INTERNATIONAL 1ISO
STANDARD /866

First edition
1999-06-15

Gas cylinders — Refillable seamless
aluminium alloy gas cylinders — Design,
construction and testing

Bouteilles a gaz — Bouteilles sans.soudure en alliage d'alumifium
destinées a étre rechargées << Conception, construction et essais

\@/ Reference number

ISO 7866:1999(E)


https://standardsiso.com/api/?name=9ba29dc98b8c11edd5797d373dcde509

ISO 7866:1999(E)

Contents

4 Symbols....
5 Inspection g
6 Materials ...
7 Design.......
8 Constructio
9 Type appro
10 Batch tests
11 Tests on €

12 Certificatio

13 Marking ...

Annex A (nofmative) Corrosion tests

Annex B (nd
cylinders

Annex C (infg
Annex D (infg

Bibliography .

h and workmanship

al procedure

rmative) Test method to determined sustained-load-cracking resistance of aluminium

rmative) Typical type(@pproval CertifiCate ........cccccviiiiiiiiiie e

rmative) Acceptarice certificate

© IS0 1999

All rights reserved. Unless otherwise specified, no part of this publication may be reproduced or utilized in any form or by any means, electronic
or mechanical, including photocopying and microfilm, without permission in writing from the publisher.

International Organization for Standardization

Case postale
Internet

56 « CH-1211 Genéve 20 « Switzerland

iso@iso.ch

Printed in Switzerland


https://standardsiso.com/api/?name=9ba29dc98b8c11edd5797d373dcde509

©1SO ISO 7866:1999(E)

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 work. ISO collaborates closely with the International Electrotechnical

C mm| | AEC) an-allmattare of aloctratachnical ctandardioatine
0 ssiop-(H=G)r-or-al-matiers-of-electrotechnical-standardization-

Internationgl Standards are drafted in accordance with the rules given in the ISO/IEC Directives,[Rart 3.

Draft International Standards adopted by the technical committees are circulated to the member bodies for voting.
Publication|as an International Standard requires approval by at least 75 % of the membgr-bodies casting a vote.

Internationgl Standard ISO 7866 was prepared by Technical Committee ISO/TC 58,_Gas cylinders, $ubcommittee
SC 3, Cylinder design.

Annexes Aland B form a normative part of this International Standard. Annexes C and D are for informgtion only.
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Introduction

The purpose of this International Standard is to provide a specification for the design, manufacture, inspection and
testing of a seamless aluminium cylinder for worldwide usage. The objective is to balance design and economic
efficiency against international acceptance and universal utility.

This International Standard alms to ellmlnate the concern about cllmate dupllcate inspections and restrictions currently
existing beca nstrued as
reflecting on tl

e swtablllty of the practices of any natlon or reg|on.
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Gas cylinders — Refillable seamless aluminium alloy gas

cylinde

rs — Design, construction and testing

1 Scope

This International Standard specifies minimum requirements for the material, design, construction-and

manufactur,
capacities
(normally u

NOTE |
Standard.

ng processes and tests at manufacture of refillable seamless aluminium alloy(gas cylin
rom 0,51 up to and including 150 | for compressed, liquefied and dissolved)gases for
D to + 65 °C).

so desired, cylinders of water capacity less than 0,51 may be manufactured and certified to th

2 Normative references

workmanship,
ders of water
vorldwide use

is International

The followipg normative documents contain provisions which, through‘reference in this text, constitute provisions of this

Internationd

not apply.
possibility g

| Standard. For dated references, subsequent amendments to or revisions of, any of these [
However, parties to agreements based on this International Standard are encouraged to i
f applying the most recent editions of the normative documents indicated below. For undat

the latest

dition of the normative document referred to,"applies. Members of ISO and IEC mainta

currently vdlid International Standards.

ISO 6506:1981Y), Metallic materials — Hardness test — Brinell test.

ISO 6508:19862), Metallic materials — Hardness test — Rockwell test (scales A-B -C -D - E -F - G {

ISO 6892:1998, Metallic materials — Tensile testing at ambient temperature.

ISO 7438:1985, Metallic materials — Bend test.

ISO 7539-6:1989, Corrosion/of metals and alloys — Stress corrosion testing — Part 6: Preparation a
cracked specimens.

ISO 1111411:19975 Transportable gas cylinders — Compatibility of cylinder and valve materials with g
Part 1: Metalliematerials.

ublications do
nvestigate the
bd references,
n registers of

H - K).

nd use of pre-

NS contents —

ISO 13341:

1997, Transportable gas cylinders — Fitting of valves fo gas cylinders.

ISO 137693), Gas cylinders — Stamp marking.

1) To be withdrawn and replaced by ISO 6506-1, ISO 6506-2 and ISO 6506-3.

2) To be withdrawn and replaced by ISO 6508-1, ISO 6508-2 and ISO 6508-3.

3) To be published.
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3 Terms an

d definitions

For the purpose of this International Standard the following terms and definitions apply.

