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COPV Standards @

* No less than half a dozen voluntary consensus
organizations (VCOs) are actively involved in
promulgation of standards directly and indirectly related
to COPVs

e ASTM standards consist of Practices, Test Methods,

Guides, Terminology, and Specifications:

— Practice: tells how to perform a test

— Test Method: tells how to produce a numerical result, often used as an
accept-reject criterion

— Guide: general instruction and overview
— Terminology: establishes consistent naming conventions and definitions
— Specification: establishes uniform material and component properties

« ASTM standards usually focus on a technique, but can

focus on material or component type, e.g., a COPV,
subject to testing using a variety of techniques




Voluntary Consensus Organization
Standards Relevant to COPVs

(non-inclusive list)

1. AIAA/ANSI

- S-080 Space Systems - Metallic Pressure Vessels, Pressurized Structures, and Pressure Components
- S-081 Space Systems - Composite Overwrapped Pressure Vessels (COPVs)
- NGV2-2007 American National Standard for Natural Gas Vehicle Containers

2. ASME

- Boiler and Pressure Vessel Code, Section X: Fiber-Reinforced Plastic Pressure Vessels, Appendix 8-620
Supplementary Examination Requirements

- STP-PT-021 Non Destructive Testing and Evaluation Methods for Composite Hydrogen Tanks
- STP-PT-023 Guidelines for In-service Inspection of Composite Pressure Vessels

3. ASTM

- — D1471 Guide for Identification of Fibers, Fillers, and Core Materials in Computerized Material Property
Databases

- D2585 Test Method for Preparation and Tension Testing of Filament-Wound Pressure Vessels

- D2990Test Methods for Tensile, Compressive, and Flexural Creep and Creep-Rupture of Plastics
- D3039 Test Method for Determining Tensile Properties of Polymer Matrix Composite Materials

4 - D3878 Standard Terminology for Composite Materials

Composite | — D4018 Properties of Continuous Filament Carbon and Graphite Fiber Tows

Materials | _ D4762 Guide for Testing Polymer Matrix Composite Materials

- D5687 Guide for Preparation of Flat Composite Panels with Processing Guidelines for Specimen
Preparation

L — D7337 Tensile Creep Rupture of Fiber Reinforced Polymer Matrix Composite Bars

- D2343 Test Method for Tensile Properties of Glass Fiber Strands, Yarns, and Rovings Used in Reinforced
Plastics

- D3299 Specification for Filament-Wound Glass-Fiber-Reinforced Thermoset Resin Corrosion-Resistant
Tanks

- D5262 Test Method for Evaluating the Unconfined Tension Creep and Creep Rupture Behavior of
Geosynthetics

Geotextiles — — D6992 Accelerated Tensile Creep and Creep-Rupture of Geosynthetic Materials Based on Time-
Temperature Superposition Using the Stepped Isothermal Method

Plastics



Voluntary Consensus Organization
Standards Relevant to COPVs

(non-inclusive list)

5. ASTM (cont)

- — E1067 Practice for Acoustic Emission Examination of Fiberglass Reinforced Plastic Resin (FRP)
Tanks/Vessels

- E1118 Practice for Acoustic Emission Examination of Reinforced Thermosetting Resin Pipe (RTRP)
- E1419 Test Method for Examination of Seamless, Gas-Filled, Pressure Vessels Using Acoustic Emission
- E1736 Practice for Acousto-Ultrasonic Assessment of Filament-Wound Pressure Vessels

- E1930 Practice for Examination of Liquid-Filled Atmospheric and Low-Pressure Metal Storage Tanks
Using Acoustic Emission

94 - E2191 Test Method for Examination of Gas-Filled Filament-Wound Composite Pressure Vessels Using
Nondestuctive Acoustic Emission

Testne - E2478 Practice for Determining Damage-Based Design Stress for Glass Fiber Reinforced Plastic (GFRP)
Materials Using Acoustic Emission
- E2533 Guide for Nondestructive Testing of Polymer Matrix Composites Used in Aerospace Applications
- E2581 Practice for Shearography of Polymer Matrix Composites, Sandwich Core Materials and Filament-
Wound Pressure Vessels in Aerospace Applications
L — E2661 Practice for Acoustic Emission Examination of Plate-like and Flat Panel Composite Structures
Used in Aerospace Applications
6. CGA
- Pa:npdhlet C-6.2, Standard for Visual Inspection and Requalification of Fiber Reinforced High Pressure
Cylinders
- Pamphlet C-6.4, Methods for Visual Inspection of AGA NGV2 Containers
7. ISO

