

1. Design New Materials 2. Design New Seals

*  For current cores
* Address leakage
e CustomODandID

*  For new fittings
* Advanced materials
*  CustomID

NEW SEAL
Opposing lips
for
Water and Vacuum

Stationary seal
for
No rotation on drum

o /




Current Seals
Material and Design Drawbacks

1. Material — Dehydrofluorination 2. Seal — Need Opposing Lips

A major drawback of Tefzel is that fluorinated
polymers, particularly those containing hydrogen,
evolve hydrogen fluoride (HF) upon irradiation.
Higher hydrogen contents increase the tendency
for dehydrofluorination:

PTFE > PFA >~ FEP > ETFE > PVDF > PVF
Or new design

Dehydrofluorination

L] L]
~AAA (CF,-CFp-CHy-CHyp) v A (CFg-CF-CHyCHp) M + F

_— ™
uonE|pEY

"AAA(CF-CF-CH-CH M~ + H

HF is typically carried off in vacuum,
may or may not be an issue for water in water cooled seals




NanoSonic Vertical
Pre- and Post- Irradiation

Styfss (MPa)

Stress (MPa) Stress (MPa)
1-vert-edge-1 140+
1-vert-edge-2 2-vert-edge-1 3-vert-edge-1
1-vert-edge-3 1204 2-vertedge-2 3-vert-edge-2
1B-1-vert-edge-1 100 2-vert-edge-3 S-vertedge-3
1B-1-vert-edge-2 S0 1B-2-vert-edge-1 1B-3-vert-edge-1
1B-1-vert-edge-3 80 1B-2-vert-edge-2 1B-3-vert-edge-2
2B-1-vert-edge-1 1B-2-vert-edge-3 1B-3-vert-edge-3
2B-1-vert-edge-2 40 J 2B-2-vert-edge-1 2B-3-vert-edge-1
2B-1-vert-edge-3 20—} 2B-2-vertedge-2 2B-3-vertedge-2
o . 2B-2-vert-edge-3 | 2B-3-vert-edge-3
2 u] 50 100 200
Strain (%) Strain (%) Strain (%)
Stress (MPa) Stress (MPa)
a0 70
Gvert-edge-1 a0 S-vert-edge-1 G-vert-edge-1
Gvert-edge-2 X S-vert-edge-2 6o G-vert-edge-2
Gvert-edge-3 80 S-vert-edge-3 50 G-vert-edge-3
1B-4-vert-edge-1 3 18-5-vert-edge-1 40 1B-6-vert-edge-1
18--vert-edge-2 40 1B-5-vert-edge-2 e 1B-G-vert-edge-2
18-vert-edge-3 30 1B-5-vert-edge-3 1B-G-vert-edge-3
2B-4-vert-edge-1 = 2B-5-vert-edge-1 20 2B-B-vertedge-1
2B-4-vert-edge-2 R 2B-5-vert-edge-2 10 2B-G-vertedge-2
1 2B-4-vert-edge-3 A 2B-5-vert-edge-3 o z : 286vertedged
0 50 100 150 u} 100 200 300 150
Strain (%) Strain (%) Strain (%)
Stress (MPa) Stress (MPa)
80 100
7-vert-edge-1 ) S-vert-edge-1 ao- Q-vert-edge-1 10-vert-edge-1
7-vertedge-2 S-vertedge-2 20 Qvert-edge-2 10-vert-edge-2
7-vertedge-3 S-vertedge-3 70 Q-vert-edge-3 10-vert-edge-3
18-7-vert-edge-1 1B-8-vert-edge-1 60 1B-9-vert-edge- 1B-10-vert-edge-1
18-7-vert-edge-2 1B-8-vert-edge-2 50 18-G-vert-edge| 1B-10-vert-edge-2
18-7-vert-edge-3 1B-8-vert-edge-3 40 it 18-9-vert-edge] 1B-10-vert-edge-3
2B-7-vertedge-1 2B-8-vert-edge-1 23: § 2B-G-vert-edge- 2B-10-vert-edge-1
2B-7-vert-edge-2 2B-8-vert-edge-2 =l 2B-Q-vert-edge-2 2B-10-vert-edge-2

2B-7-vertedge-3 s 2B-8-vert-edge-3
1

150 0 50 100 150 0 50 100 150

Strain (%) Strain (%) Strain (%)

2B-10-vert-edge-3

2B-Q-vert-edge-3 0

Note Tensile Strength Variations or Stability Post Fe and Proton Exposure




Accomplishments in Mechanical Properties Post Low Dose Exposure
Electron, Fe, and Proton Irradiation — 27 Gy