3.1
yield stress

value corresponding to the 0,2 % proof stress (non-proportional elongation), Roo,2

3.2

solution heat treatment
thermal treatment which consists of heating the products to a suitable temperature and holding at that temperature

long enough

allow constituents to enter into solid solution

©1SO

3.3
quenching
controlled rap

3.4
artificial agein
heat treatmen

Y

35

batch
quantity of up
design, made
same duratior

NOTE Thel

3.6
design stress
ratio of equiva

3.7
IAA
registration re
wrought alumi

4 Symbols

Calcu

Percd

d cooling in a suitable medium to retain the solute phase in solid solution

process in which the solute phase is precipitated to give an increased yield stress and tensile

to 200 cylinders, plus cylinders for destructive testing, of the same nominal diameter, thi

successively from the same cast of aluminium alloy and subjected to the same heat treatn

of time

lengths of the cylinders in a batch may vary by up to 12'%:

actor ( F)(variable)
ent wall stress at test pressure (py,) to the guaranteed minimum yield stress (R,)

lated minimuf’thickness, in millimetres, of the cylindrical shell (see Figure 1)
Guaranteed mifgimum thickness, in millimetres, of the cylindrical shell

ntage elongation

strength

Ckness and
hent for the

cord of international alloy designations and chemical composition limits for wrought aluminium and
hium alloys as published by thé Aluminum Association4)

Nomin

Guaranteed minimum thickness, in millimetres, at the centre of a convex base (see Figure 1)

al outside diameter, in millimetres, of the cylinder (see Figure 1)

Diameter, in millimetres, of former (see Figure 5)
Modulus of elasticity in MPa

Design stress factor (variable) (see 3.6)

4) Aluminum Association Inc., 900, 19th Street N.W., Washington D.C., 20006-2168, USA.
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H Outside height, in millimetres, of domed part (convex head or base end) (see Figure 1)

Lo Original gauge length, in millimetres, as defined in ISO 6892 (see Figure 4)

n Ratio of the diameter of the bend test former to the actual thickness of the test piece (t)

Po Actual burst pressure, in bar®) above atmospheric pressure

Ph Hydraulic test pressure, in bar, above atmospheric pressure

Py Observed pressure when cylinder starts yielding during hydraulic bursting test, in bar, above atmospheric
pressure

r Ingjde knuckle radius, in millimetres (see Figure 1)

ri Insjde crown radius, in millimetres (see Figure 1)

Re Mimimum guaranteed value of yield stress (see 3.1), in MPa

Rea  Actual value of the yield stress, in MPa, as determined by the tensile test specified in 10.2

Ry Minimum guaranteed value of tensile strength, in MPa

Ry, Actual value of the tensile strength, in MPa, as determined by thetensile test specified in 10.2

S Oripinal cross-sectional area of tensile test piece, in square millimetres, in accordance with ISO §892

t Actual thickness of the test specimen, in millimetres

tm Average cylinder wall thickness, in millimetres, at the’position of test (see Table 2)

u Rafio of the distance between knife edges to the’average cylinder wall thickness t,,, at the positiop of test

w Widlth, in millimetres, of the tensile test piece (see Figure 4)

5 Inspection and testing

Evaluation jof conformity is required to be performed in accordance with the relevant regulations of the country(ies)

where the ¢ylinders are used.

In order to| ensure thatthe-/cylinders are in compliance with this International Standard they shall [be subject to

inspection and testing in~accordance with clauses 9, 10 and 11 by an authorized inspection body (hergafter referred

to as "the|inspector!) recognized in the countries of use. The inspector shall be competent for|inspection of

cylinders.

6 Materials

6.1 General requirements

6.1.1 The chemical composition limits for alloys for the fabrication of gas cylinders shall be as specified in Table 1.

5) 1 bar = 10° Pa = 10° N/m’.
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Table 1 — Chemical composition of materials
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NOTE Other aluminium alloy(s) may be used to produce gas cylinders provided that they satisfy the requirements of the
corrosion resistance tests defined in annex A, meet all other requirements of this International Standard and are approved by
the relevant statutory authorities of the countries in which the cylinders are to be used. Such new alloys may be used provided
they have been used for the manufacture of either at least 20 000 cylinders in satisfactory service for two years, or at least 5 000
cylinders manufactured from not less than ten casts of aluminium and in satisfactory service for two years. Evidence of this
satisfactory service is to be submitted to ISO for discussion by the appropriate Technical Committee. Once accepted by this
committee, the new alloy will be added to Table 1 and the standard revised or amended. At this stage, cylinders manufactured from
this alloy may be marked in accordance with this International Standard. Satisfactory service is defined as having no failures in
service.

6.1.2 The cylinder manufacturer shall identify the cylinders with the particular casts of the alloy from which they are
made, and shall obtain and provide certificates of the analyses of the casts used. If check analyses are required,
they shall be carried out either on test pieces taken from material in the form supplied by the producer of the
aluminium RITOy or from finished cylinders.

6.1.3 Gragles of aluminium alloy used for cylinder manufacture shall be compatible with the intendegl gas service,
e.g. corrosive gases, embrittling gases (see 1SO 11114-1).

6.2 Thermal treatments

6.2.1 Heaftreatable alloys (see Table 1, groups 1 and 3)
The manuficturer shall specify on the type approval documentation, the solution heat treatment and grtificial ageing
temperaturgs and the minimum times for which the cylinders have been held-at those temperatures. Thel medium used
for quenchipg after solution heat treatment shall be identified.

