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Foreword

ISO (the International Organization for Standardization) is a worldwide federation of national standards bodies
(ISO member bodies). The work of preparing International Standards is normally carried out through ISO
technical committees. Each member body interested in a subject for which a technical committee has been
established has the right to be represented on that committee. International organizations, governmental and
non-governmental, in liaison with ISO_ also take part in the wark SO collaborates closely with the
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Introduction

To prevent premature structural failure due to the propagation of cracks or crack-like defects during a
structure’s service life, fracture control policy is being imposed on space systems. These systems include civil

and military space vehicles, launch systems, and their related ground support equipment. For m
fllght systems most procurement agenc:les con3|der fracture control a mandatory human s

itemg using the Shuttle and IéS.

Recently, many procurement agencies and range safety authorities have, imposed fra
requifements on critical hardware items such as main propellant tanks of expendable launch ve
and high-pressure gas bottles used in unmanned spacecraft in order to prevent loss of life and/(
facilifjes. Mechanical damage control is also being required by manycrange safety authoritie
damdge prone composite-overwrapped pressure vessels (COPVs), This International Stand
unifofm fracture and mechanical damage control requirements to the non-Shuttle and non-ISS
can he applied to safety and mission critical structures and other hardware items.

anned space
afety related
he European
uttle) and all
ished specific
d equipment

ture control
nicles (ELVs)
r launch site
s on impact
ard provides
hardware. It
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INTERNATIONAL STANDARD

1ISO 21347:2005(E)

Space systems — Fracture and damage control

1 Scope

This
to fr,
estal]
fabriq
can g

The
dama
spac
vehidg
equigd

This

nternational Standard establishes general requirements for the application of fracture contr
bcture-critical items (FCls) fabricated from metallic, non-metallic or composite\mate
lishes mechanical damage control requirements for mechanical-damage-critical ite
ated from composite materials. These requirements, when implemented on a_particular s
ssure a high level of confidence in achieving safe operation and mission success.

ge control requirements for FCls and MDCls in general space systems, including launch
pcraft. With necessary modifications, these requirements may also. be applicable to reu
les (RLVs). This International Standard is not applicable to the Shuttle and its payloads or th
ment, since they already have a set of specific requirements _suitable for their special applica

nternational Standard is not applicable to processing detected defects.

2

ormative references

The f[ollowing referenced documents are indispénsable for the application of this documen

refer
docu

ISO

3

nces, only the edition cited applies. For undated references, the latest edition of th
ment (including any amendments) applies.

bl technology
ials. It also
ms (MDCIs)
bace system,

equirements set forth in this International Standard are the minimum. fracture control and mechanical

vehicles and
sable launch
e ISS and its
tions.

t. For dated
b referenced

4623:2003, Space systems — PreSsure vessels and pressurized structures — Design and ¢peration

Terms and definitions

For tihe purposes of this.document, the following terms and definitions apply.

31
burs
BAI
actug

strength-after impact

| burstpressure of a pressure vessel after it has been subjected to an impact event

3.2

catastrophic hazard
potential risk situation that can result in loss of life, life-threatening or permanently disabling injury,
occupational iliness, loss of an element of an interfacing manned flight system, loss of launch site facilities, or
long-term detriment to the environment

3.3

composite material
combination of materials which differ in composition or form on a macro scale

NOTE The constituents may retain their identities in the composite. Normally, the constituents can
identified, and there is an interface between them. A bonded structure such as metallic honeycomb sandwich is not
considered as a composite structure in this International Standard.

©1S0

2005 — All rights reserved
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3.4

composite-overwrapped pressure vessel

COPV
pressure ves

NOTE 1
nonmetallic lin

NOTE 2

sel with a fibre-based composite system fully or partially encapsulating a liner

er is referred to as a nonmetal-lined COPV.

loads. The composite overwraps generally carry pressure and environmental loads.

3.5

The COPV containing a metallic liner is referred to as a metal-lined COPV while the COPV containing a

The liner serves as a fluid permeation barrier and may or may not carry substantial pressure and external

critical flaw
specific shap
and environn

3.6

critical hazard

potential risK
occupational
facilities; los
effects

3.7

damage tolgrance

ability of a m
usage

3.8
damage tole

e of flaw with sufficient size such that unstable growth will occur under the specific operating
nent

situation that can result in temporarily disabling but not life-threatening injury, or temp
illness; loss of, or major damage to, flight systems, major flight system elements or g
5 of, or major damage to, public or private property, or short-term “detrimental environn

aterial/structure to resist failure due to the presence offlaws for a specified period of unrep

rance threshold strain level

strain level
environment

3.9
design safef
design factor
factor of safg

multiplying factor to be applied to the_limit load and/or maximum expected operating pressure (MEO

maximum d
structural ad

EXAMPLE
3.10

fail-safe stry
structural ite

!