7
Strin £

Tensile Strength Stability Post Fe, proton, and Exposure in both Directions }




Accomplishments in Irradiation at BNL NSRL
June 8, 2017

Displaying records 1 thru 2 of 2 record First | | Previous | 1| Next | | Last

NASA Dose | Dose

Particles Per | Number Start

I
Run | Operator Energy |- Fluence = Start Start
lon |=0EY || Approved Rate |Range - 2 Spill of Wrap-
Number | Name (MeVin) Hrs. (cGy/min) | (cGy) {particles/cnt) (particles/cm?/spill) | Samples Setup | Exposure up
Rosselot 6/8/2017 6/8/2017 | 6/8/2017
178 R°sse°' Protons | 1000 1.58 Physics | 1 1 1 12:02:26 12:16:45 | 12:36:52 00:20:07
ory PM PM PM
P 6/8/2017 | 6/8/2017
17B ’ | Iron 1000 1.58 Physics | 1 1 1 10:36:31 | 10:36:31 01:25:55
-y AM AM

NSRL Run Information
Number of Setups for each lon
1.1

1_
0.5+
0.6—

Mu mber of
Setups

0.4
0.1-

0

[ron Protons

Fe and proton irradiation — 27 Gy




Accomplishments in Abrasion
On Taber Abrader per ASTM D-1003

Taber Abrasion for Water /Vacuum Seals
CS17 Diameter
Pretest weight Post-test weight
Material L(mm) R{mm) () (g) cycles Loss(g)
Tefzel 3mil 51.19 50.88 1.0513 1.0408 4 0.0105
Tefzel Smil 51.06 50.68 2.4301 2.407 1000 0.0231
Tefzel .093" 50.94 50.62 47.1957 47.1734 1000 0.0223
Daikin PFA 48.78 47.84 101.8792 101.8357 1000 0.0435
Dupont PFA 48.69 47.81 101.4681 101.4392 1000 0.0289
McMaster PTFE 48.59 47.79 53.83 5344 1000 0.3900
C-Plastics PTFE 48.49 47.58 55.9317 55.6309 1000 0.3008

Tefzel offers lower weight loss relative to Teflon as expected }
Rockwell Hardness of 50 is Important as SS 304l is 30 vs. SS 304 of 70
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Remaining Challenges and Barriers:

High Dose Testing and Final Seal Integration

PR

* Challenge: Testing post 600 MGy exposed materials in water seal target

e Resolution: Possible testing at PNNL if needed — perhaps in Ph IIA

* Challenge: Getting new materials integrated within seal

e Resolution: Partnered with Garlock for new seal design and Techsburg on machining

NanoSonic is Producing New Films for Use in Flood-Gard Seals }
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Accomplishments in High Dose Exposure
Plans for 600 MGy electron, proton, and Fe

/—______\——

™ 48Ca at 400 kW, 261 MeV/u 9 4OMg Energy,MeV. Flux, particles/cm2/second :
E_low E_high | Neutrons| Protons | Photons | Deuterons | Tritons
IR e e e e e R M B B - 1.0E-09 1.0E-08 [ 5.1E+06 | 0.0E+00 | 0.0E+00 0.0E+00 0.0E+00
10|2 E —1— E 1.0E-08 1.0E-07 1.9E+08 0.0E+00 0.0E+00 0.0E+00 0.0E+00
:g” E 1 | k 1.0E-07 1.0E-06 2.3E+08 0.0E+00 0.0E+00 0.0E+00 0.0E+00
E | E 1.0E-06 1.0E-05 4.9E+08 0.0E+00 0.0E+00 0.0E+00 0.0E+00
. 10" r | 4 [— neutron
& 10° & | Log— E ~ 1~ proton 1.0E-05 1.0E-04 8.3E+08 0.0E+00 0.0E+00 0.0E+00 0.0E+00
5 10° g I 3 [ — photon 1.0E-04 1.0E-03 9.7E+08 6.8E+01 0.0E+00 2.4E+00 5.0E-01
e ; [ i : dewtsron 1.0E-03 | 1.0E02 | 1.2E+09 | 1.8E+02 | 3.2E+05 | 8.3E+00 | 2.0E+00
I 10° E I i [ — :::Zr;us 1.0E-02 1.0E-01 2.3E+09 6.7E+02 6.7E+07 3.0E+01 7.9E+00
10° E_ | E 1.0E-01 1.0E+00 5.3E+09 8.2E+03 2.3E+09 2.3E+02 4.8E+01
10* E I i i 1.0E+00 1.0E+01 9.5E+08 1.2E+05 1.2E+09 3.8E+03 8.1E+02
10° o 1 . I 1.0E+01 | 1.0E+02 | 1.6E+08 | 2.3E+05 | 4.3E+05 | 2.0E+04 | 9.3E+03
ol ool oot ool oo s vned ool e s v v o \ [~ ,:,, 1.0E+02 1.0E+03 1.5E+07 2.1E+04 7.3E+05 0.0E+00 0.0E+00
105010500 *10*0 %0 '10°10' 102 10° J §
Energy [MeV]
D. Georgobiani
J
e i O
L ————— 1185
=