6.2.2 Nontheat treated alloys (see Table 1, group 2)

The manufgacturer shall specify on the type approval documentation, the type of metal-forming operatipn carried out
(extrusion, drawing, ironing, head forming, etc).

Unless the|alloy is subjected to a temperature in excess of 400 °C during the forming process, a stabilizing heat
treatment ghall be carried out at a temperature above.220 °C, and the temperature and time at tempefature shall be
identified by the manufacturer.

6.2.3 Confrol of specified heat treatment

During the heat treatment the manufactarer shall comply with the specified temperature for the solution, artificial ageing
and stabiliz|ng treatments within a range of 20 °C.

6.3 Testing requirements
The materigl of the finished.cylinders shall satisfy the requirements of clauses 9, 10 and 11.
6.4 Failuge to meettest requirements

6.4.1 In tHe event of failure to meet test requirements, retesting or re-heat treatment and retesting shall be carried
out as follows:

a) If there is evidence of a fault in carrying out a test, or an error of measurement, a second test shall be
performed, on the same cylinder if possible. If the result of this test is satisfactory, the first test shall be ignored.

b) If the test has been carried out in a satisfactory manner and the failure is in a test representing the prototype or
batch cylinders, the procedure detailed in either 6.4.2 or 6.4.3 shall be followed.

c) Ifthe test has been carried out in a satisfactory manner and the failure is in a test applied to every cylinder then
only those cylinders which fail the test require retesting or re-heat treatment and retesting. If the failure is due to
the heat treatment applied, then the failed cylinders shall be subject to the procedure in 6.4.3. If the failure is
due to a cause other than the heat treatment applied, all defective cylinders shall be rejected.
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6.4.2 Two further cylinders selected at random from the same batch shall be subjected to the tests specified in
10.1.2.a) and 10.1.2.b). If both cylinders meet the specified requirements, the batch shall be accepted. Should
either cylinder fail to meet the specified requirements, the batch shall

a) be rejected or
b) be treated in accordance with 6.4.3.
6.4.3 The batch of cylinders shall be reheat treated and two further cylinders shall be tested in accordance with

10.1.2.a) and 10.1.2.b). If both cylinders meet the specified requirements, the batch shall be accepted. Should
either cylinder fail to meet the specified requirements, the batch shall be rejected.

6.4.4 Where[it can be established that the heat treatment was at fault, the cylinders may be re-solution jreated and
artificially aggd, or alternatively additional time at the ageing treatment temperature may be givenOCylinders that
have been supject to re-heat treatment may only be presented to the inspector once more for testing;

7 Design

7.1 Genera| requirements

7.1.1 The cdlculation of the wall thickness of the pressure-containing parts shall be related to the yield|stress (Rg)
of the materia|.

7.1.2 For calculation purposes, the value of the yield stress (R,) is limited to a maximum of 0,90 Ry for aluminium
alloys.

7.1.3 The internal pressure upon which the calculation of wall-thickness is based shall be the hyfraulic test
pressure (py,).

7.2 Calculation of cylindrical-shell thickness

The guarantepd minimum thickness of the cylindrical' shell (") shall not be less than the thickness calcylated using
equations (1) fand (2), and additionally condition (3) shall be satisfied:

azg%_lw&—$§%
2 |~ 10FR.

Where the value of F is the lésser of

)

I

0,65

or 0,85

Re/Ry shall not exceed 0,90.

NOTE Redianal international agreements may limit the magnitude of the 'F' factor used for design.

The wall thickness shall also satisfy the formula
a> b + 1mm (2)
100

with an absolute minimum of 1,5 mm
The burst ratio shall be satisfied by test
PP = 1,6 3)

NOTE It is generally assumed that p, = 1,5 X service pressure for permanent gases for cylinders designed and
manufactured to this Internatioinal Standard.
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7.3 Design of convex ends (heads and bases)

7.3.1 The thickness and shape of the base and head of the cylinders shall be such as to meet the requirements of
the tests laid down in 10.4 (hydraulic bursting test) and 9.2.3 (pressure cycling test).

In order to achieve satisfactory stress distribution, the cylinder wall thickness shall increase progressively in the
transition zone between the cylindrical shell and the ends, particularly the base, e.g. typical shapes of convex heads

and base e

nds are shown in Figure 1.

7.3.2 The thickness at the centre of a convex end shall be not less than the minimum wall thickness of the
cylindrical part.

The base §

7.3.3 The
radius r sh

Where thes
9.1 that theg

7.4 Neck

7.4.1 The
applied in f
sealant usq
permanent

742 Ine
cylinder ne
valve into t

7.5 Foot-

When a foq
The shape
secured to
any gaps W

7.6 Neck

When a ne
and shall b

The manuf
empty cylin

hall have a hemispherical, torispherical or semi-ellipsoidal profile.

inside crown radius r; should be not greater than 1,2 X the inside diameter of the shell, an
buld be not less than 10 % of the inside diameter of the shell.

e conditions are not fulfilled, the cylinder manufacturer shall prove by the prototype tests
design is satisfactory.

design

external diameter and thickness of the formed neck end of the“eylinder shall be adequate
tting the valve to the cylinder. The torque may vary according/to’the diameter of thread, the
d in fitting the valve. The torques specified in ISO 13341 shall not be exceeded, since this
damage to the cylinder.