elow which no crack or damage propagation will occur when subjected to expected lo
| conditions

y factor
of safety

ty

bsign pressure (MDP), )for the purpose of analytical assessment and/or test verificati
bquacy

The design burst factor applied to the MEOP is the required design burst pressure for analysis or te

cture
m_for which it can be shown by analysis or test that, as a result of structural redundanc

structure remaining after the failure of any element of the structural item can sustain the redistributeq

load

orary
ound
ental

aired

ad or

P), or
bn  of

—

bL.

, the
limit

loads with an ultimate safety factor of 1,0

NOTE

multi-mission applications.

3.1
flaw
local disconti

EXAMPLES

nuity in a structural material

Crack, delamination or debonding.

It also can be shown that the structural item can withstand the fatigue loads for all the mission life for

© 1SO 2005 — All rights reserved
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3.12

fracture control

application of design philosophy, analysis method, manufacturing technology, verification methodology, quality
assurance, and operating procedures to prevent premature structural failure caused by the propagation of
cracks or crack-like flaws during fabrication, testing, transportation, handling and service

3.13

fracture-limited life item

any hardware item that requires periodic re-inspection or replacement to comply with damage tolerance
requirements

3.14
fractpire mechanics
engirjeering discipline that describes the behaviour of cracks or crack-like flaws in materials(undef stress

3.15
impact damage indicator
means for indicating the occurrence of an impact event

3.16
impact damage protector
physical device which can be used to prevent impact damage

ial flaw size
um flaw size, as defined by non-destructive evaluation\(NDE), that is assumed to exist fol the purpose

design concept which shows that, at maximum ‘expected operating pressure (MEOP), potentially| critical flaws

overywrapped pressure vessel (COPV) _and cause pressure-relieving leakage rather than burpt or rupture

um expected external load or combination of loads that a structure can experienc¢ during the

When ai\statistical estimate is applicable, the limit load is that load not expected to be excdeded at 99 %
ility with 90 % confidence.

um. design pressure

highest pressure, as defined by maximum relief pressure, maximum regulator pressure and/or maximum
temperature, including transient pressures, at which a pressure vessel retains two-fault tolerance without
failure

3.21

maximum expected operating pressure

MEOP

highest differential pressure which a pressurized hardware item is expected to experience during its service
life and retain its functionality, in association with its applicable operating environments

3.22

mechanical damage
induced flaw in the composite hardware item that is caused by surface abrasions, cuts or impacts

© 1SO 2005 — All rights reserved 3
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3.23
mechanical

damage control

use of mechanical damage protection and/or indication system and appropriate inspection procedure to
assure that no mechanical damage has been induced on a composite hardware item or if it has, the residual
strength of the item still meets the minimum design ultimate load/pressure requirements for the required life

3.24

metal-lined COPV
composite-overwrapped pressure vessel which has a metallic liner

3.25
non-destrug
non-destrud
NDE
process or p
permanently

NOTE Fd
and non-destr

3.26

tive-evaluation

tive examination

rocedure for determining the quality or characteristics of a material, part, or assembly w
altering the subject or its properties

r the purposes of this International Standard, this term is synonymous with non-destructive inspection
ictive testing (NDT).

pressure vegsel

container de
criteria:

a) contains
b) contains
c) contains

NOTE 1
pipes, cryosta

NOTE 2  En
appropriate v3

stored en

3.27
pressurized
structure deg

EXAMPLES

signed primarily for the storage of pressurized fluid, which fulfils-at least one of the following

gas or liquid with high energy level;
gas or liquid which will create a mishap (accident) ifireleased;

gas or liquid with high pressure level

Pressurized structures (3.27), pressure components and pressurized equipment including batteries

s, and sealed containers are excluded.

lues are not defined by the projeet; the following levels are used:

ergy is 19 310 J or greater based on adiabatic expansion of perfect gas; or

maximunp expected operating.pressure (MEOP) is 0,69 MPa or greater.

structure
igned to.carry both internal pressure and vehicle loads

Faunch vehicle main propellant tanks, crew cabins and manned modules.

3.28
pressurized

hardware

hardware items that contain primarily internal pressure

NOTE
structures (3.