- 6046 Gas cylinders - Seamless steel gas cylinders - Periodic inspection and testing

- 10461 Gas cylinders - Seamless aluminium-alloy gas cylinders - Periodic inspection and testing

- 11119-1 Gas cylinders - Refillable composite gas cylinders and tubes - Design, construction and testing -
Part 1: Hoop wrapped fibre reinforced composite gas cylinders and tubes up to 450 |

- 11119-2 Gas cylinders - Refillable composite gas cylinders and tubes - Design, construction and testing -

Part I2I Fully wrapped fibre reinforced composite gas cylinders and tubes up to 450 | with load-sharing
metal liners

- 14623 Space Systems - Pressure Vessels and Pressurized Structures - Design and Operation



ASTM Committee EQ7
Flat Panel and COPV Standards



Accomplishments Since 2007

(ﬂg]b) Designation: E 2580 — 07
—yle

Standard Practice for
Ultrasonic Testing of Flat Panel Composites and Sandwich
Core Materials Used in Aerospace Applications’

Lﬂg]b) Designation: E 2581 — 07

i’

| INTERNATIONAL

Standard Practice for

Shearography of Polymer Matrix Composites, Sandwich
Core Materials and Filament-Wound Pressure Vessels in
Aerospace Applications’

(ﬂ% Designation: E 2582 — 07
1’

INTERNATIONAL

Standard Practice for
Infrared Flash Thermography of Composite Panels and
Repair Patches Used in Aerospace Applications’




Accomplishments Since 2007

ﬂHIb/ Designation: E 2662 — 09

T

INTERNATIONAL

Standard Practice for
Radiologic Examination of Flat Panel Composites and
Sandwich Core Materials Used in Aerospace Applications’

(ﬂ!;l]:») Designation: E 2533 — 09
—ull
INTERNATIONAL

Standard Guide for
Nondestructive Testing of Polymer Matrix Composites Used
in Aerospace Applications’

/. Designation: E2661/E2661M — 10

AN TERNATHRTAL

Standard Practice for
Acoustic Emission Examination of Plate-like and Flat Panel
Composite Structures Used in Aerospace Applications’




ltem Registered for COPV Overwrap
Standard in 2010

http://www.astm.org/DATABASE.CART/WORKITEMS/WK29034.htm
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rmetal liner thicknesses less than 2.3 mm (0.090 in.), and
fiber loadings in the composite overwrap greater than 60
percent by weight, 1.2 although this Practice focuses an
COPYs used at ambient temperature, it also has relevance
to 1) composite pressure vessels (CPWs), 21 monolithic
metallic pressure vessels, and 3) COPYs and CPYs used at
cryogenic temperatures, 1.3 This Practice applies to 1) low
pressure COPYs used for storing liguid propellants at
maximum allowahle workinog nressures (MAWPSY yn to 35
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ASTM WK29068

(what iz & Wark Iterm? / How to Input to a Wark Ttern)

Work ltem: ASTM WK29068 - New Practice for Examination of the Metallic
Thin-Walled Liners in Filament Wound Pressure Vessels Used in Aerospace

Applications by Nondestructive Testing

Develaped by Subcornmittes: EN7.10 | Committes EOT Horme | Contack Staff Manager

More EDO7.10 Standards Related Products
Copyright/ Permissions

1. Scope

1.1 This Practice discusses nondestructive testing (MNODT)
methods for detecting defects and flaws in thin-walled
metallic pressure vessels (PYs) and composite averwrapped
pressure vessels (COPYS) used in aerospace applications,
In general, these COPYs have metal liner thicknesses less
than 2.2 mm (0.090 in.) and a filament wound composite
overwrap, 1.2 Although this Practice focuses on PWs and
COPYs used at ambient temperature, it also has relevance
to a) composite pressure vessels (CPWS), and b) COPYs and
CPW=s used at cryogenic temperatures, NDT of the composite
overwrap of COPYs is beyvond the scope of the Practice,
howevear, a general overview of applicable NOT methods is
provided in Guide E2533, 1.2 This Practice applies primarily
tn hinh nressure COPYs Lsed for stnring cnmnressed nases