btablishing the minimum thickness, consideration shall be given to obtaining a thickness of
ck that will prevent permanent expansion of thetheck during the initial and subsequent
ne cylinder without support of an attachment, such as a neck ring.

rings

t-ring is provided, it shall be sufficiently strong and made of material compatible with that g
should preferably be cylindrical and shall give the cylinder sufficient stability. The foot
the cylinder by a method othier than welding, brazing or soldering. in order to prevent ing
hich may form water traps-shall be sealed by a method other than welding or brazing.

rings

Ck-ring is provided;-it shall be sufficiently strong and made of material compatible with that ¢
e securely attached by a method other than welding, brazing or soldering.

hcturer_shall ensure that the axial load to remove the neck-ring is greater than 10 X the
der and-that the minimum torque to rotate the neck ring is 100 Nm.

d the knuckle

as required in

for the torque

b form and the
vould result in

the wall in the

fittings of the

f the cylinder.
-ring shall be
ress of water,

f the cylinder,

weight of the

7.7 Desid

n

A fully dimensioned drawing shall be prepared which includes the specification of the material and makes reference

to this Inter

national Standard.
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Figure 1 — Typical convex ends
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Figure 1 — Typical convex ends (concluded)



https://standardsiso.com/api/?name=9ba29dc98b8c11edd5797d373dcde509

ISO 7866:19

8 Construc

8.1 General

99(E)

tion and workmanship

The cylinder shall be produced by

a)
b)

c)

cold or hot extrusion from cast (see 8.3) or extruded or rolled billet;
cold or hot extrusion, followed by cold drawing from cast (see 8.3) or extruded or rolled billet;

cupping, flow forming, spinning and cold drawing sheet or plate;

d) open neg

Plugging to c(

8.2 End forming

The ends shs
closing-in op§

Where heat
distribution is
used indepen
Regardless o
facilitate metq

be no sudden
eventual serv|

8.3 Wall thi

Each cylinder
defects. The v

8.4 Surface

The internal 3
the safe work

The wall thick]

8.5 Neck th

The internal n
minimising ng

king at both ends of an extruded or cold-drawn tube (see Figure 2).

rrect manufacturing defects is not permitted.

Il be formed by an appropriate method, e.g. forging, swaging and spinning. Prior to and
ration, all significant remnants of the as-cast structure shall be removed ffom the open end

achieved prior to the forming operation e.g. by means of indugction heating. This approa
Hent of the method employed for the manufacture of the shell:

f the method used for the closing-in operation, the tools used for the head forming pr
| flow and result in smooth surfaces of the cylinder, €specially in the neck/shoulder areas.
contour changes or significant folds, (see 11.6), which may act as stress raisers during th
ce conditions.

ckness

shall be examined, before the closing=in operations, for thickness and for external and inte
vall thickness at any point shall be not less than the minimum thickness specified.

defects

nd external surfaces oOf\the finished cylinder shall be free from defects which would adve
ng of the cylinder.

hess of any dressed areas shall not be less than that of the minimum thickness specified.
feads

eck{threads shall conform to the design specification to permit the use of a corresponding
ck-stresses following the valve torquing operation. Particular care shall be taken to ensur

©1SO

pr after the
s) area(s).

has to be applied to form the cylinder's neck/shoulder, it shall be ensured that a unpiform heat

ch shall be

bcess shall
There shall
e cylinder's

nal surface

rsely affect

valve thus
e that neck

threads are a

8.6 Out-of-r

CuUrately CUt, are of Tull Torm and 1ree rom any shalp profies e.d. DUITs.

oundness

The out-of-roundness of the cylindrical shell, i.e. the difference between the maximum and minimum outside
diameters in the same cross-section, shall not exceed 2 % of the mean of these diameters.

8.7 Exposure to heat

Any exposure to heat after the heat treatment or stabilization treatment shall not modify the characteristics of the
aluminium alloy used.

10
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9 Type gpproval procedure

9.1 Genegral requirements

¢ 0
% D,

Figure 2 — Necked ends from tube

A technical specification of each new design of cylinder (or cylinder family as defined in f) below) in¢luding design
drawing, design calculations, alloy details and heat treatment, shall be submitted by the manufacturer to the
inspector. The type approval tests detailed in 9.2 shall be-carried out on each new design under the supervision of

the inspectpr.

A cylinder $hall be considered to be of a new desigh compared with an existing approved design, when:

a)
b)
c)

d)

e)

9)
h)

)

it is manufactured in a different factory; or
it is manufactured by a different process (see 8.1); or
it is manufactured from an alloy of different composition limits from that used in the original prototype tests; or

it is giyen a different heat'treatment that is outside the temperature ranges specified in 6.2.3 arjd/or for times
shortef than those used‘for the original type approval less 10 %; or

the bage profile‘and the base thickness have changed relative to the cylinder diameter and calculated minimum
wall th|ckness;.or

the overall length of the cylinder has increased by more than 50 % (cylinders with a length/diamieter ratio less
than three shall not be used as reference cylinders for any new design with this rafio greater than three); or

the nominal outside diameter has changed; or
the design wall thickness has changed; or

the hydraulic test pressure has been increased (where a cylinder is to be used for lower-pressure duty than
that for which design approval has been given, it shall not be deemed to be a new design); or

the guaranteed minimum yield stress (R,) and/or the guaranteed minimum tensile strength (Rg) have changed.