3.29
proof factor

27).

thout

NDI),

heat

ergy and pressure level are defined'by each project, and approved by the procuring authority (customer); if

For the purposes of this International Standard, this term covers all pressure vessels and pressurized

multiplying factor applied to the limit load or maximum expected operating pressure (or maximum design
pressure) to obtain proof load or proof pressure for use in the acceptance testing

© 1SO 2005 — All rights reserved
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3.30

residual strength

maximum value of load and/or pressure (stress) that a cracked or damaged structural item is capable of
sustaining, considering appropriate environmental conditions

3.31
rotational machinery
device with a spinning part such as a fan and a rotor that has a high kinetic energy

EXAMPLES Control momentum gyroscopes and energy storage flywheels.

NOT] The energy level is defined h\]/ cach prr\jor\f If an Qpprnprinfo value is not defined h\]/ the pH ect, the value

taken i? 19 310 J or greater, based on 0,5 Iw2, where I is the moment of inertia (kg-mz) and w is the-aphgular velocity
(rad-g ).

3.32
safe Jife
requifed period during which a metallic hardware item, even containing a large undetected crack| is shown by
analysis or testing not to fail catastrophically in the expected service load and gnvironment

3.33
safedlife analysis
fractyre mechanics-based analysis that predicts the flaw growth behaviour of a flawed hardware jtem which is
undef service load spectrum

NOTE For the purposes of this International Standard, safe:life" analysis is synonymous with damjage tolerance
analysis.

3.34
safedlife test
test fhat determines experimentally the flaw growth behaviour of a flawed hardware item which is under
servi¢e load spectrum

NOTE For the purposes of this International Standard, safe-life test is synonymous with damage tolerafgce test.
3.35
service life

periofd of time (or cycles) that starts with item inspection after manufacturing and continues through all testing,
hand|ing, storage, transpoftation, launch operations, orbital operations, refurbishment, re-entry or recovery
from prbit, and reuse that-may be required or specified for the item

NOTH For a metallined COPV, the service life starts with the autofrettage process during manufacturing.

3.36
stregs-corrosion cracking
mechanically and environmentally induced failure process in which sustained tensile stress gnd chemical
attack eombine to initiate and propagate a crack or a crack-like flaw in a metal part

3.37
structural item
hardware item which is designed to sustain load and/or pressure or maintain alignment

EXAMPLES Spacecraft trusses, launch vehicle fairings, pressure vessels and pressurized structures; also fasteners,
instrument housing and support brackets.

© 1SO 2005 — All rights reserved 5


https://standardsiso.com/api/?name=77ac98e3686f8434fa9a86a1abb2668f

ISO 21347:2005(E)

3.38
ultimate load
product of the limit load and the design ultimate safety factor

NOTE It is the load which the structural item must withstand without rupture or collapse in the expected operating
environments.

3.39
visual damage threshold
VDT
impact energy level shown by a test or tests that creates an indication barely detectable by a trained inspector
using an unajded visual inspection technique

4 Symbogls and abbreviated terms

For the purpgses of this document, the following symbols and abbreviated terms apply.
a cragk depth

¢ halffcrack length

BAI burgt strength after impact

COPV  comjposite overwrapped pressure vessel

DBF des|gn burst factor

FCI fracfure-critical item

Gr/Ep graphite /epoxy

ISS intefnational space station
K. plane stress fracture toughness
K¢ plarje strain fracture toughness

Kiscc  streps intensity factorthreshold for stress corrosion cracking

max maximum stress_intensity factor

LBB leal-beforé-burst

LEFM linear-elastic fracture mechanics

MDCI  mechanical-damage-critical item

MEOP maximum expected operating pressure
NDE non-destructive evaluation or examination
POD probability of detection

PTC part-through crack

T wall thickness

6 © 1SO 2005 — Al rights reserved
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VDT visual damage threshold

AK stress intensity factor range

AKy, fatigue crack growth threshold

5 Fracture and mechanical damage control requirements
5.1 Fracture control requirements

5.1.1] General

A fragture control program shall be implemented for hardware items when structural failure€ due

of undetected flaws can result in a catastrophic or critical hazard. Structural items that«can be verified as fail-

safe

5.41

5.1.2] Fracture-critical item (FCI) classification

A handware item is classified as an FCI if it is one or more of the following items:

a)
b)
c)

d)

Othef hardware items may be classified:as)an FCI if it is deemed necessary by the procuring
missipn success.