We will expose candidate seal materials
to electron irradiation using high dose
medical sterilization techniques at 50
MGy per pass for 100, 200, and 300 »
MGy doses at Steris — and BLIP ,

Will Conduct 600 MGy electron exposure at Steris and 600 MGy Fe, proton at BNL’s LINAC 1




Accomplishments in Abrasion
SS Shaft Developed for Seal Studies

Developed SS Shaft per MSU Drawing for 600 rom testing pre- and post- radiation exposure 1




Accomplishments in Lifetime Assessment
DMA TSS for 1-2 year predictive analysis
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CODE

NSRL RUN PROTON IRON
D areal density mass density thickness ID areal density mass density thickness
(8/cm2) (g/cm3) (mm) (8/cm2) (g/cm3) (mm)
Garlock Teflon | 26-p 0.35 2.15 1.25 26-Fe 0.35 2.17 1.63
Garlock Gylon |27a-p 0.32 2.11 1.21 27a-Fe 0.32 2.10 1.54
Garlock Gylon |27b-p 0.32 2.10 1.21 27b-Fe 0.32 2.09 1.55
Tefzel 0.093" 28-p 0.44 1.70 1.07 28-Fe 0.44 1.70 2.60
PE L run 29-p 0.14 0.90 0.52 29-Fe 0.14 0.91 1.57
NOV 2019 | PE - 5% BN L run | 30-p 0.19 0.97 0.58 30-Fe 0.19 0.98 1.96
PE - 20% BN L run| 31-p 0.14 0.95 0.54 31-Fe 0.14 0.99 1.44
PE - 50% BN L run| 32-p 0.11 1.21 0.66 32-Fe 0.11 1.27 0.89
EsL run 33-p 0.23 1.10 0.66 33-Fe 0.22 1.10 2.03
Es-10% BN L run| 34-p 0.22 1.13 0.68 34-Fe 0.23 1.15 1.99
Es-50% BN L run| 35-p 0.24 1.32 0.78 35-Fe 0.24 1.37 1.75
ET N run ET 0.17 1.56 1.07 ET 0.17 1.55 1.07
MAR 2020 ET - 10% BN ET-10 0.12 1.69 0.69 ET-10 0.12 1.72 0.72
ET - 15% BN ET-15 0.12 1.62 0.85 ET-15 0.13 1.57 0.73
ET - 20% BN ET-20 0.15 1.73 0.76 ET-20 0.14 1.79 0.85




Thermal Testing
120 Tefzel—hmo BN
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Weight (%)

Thermal Testing
Tefzel

450 °C

rature (°C)

Show photo of tefzel BN films



Thermal Testing
Tefzel
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Thermal Testing

Teflon

120 120
Garlock Teflon Fe.001 Garlock Filled Fe.001
———— Garlock Teflon P.0023 ———— Garlock Filled P.002
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100
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Mechanical Testing
26, 27, 28 - Room Temp
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Mechanical Testing

29, 30, 31, 32 - Room Temp

200 = o7

150 = ik

100 =

Load [N]

50 =

| I 1 I
25 50 75 100

Extension [mm]

1
125

I
150

150 =

100 =

Load [N]

O =

20 40 60 80
Extension [mm]

|
100

|
120

Load [N]

Load [N]

200

150= M

100 =

50 =

I I I I
50 100 150 200

Extension [mm]

100 =

80 =

60 =

40 =

20 =

| |
4 6 8

Extension [mm]

M) -



Mechanical Testing
33, 34, 35 - Room Temp

Load [N]
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160

120+

100+

20

Mechanical Testing:
Extruded Tefzel (ET) with BN at Room Temp

Extruded Tefzel

i

o

Force (N)
1804

160

120+

d
20 40 80 a0 100
Distance (mm)

Extruded Tefzel
15 % BN

KHZEJUL20-MARZOZ0-ET-A-RT-1
KHZEJUL20-MARZOZ0-ET-A-RT-2
KHZEJUL20-MARZ0Z0-ET-A-RT-3
KHZEJUL20-MARZOZ0-ET-B-RT-1
KHZEJUL20-MARZ0Z0-ET-B-RT-2
KHZEJUL20-MARZ0Z0-ET-B-RT-3
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KH2EJULZ0-MARZ0Z0-ET-15-B-RT-1
KH2EJUL20-MARZ020-E T-15-B-RT-2
KH2EJUL20-MARZ020-E T-15-B-RT-3
KH2EJULZ0-MARZOZ0-E T-15-C-RT-1
KH2EJUL20-MARZ0Z0-E T-15-C-RT-2
KH2EJUL20-MARZ0Z0-E T-15-C-RT-3
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MARZO20-ET-
MARZO20-ET-