11
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9.2 Prototype tests
9.2.1 General

A minimum of 50 cylinders which are guaranteed by the manufacturer to be representative of the new design heat
treated no more than the minimum times + 10 % required in 6.2, shall be made available for prototype testing.
However, if the total number of cylinders required is less than 50, enough cylinders shall be made to complete the
prototype tests required, in addition to the production quantity, but in this case the approval validity is limited to this
particular production batch.

9.2.2 Inspection

In the course pf the type approval process, the inspector shall select the necessary cylinders for testing, gnd
a) verify that:
O the design conforms to the requirements of clause 7;

O the thicknesses of the walls and ends on two of the cylinders taken for tests meet the requirements of 7.3

and [7.4, the measurements being taken on three transverse sections of the-cylindrical part and over the

whole of a longitudinal section of the base and the head;

O the requirements of clause 6 (Materials) are complied with;

O the fequirements of 7.5, 7.6 and 8.2 to 8.6 inclusive are comiplied with for all cylinders sele¢ted by the
inspgctor;

O the material meets the requirements of the intercrystalling.and stress corrosion tests specified in annex A;
O the gqustained load cracking test has been completed-satisfactorily in accordance with annex B.
b) supervisg the following tests on the cylinders selected:

O the tests specified in 10.1.2 a) (mechanical testing) on two cylinders, the test pieces being identifiable with
the hatch;

O the tests specified in 10.1.2 b) (hydraulic burst test) on two cylinders, the cylinders bearing regresentative
star|p markings;

O the tests specified in 9.2:3)(pressure cycling test) on three cylinders, the cylinders bearing regresentative
stamp markings.

9.2.3 Pressufe cycling test
This test shall be carried out with a non-corrosive liquid subjecting the cylinders to successive reversals pt an upper

cyclic pressufe which is equal to the hydraulic test pressure (py,). The cylinders shall withstand 12000 cycles
without failureg.

For cylinders with hydraulic test pressure (py,) > 450 bar, the upper cyclic pressure may be reduced to two-thirds of
the test pressure. In this case the cylinders shall withstand 80 000 cycles without failure.

The value of the lower cyclic pressure shall not exceed 10 % of the upper cyclic pressure, but with an absolute
maximum of 30 bar.

The cylinder shall actually experience the maximum and minimum cyclic pressures during the test.

The frequency of reversals of pressure shall not exceed 0,25 Hz (15 cycles/min.) The temperature measured on the
outside surface of the cylinder shall not exceed 50 °C during the test.

After the test the cylinder bases shall be sectioned in order to measure the thickness and to ensure that this
thickness is sufficiently close to the minimum thickness prescribed in the design and shall be within the usual

12
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production tolerances. In no case shall the actual base thickness exceed that specified on the drawing by more than
15 %.

The test shall be considered satisfactory if the cylinder attains the required number of cycles without developing a

leak.

9.3 Type approval certificate

If the results of the checks according to 9.2 are satisfactory, the inspector shall issue a type approval certificate, a
typical example of which is given in annex C.

ascertgin that the type approval certificate hasbheen obtained and that the cylinders conform to it;

verify fhat the results of the‘tests specified in 10.1.2 a) (mechanical testing) and 10.1.2 b) (hydrau

tests

eral requirements

tests for checking the quality of the gas cylinder shall be carried out on mategiahfrom finishg
pose of batch testing, the manufacturer shall provide the inspector with;

e approval certificate;

tificates stating the cast analyses of the alloy supplied for the-Construction of the cylinders;
f the cylinders, stating serial numbers and stamp markings\as required;

hation that threads have been checked properly in accordance with gauging requirements
sed shall be specified (e.g. ISO 11191).

Fing batch testing the inspector shall:

whether the requirements set out.in clauses 6, 7 and 8 have been met and in particula
bl and, if physically possible, internal visual examination of the cylinders whether their co

examination shall cover atleast 10 % of the cylinders submitted;
isfactory. Where alternative tests are permitted, the purchaser and manufacturer shall agrg
be carried out;

wWhether the\information supplied by the manufacturer and referred to in 10.1.1 is correct;

the results of hardness testing specified in 11.3.

bd cylinders.

. The gauges

check by an
hstruction and

ecks carried out by the manufacturer in accordance with 7.5, 7.6 and 8.2 to 8.6 are safjsfactory. The

ic burst tests)
be which tests

ng-tests shall be carried out on each batch of cylinders:

On one cylinder:

1) one tensile test in the longitudinal direction (see 10.2);

2) two bend tests in a circumferential direction (see 10.3), or a flattening test (see 10.4).

For the locations of test pieces, see Figure 3.

10 Batch
10.1 Gen
10.1.1 All
For the pur
0 thetyg
0 thece
O alisto
0O  confirn
to be U
10.1.2 Du
O
0 check
extern
the ch
visual
O
are sa
are to
0 check
O assesy
The followi
a)
b) Onas

econd cylinder:

One hydraulic bursting test (see 10.5).
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< ______________ _

Key

1 Bendtest
2 Tensile te

10.2 Tensil¢

pieces
5t piece

p test

Figure 3 — Location*of test pieces

10.2.1 The tensile test shall be carried out.in-accordance with 1ISO 6892 on a test piece which is|

accordance w

The two facs
machined.