5.1.3| Fracture control plan

AllF
hard

failurgs associated with,the propagation of flaws during fabrication, testing, handling, transg

structures may be exempted from fracture control. Fail-safe demonstration requirements ar

pressure vessel,
pressurized structure which exhibits brittle (non-LBB) failure mode or which contains hazardo
dincontained rotational machinery which has a high*kinetic energy;

¢omposite or non-metallic structural item.

Cls shall be placed under fracture control following a fracture control plan. The plan shall prg
vare-specific fracture-¢ontrol methodologies and procedures for the prevention of catastrop

o the growth

p specified in

us fluid;

authority for

vide detailed
hic or critical
ortation and
ties required
ng data and

operItionaI life. The‘plan shall identify organizational elements and their responsibilities for activ
for the implementation of the fracture control plan. The plan shall also include the followi
information:

a) description of each structural item that is classified as an FCI;

b) UVUIG” ICV;CVV GII\‘..:Il dooTOoOollITI] It Uf thc fl autwc CUI ItlU: qutivitica [=1] Id IUDU:tB,

c) information concerning non-FCls that could cause catastrophic/critical hazard (e.g. fail-safe

items).

or contained

Any change to the fracture control methodologies and procedures shall be incorporated into the revised

fract

ure control plan.

© I1SO 2005 — All rights reserved
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5.1.4 Damage tolerance requirements

5.1.4.1

General

An FCI shall be demonstrated to possess the ability to resist failure due to the presence of flaws during the
period of its entire service life multiplied by the required life factor. Unless otherwise specified, the life factor

shall be four

5.1.4.2

(4). Damage tolerance demonstrations shall be performed on all FCls by analysis or testing.

Damage tolerance (safe-life) analysis

Damage tolerance analysis (also referred to as safe-life analysis) based on linear elastic fracture mechanics

the elastic range. In a damage tolerance analysis, it shall assume that crack(s) exist at critical locatioh(§

(LEFM) sha%

in the most
critical locati
shall be con
crack is not ¢
criticality of t

Unless otherwise specified, average values of fracture toughness (K|, or K;) and\fatigue crack growth

(da/dN) datg
environment
crack sizes,
and the criti
average K|

A metallic F(
intensity fact
Corrosion cra
included in th

In the dama
surface crac
variable amp

be conducted to demonstrate the damage tolerance capability of a metallic FCI stressed

nfavourable orientations with respect to the applied stresses and material properties:-The
bn of the assumed crack shall be identified first. Stress-concentration and envirofimental e
sidered during this process. In a case where the most critical location or orientation of the
bvious, the analysis shall consider a sufficient number of locations and orientations such th
e item can be determined.

associated with each alloy, temper, product form or process;jand thermal and che|
5 shall be used in the damage tolerance analysis. If proof test logic is used to establish the
An upper bound fracture toughness value shall be used in determining both the initial crach
cal crack size at fracture. When the upper bound value.is ‘not available, a value that is
r K. shall be used.

LI which experiences sustained stresses shall also:show that the corresponding maximum s
or (Knay) during sustained load in service is less than the stress intensity threshold for s

e analysis.

je tolerance analysis, the flaw shape-(@/2¢) changes for part-through cracks (PTCs) (incl
ks or corner cracks) shall be accounted for. Retardation effects on crack growth rates
litude loading shall not be considered without the approval of the procuring authority.

bf damage tolerance analysis 'shall be documented in a report that contains the following
on of the item with“identification of material (alloy and temper), grain direction, and a s
the size, location-and direction of all assumed cracks; and

on of the analysis performed, including

rence:to.the stress report, if it is separated from the damage tolerance analysis report;

ithin
) and
most
ffects
initial
bt the

rate
mical
initial

size
1,3 x

tress
tress

cking (K;scc) data in the appropriate environment. Detrimental tensile residual stress shall be

Liding
from

at a

ketch

Cription of loading/environment spectrum and how it has been derived:

The results
minimum:
a) descript
showing
b) descript
— refe
— des
— mat

stre

ana

erial data and how they have been derived;

ss intensity factor solutions and how they have been derived,;

initial crack sizes and NDE method(s) used;

Iytical-life and critical crack size; and

summary of significant results.
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For composite FCls, damage tolerance analysis is only acceptable when the methodology used to conduct the
analysis is supported by test evidence. The use of damage tolerance analysis for damage tolerance
demonstration needs to be approved by the procuring authority.