MARZO20-ET-20-A-RT-1
MARZO20-ET-20-
MARZO20-ET-20-
MARZO20-ET-20-
MARZO20-ET-20-
MARZO20-ET-20-
MARZO20-ET-20-
MARZO20-ET-20-
MARZ020-ET-20-C-RT-2




Extruded Tefzel

Stress (MPa)
&84

Extruded Tefzel
o] 15 % BN

/
35
151
10—
5
T T T T T T T d
o 50 100 150 200 250 300 350 400

Strain (%)

KHZEJUL20-MARZDZ0-ET-A-RT-1
KHZEJUL20-MARZOZ0-ET-A-RT-2
KHZEJUL20-MARZOZ0-ET-A-RT-3
KHZEJUL20-MAR20Z20-ET-B-RT-1
KHZEJUL20-MAR2020-ET-B-RT-2
KHZEJUL20-MARZ020-ET-B-RT-3
KHZEJUL20-MAR2020-ET-C-RT-1
KHZEJUL20-MAR2020-E T-C-RT-2
KHZEJUL20-MAR2020-E T-C-RT-3

KHZEJULZ0-MARZOZ0-ET-15-A4-R T-1
KH2EJUL20-MARZ0Z0-E T-15-4-R T-2
KH2EJUL20-MARZ0Z0-E T-15-4-RT-2
KH2EJULZ0-MARZ0Z0-ET-15-B-RT-1
KH2EJUL20-MARZ020-E T-15-B-RT-2
KH2EJUL20-MARZ020-E T-15-B-RT-3
KH2EJULZ0-MARZOZ0-E T-15-C-RT-1
KH2EJUL20-MARZ0Z0-E T-15-C-RT-2
KH2EJUL20-MARZ0Z0-E T-15-C-RT-3

50

Stress (MPa)

Mechanical Testing:
Extruded Tefzel (ET) with BN at Room Temp

Extruded Tefzel
10 % BN

154
0]
5
o &0 100 150 200 250‘ — =00 350
Stress (MPa)
Extruded Tefzel
a5
% BN
20 %

a0
151

50 100 1;0‘ : 200 250 300 350

KHZEIULZ0-MARZOZ0-E T-10-A-RT-1
KHZEJUL20-MARZ0Z0-E T-10-A-RT-2
KHZEJUL20-MARZ0Z0-E T-10-A-RT-3
KHZEJULZ0-MARZOZ0-ET-10-B-RT-1
KHZEJUL20-MARZ0Z0-E T-10-B-RT-2
KHZEJUL20-MARZ0Z0-E T-10-B-RT-3
KHZEJULZ0-MARZ0Z0-E T-10-C-RT-1
KHZEJUL20-MARZ0Z0-E T-10-C-RT-2
KHZEJUL20-MARZ0Z0-E T-10-C-RT-3

KHZEJULZ0-MARZOZ0-E T-20-4-R T-1
KH2EJUL20-MARZ0Z0-E T-20-4-R T-2
KH2EJUL20-MARZ0Z0-E T-20-4-R T-3
KH2EJULZ0-MARZ0Z20-E T-20-B-RT-1
KH2EJUL20-MARZ020-E T-20-B-R T-2
KH2EJUL20-MARZ020-E T-20-B-R T-3
KH2EJULZ0-MARZ020-E T-20-C-R T-1
KH2EJUL20-MARZ020-E T-20-C-R T-2
KH2EJUL20-MARZ020-E T-20-C-RT-3



Stress (MPa)
20

Extruded Tefzel

Mechanical Testing:
Extruded Tefzel (ET) with BN at 66 °C

Stress (MPa)
304

28

N
&

50

Extruded Tefzel
15 % BN

25

a0

T
125

200‘
Strain (%)

KHZEJUNZ0-MARZOZ0-ET- A-B6C-1
KHZEJUNZ0-MARZOZ0-ET- A-B6C-2
KHZ5JUNZ0-MARZOZ0-ET- A-B6C-3
KHZ5JUNZ0-MARZOZ0-ET- B-H6C-1
KHZ5JUN20-MARZOZ0-ET- B-B6C-2
KHZ5JUN20-MARZOZ0-ET- B-B6C-3
KHZ5JUN20-MARZOZ0-ET-C-H6C-1
KHZ5JUN20-MARZOZ0-ET- C-B6C-2
KHZ5JUN20-MARZOZ0-ET-C-B6C-3