Work htem Status:
Date Initiated; 06-02-2010
Technical Contact: Jess Waller

Status: Draft Under
Development

Standards Tracker

Standards Subscriptions




ASTM EO7 Standards for NDE of Composites
2005 to present 8

QHIF; Designation: E 2533 - 09
2005 Rl

Standard Guide for
Nondestructive Testing of Polymer Matrix Composites Used

Aerospace Applications’

qgw/ Designation: E2861/E2661M - 10
[A

n
G.) in Aerospace Applications’
+=
. a ﬂg!:y Designation: E 2580 - 07 qg[p, Designation: E 2502 - 07
Q_ Standard Practice for Standard Practice f
E Ultrasonic Testing of Flat Panel Composites and Sandwich mfa,"ar::g Fll:sitl":l'?we‘:‘:nography of Composite Panels and
Core Materials Used in Aerospace Applications’ Repalr Patches Used In Aerospace Applications’
O &5}”‘ Designation: E 2581 - 07 ﬂﬂy Designation: E 2662 - 09
— | T an
q) e mATIONAL
c Standard Practice for Standard Practice for
Shearography of Polymer Matrix Composites, Sandwich Radiologic Examination of Flat Panel Composites and
(‘6 Core Materials and Filament-Wound Pressure Vessels in Sandwich Core Materials Used in Aerospace Applications®
@®©

Standard Practice for
A tic Emisslon E ion of Plate-like and Flat Panel
Composite Structures Used in Aerospace Apnlications’

2010 Nondestructive Evaluation of Flat Panel Composites:
Standard Practices and Guide

¥

l ASTM Wk29034 ASTM WK29068

(what is 5 Work Item? / How to Input to 3 Work Item)

(wrhat is = Work Itern? / How to Inputto a Work Item)

Work ltern: ASTM WK29034 - New Practice for Examination of the Composite  /ork Item: ASTM WIK29068 - New Practice for Examination of the Metallic
Overwrap in Filament Wound Pressure Vessels Used in Aerospace Thin-Walled Liners in Filament Wound Pressure Vessels Used in Aerospace

2012 5_year re_ap p roval Applications by Nendestructive Testing Applications by Nondestructive Testing
l of E 2580, E 2580 and E 2581 ‘

COPVs

2013 Nondestructive Evaluation of COPVs:
/ \ Standard Practices, Feasibility of Guide
POD l Test Methods for

Metal & Brittle Accept-Reject

Matrix Composites funding for technical oversight provided by the NASA NDE Working Group (NNWG) 10

and ASA Technical Standards Program (NTSP)
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Flat Panel EJeman

Composites

A senes of standards an nondestructive inspection and
axamination of asnspace oomposites has baen
developed wnder the jurisdiction of ASTM International
Commiltee EO7 an Nondestructive Testing. Several
years age, with impetus and input frem representatives
of the U5, National darsnaulies and Space
Adminigtration, 2 task group on NDE for aemspace

ST PaSies was foenmed wider Subtadmimittes EO7. 10 an
Specialisad NDT Mathads,

The task group, chaired by George Matzkanin from the
Texas Reseanch Institute, Austin, was astablished ta
Toster the development of standards fer NDE of
ASMOSpAse oo posites, A recently published standand,
A5TM E2533, Guide lor Nendestructive Testing of
Folymer Matrix Composites Usad in derospace
Applications, was develaped under the guidance of task
group and EDT. 10 subsemmitbes member Jess Waller,
NaSA White Sands Test Facility. This guide helps
angineaers select appropriate nondestructive testing mathads te examine and characterize
AEMOEARACS OO Posilas,

NASA White Sands Test Facility
technicians perform
radiographic inspection on a
filament wound pressure
vessel,

Im addition 1o the guide, seyeral standand practices have baan develeped and published to
daocument and establish contral requirements of coment &stablished industry practioes o that
these standards can be specified in contracts. One such practice i the new standard ASTM
E2&82, Practice for Radiclegic Examination of Flat Panel Composites and Sandwich Core
Matenals Used in Aerespace Applications, developed under the guidance of task group member
John Ellegoad, Lockheed Matin Space Systems Co. This standard was developed under the
jursdiction of Subtemmittee ED7.01 en Radiclogy (X and Gamma) Methad,

ASTM E2662 provides process oontrol requirements for film and digital radisgraphy of
aeroLpace oomposite panels. "Using ASTM E2882 will improve accuracy and reliability of
radicgraphic examinations for these low density Structunes, ™ Says Ellegoad, a stafl guality
engiteer and Leval 3 radiographer. "Often, examinations are not pedormed at optimal levels
due 1o inadequate axperence and lack of reguirsmants, ™

In addition 1o the guide, several standard practioes have been developed and published to
document and establish control requirements of curent established industry practices so that
these standards can be specified in contracts. One such practice is the new standard ASTM
E2662, Practice for Radiologic Examination of Flat Panel Composites and Sandwich Cone
Materials Used in herospace applications, developed under the guidance of task group member
John Ellegoad, Lockheed Matin Space Systems Co, This standard was developed under the
jurssdiction of Subsommittes EDT.01 on Radiclegy (X and Gamma) Methad.