5.1.4.3 Damage tolerance (safe-life) test

The damage tolerance (safe-life) test is an acceptable option for performing the required damage tolerance
demonstration for metallic FCls. It shall be conducted on flight-like elements of the FCI, with the controlled
crack(s) prefabricated at the critical location(s). Coupons shall only be allowed when the stress field is well
defined and material properties are representative of that of the flight hardware. The size and shape of
crack(s) shall correspond to the detection capability of the NDE to be imposed on the flight hardware. A
SUCCESSTU | i n—which, fcatt
servige-life load spectra, the hardware item may still perform its designed function.

For

composite FCls, damage tolerance testing shall be conducted only on flightslike™ elen

composite FCI, with controlled flaws (such as delaminations). Their initial sizes_'shall be b

reso

thosg that could occur on the flight part. A successful damage tolerance test for,a composite

whic

, after the application of four (4) service-life load spectra, there is(no measurable g

prefapricated flaws in the critical locations. If there is measurable growth,assessment for acce
be pérformed on a case-by-case basis. The residual strength of the composite FCI shall not

belo

its ultimate load.

A tesf report that documents the damage tolerance test shall be prépared with the following inforn

a)
b)
c)
d)
e)

f)

st specimen configuration and initial crack size/shape;

test equipment and test set-up;

test load spectrum and corresponding environmental condition;
¢rack size measurements;

test results; and

¢onclusions.

5.1.4/4 Service-life load (pressure) spectrum

All e
load

servi

ents experienced by the FCI in its service life shall be considered in the development of th
pressure) speéctrum to be used in the crack growth damage tolerance (safe-life) analysis

evenis. The fellowing events shall be considered as appropriate (if they are after relevant NDE):

a)
b)
c)
d)
e)
f)
9)
h)

h of four (4)

hents of the
ased on the

ition of the NDE to be imposed on the flight part. The type of flaws considered shall be repilesentative of

FCl is one in
rowth of the
pt/reject shall
be degraded

hation:

e service-life
or test. The

Ce-life load (pressure) spectrum shall be clearly defined, in order to identify all cyclic and sdistained load

rranufacturing/assem bly;

acceptance tests (e.g. proof testing, vibration testing);
handling, e.g. by a dolly or a hoist;

transportation by land, sea, or air;

lift-off and ascent;

stay in orbit (for spacecraft);

descent (for reusable systems);

landing (for reusable systems).

© I1SO 2005 — All rights reserved
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The most unfavourable expected load/pressure values and their combinations shall be taken into account for
load/pressure spectrum development.

5145 Stress spectrum

For the critical locations where flaws are assumed to exist, stresses including loads, pressure and
temperature shall be generated in three orthogonal directions. For pressure vessels, both primary membrane
and secondary bending stresses resulting from internal pressure shall be calculated to account for the effects
of geometric discontinuities. Where applicable, rotational accelerations shall be considered in addition to linear
accelerations. Residual stresses due to fabrication, assembly, testing or preloading shall be included.

Various typeﬁmmmmmm—mmmmmmsses
through corrg¢sponding stress transfer functions.

5.1.5 Specjal provision

For composite structural items that are used in a single mission system, the required~damage tolefance
(safe-life) demonstration may be replaced by a proof test option as follows:

a) conduct|a proof test on each flight article to no less than 110 % of its limit lead for unmanned sygtems
and 120|% of its limit load for manned systems;

b) the testmay be accomplished at the component or subassembly level*if the loads on the test grticle
duplicatéd those that would be seen in a fully assembled test article;

c) caution [shall be exercised when proof testing the flight article~to prevent detrimental yielding tp the
metallic fittings and fasteners in the flight assembly and damage to the composites;

d) post propf NDE shall be conducted to detect proof test induced damage.
5.2 Mechanical damage control requirements

5.21 Gengdral
Mechanical damage control shall be applied\to composite structural items where structural failure due fo the

undetected mechanical damage can result in a catastrophic or critical hazard. COPVs shall meet dammage
control requifements specified in ISO 14623:2003, 3.4.3.

5.2.2 Mechanical damage critical item (MDCI) classification
A composite|hardware item-shall be classified as an MDCI if it is a COPV, a composite pressurized strycture

or a composite solid rocket motor case. Other composite structural items may be classified as MDCI wheh it is
deemed necgssary by the procuring authority for safety or mission success reasons.

5.2.3 Mechanical damage control plan

5.2.3.1 General

A mechanical damage control plan shall be prepared for a MDCI. It shall contain a threat analysis that shows
source and magnitude of the threat under which mechanical damage can occur in service life. For COPVs, the
pressure levels at potential impact events shall also be included in the threat conditions.