KH2ZSJUNZO-MARZOZ0-E T-15-4-66 C-1
KH2SJUNZ0-MARZDZ0-E T-15-4-566 C-2
KH2SJUNZ0-MARZDZ0-E T-15-4-566 C-3
KH2SJUNZO-MARZO20-E T-15-B-66 C-1
KH2SJUNZ0-MAR20Z20-E T-15-B-66 C-2
KH2SJUNZ0-MAR20Z20-E T-15-B-66 C-3
KH2SJUNZ0-MARZ020-E T-15-C-66C-1
KH2SJUNZ0-MAR2020-E T-15-C-66 C-2
KH2SJUNZ0-MAR2020-E T-15-C-66 C-3

Stress (MPa)
304

Extruded Tefzel

10 % BN

KHZEIUNZ0-WARZO20-ET-10-A-B6C-1

KHZEIUNZ0-WARZO20-ET-
KHZEIUNZ0-WARZO20-ET-
KHZEIUNZ0-MARZO20-ET-
KHZEIUNZ0-MARZO20-ET-
KHZEIUNZ0-MARZO20-ET-
KHZEJUNZ0-MARZO20-ET-
KHZEJUNZ0-MARZO20-ET-
KHZEJUNZ0-MARZO20-ET-

Stress (MPa)

28

"
i

&0

Extruded Tefzel
20 % BN

25

75

T
100

T
175

200
Strain (%

KHZEJUNZ0- M ARZ020- ET-20- 456 C-1
KH2EJUNZ0-MARZ020-ET-20- 456 C-2
KH2SJUNZ0-MARZ020-ET-20- 456 C-3
KHZ5JUNZ0-MARZ020-ET-20- B-56 C-1
KH25JUNZ0-MAR2020-ET-20- B-56C-2
KH25JUNZ0-MAR2020-ET-20- B-56C-3
KH25JUN20-MARZ020-ET-20- C-B6C-1
KH25JUNZ0-MAR2020-ET-20- C-56C-2
KH25JUNZ0-MAR2020-ET-20- C-66C-3



Mechanical Testing:
Extruded Tefzel (ET) with BN

KH2ZJUL20- MARZOZ0-ET-A-ne g&0 C-1
KH2ZJUL20- MARZOZ0-ET-A-ne 950 C-2
KH2ZJUL20- MARZOZ0-ET-A-ne 950 C-3
KH2ZJUL20-MARZ0Z0-ET-B-neg&0C-1
KH2ZJUL20-MARZ020-ET-B-ne 950 C-2
KH2ZJUL20-MARZ020-ET-B-ne 950 C-3
KH2ZJUL20-MARZ0Z0-ET-C-negs0C-1
KH2ZJUL20-MARZ0Z20-ET-C-ne 950 C-2
KH2ZJUL20-MARZ020-ET-C-ne 950 C-3

KHZZJUL20-MAR2020-ET-15-A-nig g50 C-1
KHZZJUL20-MAR2DZ0-ET- 15-A-nig 950 C-2
KHZZJUL20-MAR2DZ0-ET- 15-A-nig 950 C-3
KHZZJUL20-MAR2020-ET-15-B-nig g50 C-1
KHZZJUL20-MAR2020-ET- 15-B-nig 950 C-2
KHZZJUL20-MAR2020-ET- 15-B-nig 950 C-3
KHZZJUL20-MAR2020-ET-15-C-nig gS0 C-1
KHZZJUL20-MAR2020-ET- 15-C-nig g50C-2
KHZZJUL20-MAR2020-ET- 15-C-nig g50C-3

"I Extruded Tefzel
cU 25' SDI 75' 400 — 125‘ 175 Sth‘i“?ﬂ?ﬂo}‘
Rl'es?D(DI\lIP.\)
Extruded Tefzel
15 % BN
S0 \"‘1
o J:ZE‘_iﬁ 50' 75' 100 ‘\25I 150I

Stress (M
100

a0

a0

at -60 °C

Extruded Tefzel
10 % BN

o

a0

70

&0

50

20

Pa)

25

Extruded Tefzel
20 % BN

T T T T T d
=0 TE 100 | 125 150 175 200

T T d
a0 75 100 125 150 175 200

Strain (%)

KHZZJUL20-MAR2020-ET-10-A-nig g50 C-1
KHZZJUL20-MARZ0Z0-ET-10-A-nig 950 C-2
KHZZJUL20-MARZ0Z0-ET-10-A-nig 950 C-3
KHZZJUL20-MAR2020-ET-10-B-nig g50 C-1
KHZZJUL20-MAR2020-ET-10-B-nig 950 C-2
KHZZJUL20-MAR2020-ET-10-B-nig 950 C-3
KHZZJUL20-MAR2020-ET-10-C-nig gS0 C-1
KHZZJUL20-MAR2020-ET-10-C-nig gS0C-2
KHZZJUL20-MAR2020-ET-10-C-nig g50C-3