10.2.2 Thep

ith Figure 4 and with a gaugeslength L, = 5,65 \/g

ercentage elongation, A, shall be not less than 12 %.

s of the test piece representing the inside and the outside surfaces of the cylinder s

©I1SO
1
A\ 4
.\
y 4 \
2
shaped in
hall not be
Dimensions in|millimetres

Test piece whent = 3 mm

W < 4t
W< D/8

14

w +10

- ———— >

L,/5

L,/5

Figure 4 — Tensile test pieces
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10.3 Bend test and flattening test
10.3.1 Bend test

10.3.1.1 The bend test shall be carried out in accordance with ISO 7438 on two test pieces obtained by cutting
either one or two rings of width 25 mm or 3 t whichever is the greater, into four equal parts. The two test pieces shall
be taken from the parts that were 180° apart. Each test piece shall be of sufficient length to permit the bend test to
be carried out correctly. Only the edges of each strip may be machined.

10.3.1.2 The test piece shall not crack when bent inwards around the former until the inside surfaces are no further
apart than the diameter of the former (see Figure 5).

10.3.1.3 The diameter of the former (Dy) shall be established from Table 2.

For the actpial tensile strength (R,,) given in table 2, D; = n X test piece thickness (t).

Table 2 — Bend test and flattening test requirements

Actual tensile strength Bend test and Flattening test
R, flattening test value'ap ud
MPa value of n
Ry, <325 6 10
325 < R, =440 7 12
R,, > 440 8 15
@ Distance between knife edges = u X~tg where t,, is the average
cylinder wall thickness at the position of test.

a = Calculated minimum thickness

Figure 5 — lllustration of bend test
10.3.2 Flattening test
10.3.2.1 The flattening test shall be performed on one cylinder selected from each batch after heat treatment.

10.3.2.2 The test cylinder shall be flattened between wedge shaped knife edges with a 60° included angle. The
maximum radius of the knife edges shall be established from Table 2.

For the actual tensile strength (R,,) given in Table 2, maximum radius = n X t,.

15
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The length of the knife edges shall not be less than width of the flattened cylinder. The longitudinal axis of the
cylinder shall be at approximately 90° to the knife edges.

10.3.2.3 The test cylinder shall be flattened until the distance between the knife edges is in accordance with
Table 2. The flattened cylinder shall remain visually uncracked.

10.4 Hydraulic bursting test
10.4.1 Test installation

The test equipment shall be capable of operation in accordance with the test conditions specified in 10.4.2 and of
accurately producing the information required by 10.4.3.

A typical hydrpulic bursting test installation is illustrated in Figure 6.

N

Key

Test fluid feservior

Tank for njeasurement of test
fluid (the f¢ed tank may be
used as am€asuring tank) 8
Pump
Pressure gauge 1
Pressure/volumetric expansion
curve recorder

Vent or air release valve

Test well

Cylinder /

N -

g~ w

w0 ~NO®

Figure 6 — Typical hydraulic bursting test installation
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10.4.2 Test conditions

As the cylinder and test equipment are being filled with water, care shall be taken to ensure that no air is trapped in
the circuit, by operating the hydraulic pump until water is discharged from the vent or air-release valve.

During the test, pressurization shall be carried out in two successive stages:

a)

corresponding to the initiation of plastic deformation;

b)

cylinder bursts.

the first stage: the pressure shall be increased at a rate of not more than 5 bar/s up to a pressure value

the second stage: the pump discharge rate shall be maintained at as constant a level as is possible until the

10.4.3 Intgrpretation of test

10431

a)

examination of pressure/time curve or pressure/volume-of-water-used curve, topermit determ
pressyre at which plastic deformation of the cylinder commences, together with ‘the bursting
volumetric expansion of the cylinder during the test;

he interpretation of the burst test shall involve:

ation of the burst tear and of the shape of its edges.
or the results of a bursting test to be considered satisfactorythe/following requirements sh

served yield pressure Py shall be equal to or greater than2/F X the test pressure, i.e:
E % P,
tual burst pressure py, shall be greater than-or equal to 1,6 X the test pressure, i.e:

1,6 P,

b) exami
10.4.3.2 H
a) The ol
Py =
b) The ag
p, =
10.4.3.3 :I
10.4.3.4
sloping in r

10.4.3.5 Tlhe fracture shall be,acceptable only if it conforms to one of the following descriptions:

he cylinder shall remain in onetpiece and shall not fragment.

he main tear shall not be af-a brittle type, i.e. the edges of the fracture shall not be radia
blation to a diametral plane. The tear shall not reveal a significant defect in the metal.

hders of actual wall thickness 13 mm or less:

P greater,part of the fracture shall be unmistakably longitudinal except for cylinders whe
ngth toreutside diameter is less than 3:1;

ination of the
pressure and

all be met.

il but shall be

re the ratio of

b fracture shall he without hrnnnhing;

Figure 7);

the fracture shall not extend more than 90° around the circumference on either side of its main part (see

the fracture shall not extend into those parts of the cylinder of thickness more than 1,5 X the maximum

thickness measured halfway up the cylinder. For cylinders with convex bases, the fracture shall not reach
the centre of the cylinder base.

a) forcyli
O th
le
O th
u
u
b)

For cylinders of actual wall thickness over 13 mm the greater part of the fracture shall be longitudinal.