The mechanical damage control plan shall describe all events and inspection points from the time at which the
MDCI is fabricated to the end of its service life. NDE and/or visual inspection shall be conducted prior to

a) each pressurization, when rupture of the vessel could create a hazardous condition, and

b) closeout, after which inspection is impossible or impractical, or mechanical damage is no longer credible.
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The mechanical damage control plan shall identify the approach to be taken for the specific MDCI.

Two approaches may be adopted in order to meet mechanical damage control requirements:

use of mechanical damage protection and/or indication with proper procedures; and

demonstration of mechanical damage tolerance abilities.

5.2.3.2 Mechanical damage protection and indication
When this approach is adopted, the following requirements shall be met.
a) Mechanical damage protection device
The damage protection device shall be designed to protect the MDCI completely under the v
threat defined in the mechanical damage control plan. For COPVs having stored,eriergy leve
9 310 J or containing hazardous fluids, protective covers or standoffs which.isotate the presg
are required when personnel will be exposed to pressurize the vessel. The’effectiveness
¢overs shall be demonstrated by test. Protective covers shall not be removed until the latest
prior to launch.
b) Mechanical damage indicators
or MDCls, the effectiveness of the damage indicators to provide positive evidence of 2
amage event shall be demonstrated by test. The use.of 'the damage indicator as the sq
itigating threats for MDCls is allowed except for pressurized COPVs during personnel work
¢) SYcheduled/regular inspections
Appropriate inspections to detect any damage shall be scheduled at intervals. The effe
inspection shall be demonstrated as specified in 5.3.
5.2.3|13 Mechanical damage tolerance' demonstration

For MDCls, mechanical damageStolerance demonstration is another approach to satisfy thg
damg
mech

Impaft damage tolerance-of a MDCI shall be demonstrated by test only. Impact damage sha
using

level$ equivalent to~a drop test. The minimum impact energy levels shall be the greater of th
or VDT. Theé damage shall be induced at the most impact damage critical condition (e.g.

ge control requirement. Fhis’ approach may be used to complement a damage protection
anical damage considered-shall include surface abrasions, cuts and impacts.

a drop type impactor. A pendulum type arrangement is allowed if an analysis substan

orst credible
in excess of
sure vessels
of protective
bossible time

mechanical
le means of
hround.

ctiveness of

mechanical
device. The

| be induced
iates energy
B worst-case
fully charged
H to failure to
less than its
ful life test is

Mechanical damage tolerance with respect to surface cuts may be demonstrated by analysis using the proven
analytical methodology. Testing is an acceptable alternative.

5.3 Non-destructive evaluation (NDE)

Non-destructive evaluation (NDE) shall be performed on all FCls to establish their initial conditions, especially
the flaw types and sizes. The NDE techniques used shall be those most suitable for metallic or composite
hardware respectively. The crack detection capability for NDE technique(s) applied to metallic FCls shall
demonstrate a 90 % probability of detection at a 95 % confidence level.

© I1SO 2005 — All rights reserved
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Proof testing of a flight item made of metallic materials is an acceptable NDE method for flaw screening. It
requires the approval of the customer prior to testing.

For all metallic pressure vessels and pressurized structures, NDE shall be performed before and after proof
test on the weld joints as a minimum. For COPVs and other composite FCls, NDE shall be performed after the

proof tests.

5.4 Other

special requirements

5.4.1 Fail-safe demonstration

A structural i

a) It can bg shown by analysis or test that, due to structural redundancy, the structure remaining-afte
ilure can sustain the redistributed limit loads with an ultimate safety factor of 1,0\without lpsing

single fa
limit-spel
be taken

b) Failure ¢
catastro

c) It shall be

inspectid
5.4.2 Leak
Leak-before-
and the elag

response pre

When LBB f4

be employed.

ratio (a/2c¢) ra

a) itwillno
b) it will gr
crack w

contentsg

em shall meet the following requirements to be demonstrated as a fail-safe part.

cified performance. The change of dynamic loading caused by failure of structural'members
into account.
bhic or critical consequences.

shown that no cracks or other defects will initiate and causefailure within the service |
n interval where appropriate scatter factor is used.

before-burst (LBB) failure mode demonstration
burst (LBB) failure mode for all elastic response metallic pressure vessels, pressurized strug
ssure vessels or metallic liners of COPV, LBB failure mode shall be demonstrated by test or
ilure mode is demonstrated by analysis; linear elastic fracture mechanics (LEFM) principles
nging from 0,1 to 0,5 will meet the\following conditions:

fail as a surface crack; and

bw through the wall of-the metallic pressure vessel or the liner of a COPV to become a th

before catastrophicfailure (burst) can occur.