KH2ZJUL20- MARZ0Z0-ET-20- A negd0 c-1
KH2ZJUL20 MARZOZ0-ET-20- 4 negdic-2
KH2ZJUL20 MARZOZ0-ET-20- 4 negdic-3
KH22JUL20-MARZ020-ET-20-B-negf0 c-1
KH2ZJUL20- MARZ020-ET-20-B-negfic-2
KH2ZJUL20- MARZ020-ET-20-B-negfic-3
KH22JUL20-MARZ020-ET-20- C-negf0c-1
KH2ZJUL20-MARZ020-ET-20-C-negfoc-2
KH2ZJUL20-MARZ020-ET-20-C-negfoc-3



Mechanical Testing for 26, 27, 28:
November 2019 run at 66 °C

Stressa(l\ilpa) Stress (MPaj
28] 25|
264 2 6 264 2 7
29+ 249
22| 22|
20|

KHZAJUNZ0- NOVZ0 1026266 C-1
KHZAIUNZO-NOVZ010-26-A 66 C-2
KHZAIUNZO-NOVZ010-26-A-66C-3
KHZAJUNZ0-NOVZ2010-26-B-86C-1
KHZAIUNZO-NOVZ010-26-B-66C-2
KHZAIUNZO-NOVZ010-26-B-66C-3
KHZAJUNZO-NOVZ2010-26-C-86C-1
KHZAJUNZO-NOVZ010-26-C-66C-2
KHZAJUNZO-NOVZ010-26-C-66C-3

KHZAJUNZ0-HOW2019-27- A 8601
KHZAIUNZ0-NOW2019-27- A 6602
KHZAIUNZ0-NOW2019-27- A B6C-3
KHZAJUNZ0-NOW2019-27- B-E6C-1
KHZAJUNZ0-NOW2019-27- BE6C-2
KHZAJUNZ0-NOW2019-27- BE6C-2
KH2AJUN20-NOW2019-27- C-B6C-1
KHZAJUN20-NOW2019-27- C-B6C-2
KHZAJUN20-NOW2019-27- C-B6C-3

-
2]
i i} ! y ' i o T T T T T T T d
o 25 0 s 100 128 150 178 o 25 a0 75 100 125 150 175 z00
Strain (%)
Stress (MPa)
304
28
26 2 8
24

KHZAJUNZ0-NOV20 1928256 C-1
KHZAJUNZO-NOW20 1928256 C-2
KH2AJUNZO-NOW20 1928256 C-3
KH2AJUNZO-NDV2019-28-B-66C-1
KH2AJUNZO-NDW2019-28-B-66 C-2
KH2AJUNZO-NDV2019-28-B-66C-3
KH2AJUNZO-NOWV2019-28-C-66 C-1
KH2AJUNZO-NDW2019-28-C-66 C-2
KH2AJUNZO-NDV2019-28-C-66C-3




Mechanical Testing for 26, 27, 28:
November 2019 run at -60 °C

50

75

.
100

T T d
125 150 175 200
Strain 4%)

Stress (MPaj

75

5]

0|

55|

50

35

KH22JUL20-HOVZ019-26-4
KH22JUL20-HOVZ019-26-4
KH22JUL20-HOVZ019-26-4
KH22JUL20-HOVZ019-26-B-negsnc-1
KH22JUL20-HOVZ019-26-B-
KH22JUL20-HOVZ019-26-B-
KH22JUL20-HOVZ019-26-C-negsic-1
KH22JUL20-HOVZ019-26-C-
KH22JUL20-HOVZ019-26-C-

Stress (MPa)
75

&0
55

50

27

25 &0 75

KHZZJUL20-NOW2019-28-4 neg0C-1
KHZZJUL20-NOWZ019-28- 4 negBOC-2
KH2ZZJUL20-NOWZ019-28- 4 negB0C-3
KHZZJUL20-NOW2019-28-B-neg0C-1
KHZZJUL20-NOW2019-28-B-negB0C-2
KHZZJUL20-NOW2019-28-B-negh0C-3
KHZ2JUL20-NOW2019-28-C-neg0C-1
KHZZJUL20-NOWZ019-28-C-negh0C-2
KHZZJUL20-NOWZ019-28-C-neghOC-3

Strain (%)

KHZ2JUL20-HOVZ018-27-4 negsic-1
KH22JULZ0-HOVZ018-27- 4 ne g c-2
KH22JULZ0-HOVZ018-27- 4 ne gsnc-3
KH22JUL20-HOVZ018-27-B-ne g c-1
KH22JUL20-HOVZ018-27-B-ne gs0c-2
KH22JUL20-HOVZ018-27-B-ne g c-3
KH22JUL20-HOVZ018-27-C-ne g c-1
KH22JUL20-HOVZ018-27-C-negsnc-2
KH22JUL20-HOVZ018-27-C-ne g0 c-3