17
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11 Tests o

11.1 Gener

During produd

Following fing

subjected to t

0 a hydraglic proof pressure test in accordance with 11.21" or a hydraulic volumetric expans
accordance with 11.2.2; the purchaser and manufacturer shall agree which of these alternativg
carried oyt;

O a hardneps test in accordance with 11.3;

0 aleaktestin accordance with 11.4;

O awater dapacity check in accordance with 11.5;

O an examination for neck folds in accordance with 11.6.

11.2 Hydradlic test

11.2.1 Proofpressure test

The water preg

The cylinder
there are no |

Figure 7 — lllustration of circumferential development of fracture

h every cylinder
sl

tion, the tests as required in 8.3 shall be carried out on all cylindets.

| heat treatment (see 6.2), all cylinders, except those selected for testing under clause 1
ne following tests:

ssure in the cylinder shall be increased at a controlled rate until the test pressure, py,, is red

shall remain under pressure py, for at least 30 s to establish that the pressure does not f
paks.

©1SO

0, shall be

jon test in
s shall be

iched.

all and that

11.2.2 Volumetric expansion test

The water pressure in the cylinder shall be increased at a controlled rate until the test pressure, py, is reached.

The cylinder shall remain under pressure p,, for at least 30 s and the total volumetric expansion measured. The

pressure shal

| then be released, and the volumetric expansion re-measured.

The cylinder shall be rejected if it shows a permanent expansion (i.e. volumetric expansion after the pressure has
been released) in excess of 5 % of the total volumetric expansion measured at the test pressure, py,.

The total and permanent expansion readings shall be recorded, together with the corresponding serial number of
each cylinder tested, so that the elastic expansion (i.e. total expansion less permanent expansion) under the test

pressure can

18
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A hardness test in accordance with ISO 6506 (Brinell), ISO 6508 (Rockwell B) or other equivalent methods shall be
carried out by the manufacturer. The hardness values thus determined shall be within the limits specified by the
cylinder manufacturer for the material and manufacturing route, dependent upon the final treatment used for the
production of the cylinder. The values may be expressed in Brinell, Rockwell B or other equivalent units.

By agreement with the inspector the hardness test may be replaced by a combined hardness/conductivity test.

11.4 Leakage test

The manufacturer _shall employ such manufacturing techniques and apply such tests as will demonstrate to the

satisfactior] of the inspector that the cylinders do not leak.

11.5 Cappcity check
The manufacturer shall verify that the water capacity conforms to the design drawing.

11.6 Examination for neck folds

Each cylinder shall be examined for neck folds by a suitable means (e.g. intreScope, tactile, ultrasomic etc). Folds

that are visible as lines running into the threaded portion as shown on the left hand side of FigJ
removed by a machining operation until the lines are no longer visible.

After the mlachining operation the thickness of the machined area and‘the thread's characteristics sh
those requlred to pass all necessary testing. The whole internal shoulder area shall be re-inspected
folding or its lines have been removed.

il

re 8 shall be

all be at least
to verify that

Key

1 Folds
2 Machined away

Figure 8 — Example of cylinder neck folds before and after machining
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12 Certification

©1SO

Each satisfactory batch of cylinders shall be covered by a certificate signed by the inspecting authority’s
representative to the effect that the cylinders meet the requirements of this International Standard in all respects. An
example of a suitably worded certificate is given in annex D.

Copies of the certificate shall be issued to the manufacturer. The original certificate shall be retained by the
inspector and the copies by the manufacturer in accordance with the regulations of the relevant statutory authority.

13 Marking

Each cylinder
collar or neck

shall be stamped on the shoulder or on a reinforced part of the cylinder or on a perma
ring, in accordance with 1ISO 13769 or the relevant marking requirements of the countries g

nently fixed
f use.
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Annex A
(normative)

Corrosion tests

A.1 Tests for assessing susceptibility to intercrystalline corrosion

866:1999(E)

A.l1.1 Pri

The metho
under test

intercrystall
corrosion is

A.l2 Ta

Specimens
solution as

Each speci
The faces

trimmed wi
outer faces

nciple

] described below consists of simultaneously immersing the specimens taken from-the fin
n a corrosive solution and examining them after a specified etching time in arder to deteg
ne corrosion and determine the nature and degree of such corrosion. The propagation of
determined metallographically on polished surfaces cut transversely to the'etched surface.