When LBB
crack(s) sha
and heat-affe
it shall be re
range from QO
correspondi

@ilure mode ‘isdemonstrated by test, coupons or full-scale articles with prefabricated su

r any

shall

f the item shall not result in the release of any part or fragment which¢restlts in an event having

fe or

tures

tic-response metallic liners of COPVs shall be~demonstrated by analysis or test. For plastic-

ly.

shall

It shall be shown that, at MEOP, an.initial surface crack (part-through crack) with a crack agpect

ough

th a length equal tezor‘greater than ten (10) times the wall thickness, thereby leaking odit the

rface

| be used-as test specimens. Coupons shall duplicate the materials (parent metals, weld jpints,
cted zones) and the thickness of the metallic hardware items. When the full-scale article is psed,
presentative of the flight hardware. The crack shape of the prefabricated surface crack(s)
,110'0,5. Stress (or strain) cycles shall be applied to the test spemmens with the maX|mum S

shall
tress
ver is

most conservative, unt|I the surface crack grows through the speC|men 's thickness to become a through crack.
LBB failure mode is demonstrated if the length of the through crack becomes equal to or greater than 10 times
the specimen's thickness and still remains stable.

5.4.3 Traceability and documentation

Traceability of materials shall be implemented on all FCI and MDCI to provide assurance that the materials
used in the manufacture of these items have properties fully representative of those used in the analysis or
verification test.
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Traceability shall also provide assurance that structural hardware is manufactured and inspected in
accordance with the specific requirements necessary to implement the fracture/mechanical damage control
programs.

The following traceability and documentation requirements apply.

a)

b)

c)

d)

f)

All associated drawings, manufacturing and quality control documentation shall identify that the item is an
FCI or MDCI.

An FCI and MDCI list shall be compiled. Each of the FCI or MDCI shall be traceable by its own unique
serial number.

ach FCl or MDCI shall be identified as fracture-critical or mechanical-damage-cv'itical on its
ccompanying tag and data package.

amage tolerance (safe-life) analysis or test results shall be documented. Othemfracture cpntrol related
nalyses or testing such as fail-safe analysis or test shall be documented as wgell.

or each FCI or MDCI, a log which documents the environmental and opérational aspects (ihcluding fluid
xposure for pressurized hardware) of all storage conditions during its setvice life shall be maintained.

For each FCI or MDCI, a log which documents all applied loads’due to testing, assembly gnd operation
ghall be maintained.
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Annex A
(informative)

Fracture control implementation guidelines

A.1 Fracture control plan

Implementation of fracture control requirements on FClI made of metallic materials should start Wit
developmen{ of a fracture control plan. The extent of the control plan depends largely on the complexity

space syste
a) list of th
b) NDE teg

c) descript

d) descript
specific
e) procedu
damage
f)  procedu
parts;
g) procedu
For a large
above list:
— the entit
— its orgar

A.2 Damage tolerance demonstration

. A fracture control plan should include the following information:
FCls with simple descriptions of their functions, configurations and materials;

hniques to be used in the determination of the initial conditions of those FCIs;

on of damage tolerance (safe-life) test procedures when damage tolerance capability
FCl is to be demonstrated by testing;

tolerance (safe-life) analysis or testing;

res to be used for raw material inspection, fabricated parts inspection and disposal of discr

res to be used to control design changes, load/environment spectrum modifications.

/ responsible for fracture control implementation; and

ization, including names and functions of responsible individuals.

A.2.1 Gen

For FCI made of métallic materials such as steel, aluminium, titanium or nickel-base alloys, damage tole
demonstratign shotld be accomplished by conducting damage tolerance analyses (safe-life analyses).

the material

ral

roperties are not readily available, or when crack geometry or the loading conditions arg

h the
pf the

on of analytical tools and methodologies to be used in the damage tolerance (safe-life) analysis;

of a

res and methodologies to be used in the generation of the load/environment spectru for

bpant

pace system, a fracture control plan should include the following information in addition fo the

ance
Vhen
very

complex, or when the siress stales are in the elasiic-plastic region, safe-life analyses may be replaced by
safe-life tests. The following sections provide guidelines for safe-life analysis and test in the areas that usually
need clarification.