Stress (MPa)
304

26
26
24+
22

20

Mechanical Testing for 29, 30, 31, 32:

November 2019 run at 66 °C

Stress (MPa)
304

28

26

24

22+

20

2

&

25

&0

25

50

100

KHZAIUNZO-
KHZAIUNZO-
KHZAIUNZO-
KHZAIUNZO-
KHZAIUNZO-
KHZAIUNZO-
KHZAIUNZO-
KHZAIUNZO-
KHZAIUNZO-

KH2AJUNZO-
KH2AJUNZO-
KH2AJUNZO-
KH2AJUNZO-

KH2AJUNZO-
KH2AJUNZO-
KH2AJUNZO-
KH2AJUNZO-
KH2AJUNZO-

NOVZ010-20-A-66C-1
NOWZ010-20-A 6602
NOWZ010-20-A-66C-3
NOWZ010-20-B-86C-1
NOWZ010-20-B-66C-2
NOWZ010-29-B-66C-3
NOWZ010-20-C-86C-1
NOWZ010-29-C-66C-2
NOWZ010-29-C-66C-3

NOW20 1831256 C-1

NOW2019-31-C-66C-2
NOW2019-31-C-66C-3

Stress {MPa}
30

26

24

22+

20

30

=n

=

e

75

150

175

200
Strain (%)

KH2AJUNZO-
KH2AJUNZO-
KH2AJUNZO-
KH2AJUNZO-
KH2AJUNZO-
KH2AJUNZO-
KH2AJUNZO-
KH2AJUNZO-
KH2AJUNZO-

NOW20 1 9-304-56 C-1
NOW20 1930456 C-2
NOV20 1 9-304-56 C-3
NOW2019-30-B-56 C-1
NOW2019-30-B-56 C-2
NOW2019-30-B-56 C-3
NOW2019-30-C-56 C-1
NOW2019-30-C-56 C-2
NOW2019-30-C-56 C-3




Stress (MPa)
76

70+
B85
B0
55

50

36

30

25+

20

Mechanical Testing for 29, 30, 31, 32:
November 2019 run at -60 °C

29

Stress (MPa)
75

70+

B85

B0

55

50

a0

30

25+

20

KHZZIULZ0
KHZZIULZ0
KHZZIULZ0
KHZZIULZ0
KHZZIULZ0
KHZZIULZ0
KHZZJULZ0
KHZZJULZ0
KHZZJULZ0

KHZZIULZ0
KHZZIULZ0
KHZZIULZ0
KHZZIULZ0
KHZZIULZ0
KHZZIULZ0
KHZZJULZ0
KHZZJULZ0
KHZZJULZ0

-NOWZ019-20- A negB0C-1
-NOWZ019-20-A-ne g0 -2
-NOWZ019-20-A ne g0 -3
-NOWZ019-20-B-negB0C-1

-NOWZ019-20-B-
-NOWZ019-20-B-
-NOWZ019-20-C-
-NOWZ019-20-C-
-NOWZ019-20-C-

NOVZ019-3 1A
NOVZ019-3 1A

negfnc-2
negfnc3
negB0c-1
negf0c-2
negfnc-3

negfnc-1
negfinc-2

-NOWZ019-31-Ane g0 -3
-NOWZ019-31-B-negB0C-1
-NOWZ019-31-B-ne g0 C-2
-NOWZ019-31-B-ne g0 C-3
-NOWZ019-31-C-negBOC-1
-NOWZ019-31-C-ne g0 C-2
-NOWZ019-31-C-ne g0 C-3

Stress (MPa)
7a9

B85
B0

55

50

25+

20

30

o

KH2ZIUL20
KH2ZIUL20
KH2ZIUL20
KH2ZJUL20-
KH2ZJUL20-
KH2ZJUL20-
KH2ZJUL20-
KH2ZJUL20-
KH2ZJUL20-

NOU2019-30-A-negBOC-1
NOU2019-30-A-ne B0 C-2
NOU2019-30-A-ne B0 C-3

NOW2019-30-B-
NOW2019-30-B-
NOW2019-30-B-
NOW2019-30-C-
NOW2019-30-C-
NOW2019-30-C-

negB0c-1
negBnc-2
negB0c-3
negB0C-1
negB0c-2
negB0C-3

KHZ2JUL20-HOVZ019-32-4 negsiC-

50

75

T
100

KH22JUL20-HOVZ019-32-4 ne g C-2
KH22JUL20-HOVZ018-32-4 ne gsi
KH22JUL20-HOVZ019-32-B-ne s C-
KH22JUL20-HOVZ019-32-B-ne s C-2
KH22JUL20-HOVZ018-32-B-ne gsl