ASTM E2662 provides process otnbrl edquirements for filin and digital radiagraphy of
aemspace composite panels, "Using ASTM E2562 will improve accuracy and reliability of
radiographic examinations for these low dengity structures,” says Ellegood, a stall quality
angineer and Level 3 radisgrapher. "0ften, sxaminations are nol pedormed al aptimal levels
dus b inadequale sxpsnence and lack of mquirsments,”

Ellegoad, wihe ko sarves an the Leadarship Committes of the Faderal Warking Group on
[ndustrial Digital Radiagraphy, Says that NASA, the U.5. Department of Defense and
manufacturers of aerospace and aincralt Structurgs using lightw eight com posite panels will be
the pramary users of ASTM E2662.

Three additional practices develsped wivder the guidancs of the task group and poblished
earfier ana:

E25ED, Practice far Ulrasomic Testing of Flat Panel Composites and Sandwich Core Matenals
Uzed in Aeraspacs applications;

E23E1, Practice for Shearography of Pelymer Matrix Composites, Sandwich Core Matedals and
Fila ment-Waund Pressure Vessels in Mdrospace Applications; and

E25E2, Practice far Infrared Flash Thermography of Compasite Panels and Repair Patches
Used in Aerospacs applica tions.

Tihee Lask group & naw Maving ferwand with the development of propesed guides and practices
Tor the inspection/examinaticn of mare aomplex oom posite componemts, Such A5 oom pasite

overmrapped pressure vessels, all interested parties, including angineers warking in
nondestiuctive testing, matenals and aenspacs, are wekiame 1o contrbule 1o the simgaing

develxpment of these proposed standands,

CONTACT

Technical Information: [E2533) Jess Waller, NASA White Sands Test Facility, Las Cruces, N.M.
Phemee: 575-524-5249

[E2862) Johm Ellegoad, Lockhead Madin Space Systems Co., Denver, Cole.

Phve: 303-977-5755

ASTM Stafl: Geonge Ludhy

Phemee: &10-B32-9710

11
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Phased Arrays, Eemai S e
Aerospace Applications,
Digital Imaging

ASTH International Cammittes BIT an Nondestructive TE'SLII"-Q
has recently approved three new standards on phased arrays,
polymer matrix composites for asrospace applications and
digital imaging. The committes will be meeting in Plantation,
Fla., Jan. 24-28, and weloomes paricipation in ite standarnds
developing activities.

Ultrasonic Methods

Thousands of portable phased armay unils, esad Tor walkd
ingpactions, have now been sold workdwide. There are many
benefits to these devices, including speed, cost, imaging,
Nexibility and setups, along with no radiation, lioenSing or
contamination. Daspite Uhaos ad-.-am,agei., Uhsard was nol &
universal inspaction pracadure for phased array ingpaction of walds, A4 new standard, E2700,
Practice for Contact Ultrasonic Testing of Welds Using Phased Arrays, provides such an

I et test.

E2700 was developed by Subcommiltes EO7.06 on Uitrasonic Method, According to Michasl
Madas, sanicr technadegy manager, Olympus NOT, and an EO7 member, EZ700 will b mast
useful to inspection companies that need to write and follow procedures and te end users and
requiataons wihe nead to astablish practioss far U ifGpeclion S panies,

“E2F0D will B vary halpful as il covers the mlavant aspacts for mast wald inspaclions, oo
details will not be ignored or forgotien,” says Moles,

Specialized NDT Methods

& new guide gives an intreductory overview that describes haw mature and establishad
mondestructive testing methods that are routinely uvsed by industry are applied specifically to
the characterization of pohymer matrix aenspace composiles, E2533, Guide lor Nondestructive
Tasting af Polymer Matrix Campogites Used in Asraspace Applicationsg, & under the junsdiction
af Subsommittes EQ7.10 on Specialised NOT Methods.