A.2.2 Damage tolerance (safe-life) analysis methodology

A221 Ge

neral

Crack growth analysis methodology based on linear elastic fracture mechanics (LEFM) should be employed
as the analytical tool to perform the safe-life analysis. A proven crack growth computer software package
should be used. For a new computer code, known crack growth test results should be used to check against
its safe-life prediction capability.
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A.2.2.2 Service-life load spectrum development

A load spectrum may be presented as either a variable-amplitude or an equivalent constant-amplitude format.
When necessary, load spectra for sinusoidal sweep tests, random vibration tests, and acoustic tests may be
converted into an equivalent constant-amplitude format. It should be noted that this conversion is material
dependent.

The equivalent number of cycles, Negs for a random vibration test or acoustic test is given by

Neg :ant{(0,471)"F[Mﬂ

n

wher

1%

& s the resonant frequency, in hertz;

At is the duration of test, in seconds;
I' is a gamma function; and
i is the Paris crack growth rate exponent for a specific metallic, material.

Tablg A.1 gives the equivalent number of limit cycles for random“vibration and acoustic tests| For a given
matefial, » is determined experimentally.

Table A.1 — Equivalent number of limit cycles for random vibration and acoustic tests

n Neq

f,At (0,222)

At (0,139)

f,A1(0,077)

2
3
4 At (0,099)
5
6

At (0,066)

A.2.2.3 Stress spectrum generation

For the criticaldocation, stresses including temperature and pressure should be generated in three principal
directions. Eorpressure vessels, both primary membrane and secondary bending stresses resulting from
internal préssure should be calculated to account for the effects of geometric discontinuities. Whgre applicable,

rotatipnal “accelerations should be considered in addition to linear accelerations. Residual strefsses due to
fabrication, ncqnmhly, h:efing or prnlnading should be included

Various types of loads including axial loads, shear loads and bending loads should be transferred to stresses
through corresponding stress transfer functions. State-of-the-art software packages usually have algorithms
that can perform the needed conversions automatically. Loads that do not cause the crack to grow should be
omitted. Any load that induces a tensile stress to produce the stress intensity factor range (AK) below its crack
growth threshold (AKy,) should be eliminated through a pre-processor.

An easy but conservative approach is to use the critical crack size in the calculation of the stress intensity
factor range:

AK =(1-R)Kmax = (1- R)[ﬂamax (mder )0’5}
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where

R = 0pin/0max  is the stress ratio of a stress cycle,

B

der

is the critical crack size.

is the geometric correction function, and

If the calculated AK is less than AKy,, the corresponding stress cycle could be deleted from the stress spectrum.

A stress spectrum should be generated for each critical location analyzed and should include stresses for all
loading events which occur throughout the service life. Each stress step in the stress spectrum should contain

the number q

f cycles in the step and the maximum and minimum values of the stress amplitude

A.2.2.4 Ini

In most cag
technique(s)
methods are
crack sizes.

ial crack size and shape assumption

es, initial crack sizes assumed in the crack growth analysis are based on, ‘specific [INDE
that is (are) imposed on flight hardware. Minimum detectable initial crack sizes_for specific| NDE
given in Table A.2 for common crack geometry. These are so-called “standard NDE”-detegtable
n general, the NDE method is selected for a specific location and then ¢he corresponding frack

sizes are usgd in the safe-life analyses or tests. However, when the analysis shows’that the use of stapdard
NDE sizes for one specific NDE method can not meet the requirement, sizes ‘corresponding to other|NDE
methods shquld be tried. Otherwise, “special NDE” by a special inspector with specific technique(s) shoyld be

performed. T
with a 95 %

Table A.2 — Minimum detected crack size.versus NDE method

he probability of detection (POD) of a special NDE should be demonstrated with a 90 % reliability
onfidence. NDE should screen for both internal and surface‘gracks.

Crack location Part thickness, Crack type Crack depth, Half crack length,
t a c
mm mm mm
Eddy current NDE

Open surfaceg] 1< 1,27 through t 1,27
t>1,27 PTC 0,5 2,5

1,27 1,27

Edge or hole <19 through t 2,5
t>19 corner 1,9 1,9

Penetrant NDE
Open surface t< 1,27 through t 2,5
1,27 <£&1,9 through t 38—t

>'149 PTC 0,63 3,2

1,9 1,9

Edge or hole 1<25 through t 2,5
t>25 corner 2,5 2,5

Magnetic particle NDE

Open surface <19 through 7 3,2
t>1,9 PTC 1,0 4,6

1,9 3,2

Edge or hole <19 through t 6,3
(>1,9 corner 1,9 6,3

Radiographic NDE
Open surface 0,8<t<27 PTC 0,7 ¢ 1,9
t>27 0,7¢ 0,71t
Ultrasonic NDE

Open surface t>25 PTC 0,76 3,8
1,65 1,65
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