KH22JUL20-HOVZ019-32-C-ne g c- |

KH22JUL20-HOVZ018-32-C-ne gsl
KH22JUL20-HOVZ018-32-C-ne gs0c:




Mechanical Testing for 33, 34, 35
November 2019 run at 66 °C

Stress (MPa)
30
26
26 3 3
24
224
204
18-
KHZAIUNZ0-H OO S35 AB5C-1
KHZAIUNZ0-NOVZO1S-33 ABEE-2
5 KHZAIUNZ0-NOV2O19-33 A-B6C-3
KHZAIUNZ0-NOV2019-33- B-E5C-1
14 KHZAIUNZ0-NOV2019-33- B-B6C-2
KHZAIUNZ0-NOV2019-33- B-B6C-3
42 KHZAIUNZ0-HOV2019-33- C-5C-1
KHZAIUNZ0-NOV2019-33- C-B6C-2
o KHZAIUNZ0-NOV2019-33- C-6C-3
2
&
2
=]
o T T T T T T T 1
0 25 50 75 100 125 150 178 200
Strain (%)
Stress (MPa) Stress (MPa)
304 B
28 28 3 5
. 34
24 24
224 224
204 204
12 12
KH24 UINZO-NOV2018-34-455 C-1 KH24 UINZ0-NOV2018-35- 458 C-1
KH24 UINZ0-NOV2018-34-4-55 02 KH24 UINZ0-NOV2018-35- 458 C-2
18] KH24 UINZ0-NOV2018-34-4-55 03 18] KH24 UINZ0-NOV2018-35-458 C-3
KH24 UINZ0-NOV2018-34-B-55 C-1 KH24 UINZ0-NOV2018-35-B-568 C-1
14| KH24 UINZ0-NOV2018-34-B-55 02 14| KH24 UINZ0-NOV2018-35-B-68 C-2
KH24 UINZ0-NOV2018-34-B-55 03 KH24 UINZ0-NOV2018-35-B-55 C-3
12-] KH24 UNZ0-NOV2018-34-C-55 C-1 12-] KH24 UNZ0-NOV2018-35-C-65 C-1
KH24 UNZ0-NOV2018-34-C-66 02 KH24 UNZ0-NOV2018-35-C-65 C-2
10 KH24 UNZ0-NOV2018-34-C-65 -3 10 KH24 UNZ0-NOV2018-35-C-65 C-3
2+ 2+
6 6
4 4
i 27/”W_
T T T T T T T T T T T
o 25 50 75 100 125 150 175 o 25 50 75 100 125 150 175




Mechanical Testing for 33, 34, 35
November 2019 run at -60 °C

Stress (MPa)

70

B85

B0

55

50

33

354

304

25

20

15|

10+

5

T
o 25
Stress (MPa)
34
70
55|
50|
a5
S0+
a5
a0
35
30
264
204
15+
10|
5]
T + T
o 25 50 75 oo 125 150 175

KHZZJULZ0-N V201839 A-ne g&0 C-1
KHZZJULZ0-N V201839 A-ne 950 C-2
KHZZJULZ0-N V201839 A-ne 950 C-3
KH2ZJUL20-NOV2018-39- B-ne g0 C-1
KHZZJULZ0-N V201934 B-ne 950 C-2
KHZZJULZ0-N V201934 B-ne 950 C-3
KH2ZJUL20-N V201834 C-ne g&0 -1
KH2ZJULZ0-NOV2019-34- C-ne 950 C-2
KH2ZJULZ0-NOV2019-34- C-ne 950 C-3

L=
175

ZEIEII
Strain (%)

KHZZJULZ0-NOWZ019-33- A negBOC-3
KHZZJULZ0-NOW2019-33- A negB0C-1
KHZZJULZ0-NOW2019-33- A negBOC-2
KHZZJULZ0-NOW2019-33- 8- neg0C-1
KHZZJULZ0-NOWZ019-33- B-negB0C-2
KHZZJULZ0-NOW2019-33- B-negh0C-2
KHZZJULZ0-NOW2019-33- C-neg0C-1
KHZZJULZ0-NOW2019-33- C-negh0C-2
KHZZJULZ0-NOWVZ019-33- C-negh0C-3

Stress (MPa)
7aq

7o

55

&0

56

50

35

20

26

35

HZ2JUL20-HOV2019-35- A negsn -1
HZZJUL20-HOV2018-35- Ao e ga0c-2
HZZJUL20-NOV2018-35- Ao e gB0E-3
HZ2JUL20-HOV2019-35- B ne g c-1

HZ2JUL20-NOV2018-35- C-ne ga0c-2
HZ2JUL20-NOV2018-35- C-ne ga0c-3



Mechanical Testing
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