[ -

"The practical value of E2533 is that the major, accepted nondestructive testing methods ane
oovered in 8 Single document,” Says Jess Waller, 8 matenals scientist at Geolontrol Systems
I, and a mambar of EO7. 10, "Pamary vsers of Uhe standand will b the samspace induslry
and s pramary contracterns in buikling Spacecralt and Buneh vehickes for présent and future
NASA programs.” This includes all gavernment and industral entities invelved in:

Product and process design and aptin ization;

Cinlinee process osnbned;

Alter manufactuns inspaclion;

In-Sarvits indpaslan: and

Health monitening of pohymer matrix ASroSpace oo posites.

Waller notes that E2533 can be used o select an appropriaie nondestructive test depending an
the type of flawe & uSer i€ trying o detect and to provide inStruction on wihene in the life cycle
of a compoegite matenal or sompanant 2 particular test can be used. In addition, Uha

adwa wWLages and imitationg of aach of the majm randastiudlive Lesls are decustad, will
refemnoe bo relevant standards,

Digital Imaging and Communication in
Nondestructive Evaluation

A new standard develapad by Subcammitles EOF. 11 an
Digital Imaging and Communication in Mendestructive
Evaluation [DICONDE) will fill 2 meed in the
mondestructive testing industry for 8 transpansnt and
industry standard data format with which to stone
digital inspection data,

E2553, Practioe far Dngu,al Imagmg Ansd Coammunica Lisn
i Mandestrudtive Evaluabtia [DICONDE]) Tar Utrasaimd
Tagl Malhads, will b used by manulfactemars o
deyelop ultrasonic test aguipmeant that communicates
And Storss ingpacticn data in & nonprapaatary fenmat
that will be used for decadas,

The serospace industry will
use new standards approved
by Committea EOF on
Mondestructive Testing in the
development of fubure
spacecrafl.

“Crtical natismal and commancial infra structume mdguinag
keng-tenm data management Soluling Tar inSpection
data,” says Patrick Howard, GE Aviation, who notes that, an the United States, mwuclear power
plants are typically lioensed for 40 years but can obtain an operating extension for an
additianal 20 years.

“Crer Swch long time penods, indpection eguipment & replaced with new models, and
aquipment vendors may go out of business while the nead o access the data acquired with
the aquigment remansg,” savs Haoward, "There & 8 nead o pramale inlarsperabilily as
inspection equipment & modemised o provide long-term data access,”

E2E863 will 2arve as 3 companion standard to E2335, Practice for Digital Imaging and
Cammunication in Nendestructive Evaluation [DICONDE). While E2335 addreszas digital data
tramsmission and storage for all ondestructive evaluation modalities, E2663 addresses digital
data tranemEsion and torage specific Lo ulbrasonic Lasting.

Howard alse noles that ED7.11 is now &t waork on the Tollowing related proposed practices:

WHK17435, Digital Imaging and Communication in Nondestructive Evaluation [DICONDE) fTor
N-Ray Computed Tomography (CT) Test Mathods,

WE 17438, Drgu,al Imagmg and Communication in Mendestructive Evaluaticn [DICONDE) far
Digital Radiographic (DR) Test Mathods;

WE20537, Digital Imaging and Communication in Nondestructive Evaluation (DICONDE) for
Eddy Current Test Methods; amd



Current POD Activities/Resources

NASA NDE Working group (NNWG, Dr. Edward Generazio)

http://www.nnwg.org/Recent Publications/Directed Design.pdf

NASA Engineering and Safety Center (NESC, Dr. William Prosser)

ASTM EO07.10 (various)
http://www.astm.org/DATABASE.CART/WORKITEMS/WK29631.htm

Directed Design of Experiments for Validating Probability of
Detection Capability of NDE Systems (DOEPOD)

E. B Generazio'
“Mational Aeronautics and Space Administration, Hampton, VA 23681 ASTM WK29631
ABSTRACT. The capability of an inspaction system is established by applications of various methodologies (What & & Wark ltem? / How 1o Wk Ttem )

to determine the probability of detection (PODY). One accepted metric of an adequate inspection system is that
there is a 95% chance that the POD is greater than 80% (90/95 POD). Directed DOEPOD has been developed —_
to provide an efficient snd accurate methodelogy that yialds observed POD and confidence bounds for both i
Hit-Miss or signal smplitede testing. Specifically, DOEPOD demands utilization of observance of
ocourrences.  Directed DOEPOD does not assume prescribed POD logarithmic or similar functions, so that
mmlti-parsmeter curve fitting or model optimization appreaches are not requirad.

: ASTM WK29631 - New Practice for Probability of Detection
for Manual Inspection Hit’/Miss Data

Keywords: Probability of Detection, POD, NDE, NDL NDT, Nondestructive
PACS: 0250.Cw, 81704

INTRODUCTION More E07. 10 Standards Related Products Nerk oSl
B | Date Initisted 07-13-2010

Directed DOEPOD utilizes the concept of probability of a Hit (POH) at any flaw size. That COpyT) Fromion Technical Contact: Steve
is, the number of Hits observed per set of samples exhibiting flaws of simular James
characteristics (e.g.. flaw lengths). The determination of POH at any selected flaw size is a 1. Scope

d or observed quantitative value b zero and one, and knowledge of POH Status: Draft Under
also yields a qp itati of the lower confidence bound (value). This process is Thiz practice defines the accepted procedure for Dewelopment
statistically referred to as “observation of occurrences” and is distinct from use of perforrning a statistical analysis an manual inspection

functional forms that estimate or predict POD. The driving parameters of DOEPOD are the
observed POH and the lower confidence bounds (values) of the observed POH. The
binomial distribution has been used previously for determining POD by observation of

hitfmizs data to determine the dermonstrated Standards Tracker
probability of detection (POD) for a specific set of test

occurrences. Prior work ~ used a selection of armangements for grouping flaws of similar pfaran_"Eters' Lopiescolsncd _inCIUde _the_ Standard_ Standards Subscriptions
characteristics. Yee (1976) used thing o bability and overlapping sixty hitfmizz POD curve formulation, validation technigues,

point methods grouping by number of flaws into a riass and by cumulative sums of fixed and correct interpretation of results, Currently thera iz

flaw size class intervals, while Rummell (1982) used fixed class widths. These bmom.lgl no specification that addresses this subject. The Air

approaches have lead to the acceptance of using the 29 out of 29 (29/29) point estimate! Force has released a Handbook with guidelines on how

method. in combination with validation that the POD is increasing with flaw size. in order to fabricate POD specimens and condudtfanalyze POD

to meet the reqmremenbs of MSFC-STD-1249° and NASA-STD- (I)- 5009°. DOEPOD studies uzing hml1823 PO software, The Handbook is

extends work in binomial applications for POD by adding the concept of lower confidence
bound maximization as the driver for establishing 90/95 POD. DOEPOD satisfies the
req‘luremem for critical applications where validation of inspection .wstems individual

not a requirements document and does not describe
the general procedure for analyzing rmanual inspection
hitfmizs data and verifying the results for correctness

fors 3
pIEd.le:ed. - 3 i even; whense: full FOD cune iz extiinztedd ot regardlezs of the software being uszed to perform the
analysiz,
DOEPOD CONCEPTS
Keywords

DOEPOD is based on the application of the binomial distribution to a set of flaws that have
been grouped into classes, where each class has a width. The classes are allowed to vary Penetrant inspection, binary response, logistic
rearessinn



Quick Look at ASTM Standards
Used at WSTF
for Composite Tow and COPV Testing
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Long-Term Creep Testing

AE can be applied using a variety of different pressure profiles, for
example, a ramp and hold to evaluate stress rupture®

ASTM D 7337 Stress Rupture (SR) Method
WSTF data on 1140 denier Kevlar-epoxy, 32-mm-gage length, poured Epon
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St { o =)
= 08 —_— E =
& s ros = | g :
= e 5 = E
-_.53 @ - = z E -
sl 2 ot e . o
m o 4 = = 2 ;
E Al e :I-I‘"I\:I.
: 04 g 4 e
2.2 4 -
02 ta
2
0.0 (1] T T T T T 00 L O 3
i} 2000 4000 G000 00 10000
0
time {min} % 0 1 2 a . 5 B 7
Log flime to failure, h)
a1 1 18 100 wooow 't 0 '
Objecti\(e Time to Fallure (h)

Plot stress ratio vs. log time to failure to predict when SR will occur
at a given operational stress ratio

ASTM D 3039, Test Method for Determining Tensile Properties of Polymer Matrix Composite Materials, American Society for Testing
and Materials, West Conshohocken, PA (2007)
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Composite Tow Tests
COPV Materials-of-Construction

Tabbing: shear strength of epoxy and bonded grip length important variables$

—im —“'li
_[
025 (100
- -
2.000
.
—= =125
M. —= = 020
L. = Fn2F*
where:
Lyin = minimum required bonded tab length, mm [in.];
F* = upltimate tensile strength of coupon material, MPa
[psil: .
h = coupon thickness, mm [in.]; and
F = ultimate shear strength of adhesive, coupon mate-

rial. or tab material (whichever 15 lowest), MPa
[psi].

§ ASTM D 2343, Test Method for Tensile Properties of Glass Fiber Strands, Yarns, and Rovings Used in Reinforced Plastics, American
Society for Testing and Materials, West Conshohocken, PA (2009)
ASTM D 3039, Test Method for Determining Tensile Properties of Polymer Matrix Composite Materials, American Society for Testing
and Materials, West Conshohocken, PA (2008)
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Fiber Composite Tow Tensile Tests
COPV Materials-of-Construction

Establish typical fiber and composite tow and laminate failure modes$

ASTM D 4018

[Em

ujlin

ASTM D 3039

GAT LAT

QAT GFT  HGU LGM Ay
First Characier Second Character  Third Characier
[ Failure Type  Code | Faiburs Area  Code | Faslure Locstion Codo

Cirigvtaly [} Ingide GripTak | | Botiom B
Lateral L Al gripitab A | Tep T
Long Spliting 3 <1 from gripftab W | Miaddle M
(Fiber pullocut) Tab Pullout P | Vamious v
EXplosive X Varkuie V| Unkeown u
Oeher [o] Unknown L] —

FIG. 1 ThreePart Failure Mode Code

1. explosive failure (XGM)
2. long splitting (SGM)
3. strand pull-out (not pictured)

| | a
IHezng="g

ASTM D 4018: Properties of Continuous Filament Carbon and Graphite Fiber Tows, American Society for Testing and Materials, West Conshohocken,
PA (2009)
ASTM D 3039, Test Method for Determining Tensile Properties of Polymer Matrix Composite Materials, American Society for Testing
and Materials, West Conshohocken, PA (2008)
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Pressure Schedules
Depends on COPV Application

Possible pressure schedules for analytical testing of COPVs:

xeptance is based on cumulative AE acthity
Acceptance baged on cumulstive AE activity wing b and c. .
collected during helds b, ¢. d and ¢ i b
|
b 87.5 -
75 2
75 5 o
P pomse s
Test gp Test gy E‘Q
Pressure Pressure
© = 2min hald a1 T5% of tes! pressure
d = Z2minheld al 87.5% iest pressure
& = 10min hold st 100% test pressure i
Time
T Time:
4 i
E | H
- g e L}
- i | \
£ ‘ L
£ o i ; b .
% B ! I I P
= ¥ i ‘. i i [ e
— |3 i a | | {
(=] ] | | |-
s 20 B 5 | { [ |
- = \ | I w | .l'l bl
'. e
Time | o L

e Commons goals:

2 1. manufacturer’s test

2. Periodic removal and inspect requalification
3. simulate in-service pressure schedule
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Accelerated Aging Using Temperature
COPVs and Strand

ASTM D 6992 Stress Rupture Method
Used during NNWG-sponsored NDE of COPV SR project conducted on

6.3-in-diameter Kevlar-epoxy and carbon-epoxy COPVs 8

o
n

0 - 57 s -

" 56 - g
% 7% A @“5'5- B B.Sgé
62 35.4 e $
2 ey ?5§
z | &
§ % P82 T
= 20:) 51 /""_'_'_/’F’_'_ 65

s . 8

) [ 10000 20000 30000 40000 80000 80000 a 10000 20000 =hhoo 40000 50000 LY

TIME (sec) TIME (sec)
T — = Gass 100 e !
o 95
g w \/& s w
§ 85 g 85
] e Y o R T
3 ® o - * A ¥
(] T S
& \ & T
ﬁ 85 C \ B oes D
80 © w I
55
- 1 15 2 25 3 35 4 45 1 2 3 4 5 ] 7 8 ] 10 1
LOG TIME (-] (see) « . LOG AT {t-t) (sec)
; - o
A. Subject strand specimen to stepped isotherms E

B. Monitor creep strain at constant stress

C. Convert creep strain to creep modulus and rescale temperature
segments to achieve slope matching versus log time

D & E. Correct for thermal expansion and shift data to yield D) creep
modulus, and E) creep strain master curves T 2 3 4 5 & 7 8 3 w

§ LOG AT (-t) (sec)

ASTM D 6992, Accelerated Tensile Creep and Creep-Rupture of Geosynthetic Materials Based on Time-Temperature Superposition Using the Stepped
Isothermal Method, American Society for Testing and Materials, West Conshohocken, PA (2008)

STRAIN (%)
T
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Accelerated Aging Using Stress
COPVs and Strand

Stepped Stress Method (SSM):

1140 denier ATK Kevlar 49/epoxy strand

32-mm gage length, poured Epon 828 tabs

1.0 60

0.8 1

40
0.6

30

Stress Ratio
Load (Ibf)

0.4

0.2 1

0.0 - 0

50
20

10 +

1.0
run out

12

run out

r 0.8

r 0.6

r 0.4

T
0 200

460 660 860
time (min)

Objective:

0.2
1000

Strain 5 (mm)

r 3.5

r 3.0

25

2.0

1.5

r 1.0

Strain o (%)

&

Generate strain vs. log time master curve to predict when SR will occur

at a given stress level

No ASTM or equivalent standard adopted at the point
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Intermittent Load Hold Testing
COPVs and Strand

* Intermittent load hold (ILH) stress schedule (red data) is a quick test
used to identify severe accumulated composite damage using the
Felicity ratio T1000  Firsts Mean W Firstl0Mean A First1SMean —Kaiser Line, FR=1

y =-0.00035376x + 1.0868
R? = 0.8990

o ) 106 4 y =-0.00034157x + 1.0790
+ Instantaneous Mean Energy A FR Determination Time from 10-Event Mean =~ ——Load, Ibf [ R?=09102
y =-0.00032688x + 1.0678
50 o )3 R?=0.8912
— =
g T].OOO M | 350 E 102 £
o~ 45 5 [
> 5 ™2
— ! ! 'y
w40 { 300 = . :
— L o098 -
o Kaiser effect | A
c 35 | 0960 096 : "
= { 250 violated
5 094
30 i 92 122 152 182 212 242 72 302 332
2 onset AE 200 MAXIMUM PREVIOUS LOAD, lb;
>-: 25 F
m M . 10 Meal 15 M First 20 Mean — T Lin 1
o
Q 20 } 150 IM-7
5 102
- s
5 15 100 101 \
o
> . =
w 10 f ot g
— 099 . . £y
c FR=1.053 R SR FR > "Kaiser effect violated
Qv s .' * . o 098 e o
E . ., L ad » :0 E N 0.99 A
* =-0.00049886x + 1.0811
0 s amas FMLL_&‘_ _L 0 . N - 09967
y = -0.00058819x + 1.0902
0 1,800 3,600 5400 7,200 9,000 10,800 12,600 14400 16200 18000 19,800 21600 23,400 R?=0.9968
0 y =-0.00076109x + 1.1075
- R?=0.9947
Time Elapsed (s) 082600 o ! .

122 152 182 212
MAXIMUM PREVIOUS LOAD, lb;

« |ILH profile is based on the pressure tank examination procedure$
§

ASTM, Practice for Acoustic Emission Examination of Fiberglass Reinforced Plastic Resin (FRP) Tanks/Vessels, E 1067, American Society for Testing 21
and Materials, West Conshohocken, PA, 19428-2959, 2001.



Proof Cycling
COPVs (ASME Test)

AE event decay rate analysis on load holds using ASME Section X, Appendix 81

y=Ae” +C

Acceptance criteria from ASME
Section X Mandatory Appendix 8 and
NB10-0601 Supplement 9 :

Acceptable Event Stability:
-0.1<# <-0.0001 & R?>0.80

% of Proof Loa:

Time

Shape factor B can also be expressed
as the time required for the structure

to emit 99% of eventson a dwell.

_ In(0.01) 25 to 40 minutes

loge, = B (1535 to 2424 sec)

Event Decay Curve, Cumulative Events

Stability Analysis

O Cum. Events at Dwell ~ eeeeee Observed UCL, B =-0.0019
Observed LCL, B =-0.0030
Passing Test, B = -0.002209

Pressure

251 By L
al
&° ©°°

201 @@;?_L
v _
151 L
101 R2=0.975 L
51 L
2 e Toimmeena)
-600 0 600 1200 180

Seconds after the hold is reached (10 min. intervals)

6800

6600

6400

6200

6000

5800

5600

5400

5200

5000

4800

COPV Pressure, psig

1 ASME Boiler and Pressure Vessel Code, Section X: Fiber-Reinforced Plastic Pressure Vessels, Section X, Appendix 8-620 Supplementary

Examination Requirements.
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