King specimens

are taken from the head, body and base of the cylinder (see Figure A.1) so that the
defined in A.1.4.1 can be carried out on metal from three parts of the cylinder.

men shall be of the general shape and the dimensions.indicated in Figure A.2.
A,-8,-83-8, D1-D,-b3-b,, a;-a,-b,-b; and a,-a3-hy-b, are all sawn with a band saw and

th a fine file. The surfaces a;-a,-b,-b; and ayéas-bs-b, which correspond respectively to
of the cylinder are left in their rough state.

ished cylinder
t any signs of
ntercrystalline

tests with the

then carefully
the inner and
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Figure A.1 — Location of specimens
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Dimensions in millimetres
+10%
a3 d

Key

1 Hole JI3mm
2 Thickngss of cylinder

Figure A.2 — Spec¢imen shape and dimensions
A.1.3 Preparation of surface before corresive etching

A.1.3.1 Re¢agents

A.1.3.1.1 Nitric acid, HNO 5, analytical grade, density 1,33 g/cm3

A.1.3.1.2 Hydrofluoric acidHF ", analytical grade, density 1,14 g/cm?3 (at 40 %)
A.1.3.1.3 Peionized or distilled water

A.1.3.2 Mgthod

Prepare th¢ fellowing solution in a beaker:

HNO3 (A.1.3.1.1): 63 cm3
HF (A.1.3.1.2): 6 cm3
H,O (A.1.3.1.3): 931 cm3

Bring the solution to a temperature of 95 °C.
Treat each specimen, suspended on a wire made of aluminium or another inert material, in this solution for 1 min.
Wash in running water and then in deionized or distilled water (A.1.3.1.3).

Immerse the specimen in nitric acid (A.1.3.1.1) for 1 min at room temperature to remove any copper deposit which
may have formed.

23
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Rinse in deionized or distilled water.

©1SO

To prevent oxidation of specimens they should be plunged, as soon as they have been prepared, into the corrosion

bath intended

for them (see A.1.4.1).

A.1.4 Performance of test

A.1.4.1 Corrosive solution

The corrosive

A.1.4.2 Prep

solution to be used contains 57 g/l of sodium chloride and 3 g/l of hydrogen peroxide.

A1.4.21 Re

[«

J

Al1421.1

A1.4.21.2 K

A1.4.213 H

[«

J

Al4214
Al1.4.215 I
Al1.4.22 Tit
Since hydrog
hydrogen per
water (A.1.4.7
conical flask:
0 10cm3o
O 2cm3ap

A solution of
indicator.

A1423 EX

aration of the corrosive solution
agents
bodium chloride, NaCl, crystallized, analytical grade

lydrogen peroxide, H ,0,, 100 to 110 volume

Potassium permanganate, KMnO ,, analytical grade

bulfuric acid, H ,SO,, analytical grade, density 1,83 g/cm3

Deionized or distilled water

ation of hydrogen peroxide

bn peroxide is not very stable, it is essential to checkTits titre before use. To do this take
pxide (A.1.4.2.1.2) using a pipette and dilute to 1 Q00 cm3 (in a gauged flask) with deionizeq
.1.5) thus obtaining a hydrogen peroxide solution which will be called C. Using a pipette
f the hydrogen peroxide solution C;

proximately of sulfuric acid (A.1.4.2.2.4).

permanganate at 1,859 g/l (A:1.4.2.1.3) is used for the titration. The permanganate itself

blanation of titration

The reaction ¢f the permanganate on the hydrogen peroxide in a sulfuric medium is expressed as:

2KMnO,

which gives tk

e equivalence: 316 g KMnO, = 170 g H,0,.

Therefore ond

b gram of pure hydrogen peroxide reacts with 1,859 g of permanganate_hence the use off

10 cm3 of
or distilled
place in a

acts as an

a 1,859 g/l

solution of permanganate, which saturates, volume for volume, one gram per litre of hydrogen peroxide. Since the
hydrogen peroxide was diluted 100 X to begin with, the 10 cm3 of the test sample represents 0,1 cm3 of the original
hydrogen peroxide.

By multiplying by ten the number of cubic centimetres of permanganate solution used for the titration, the titre T of
the original hydrogen peroxide in g/l is obtained.

A.1.4.2.4 Preparation of the solution

Method for 10 litres:

Dissolve 570 g of sodium chloride (A.1.4.2.1.1) in deionized or distilled water (A.1.4.2.1.5) to obtain a total volume of
about nine litres. Add the quantity of hydrogen peroxide (A.1.4.2.1.2) calculated below. Mix and then make up the

volume to ten

24
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Calculate the volume of hydrogen peroxide to be put into the solution as follows:

Quantity of

pure hydrogen peroxide required: 30 g

If the hydrogen peroxide contains T grams of H,O, per litre, the volume required, expressed in cubic centimetres, will

be:

1 000
T

x 30

A.1.4.3 Etching conditions

A1.4.3.1
The water

The speci
placed in t
six hours &
10 cm3 per

After etchin
A.1.4.3.2
and that th

adhered to

A.1.5 Prg

A.1.5.1 Apparatus

A.151.1
A.151.2
Al152 M

Each spec
poured a n

A certain a

when examined under thie_microscope, cannot show corrosion from face a;-a,-as-a,. The distance [

a-ay-ag-ay

Alternativel
between 5

cm? of specimen surface

A number of specimens may be etched at the same time providéd that they are of the sam
ey are not in contact. The minimum quantity of reagent.per unit of specimen surface

pparation of specimens for examination
Casting dishes, external diameter 40 mm; height 27 mm, wall thickness 2,5 mm
Fpoxy casting resin plus hardener{ ,“or equivalent system

bthod

men is placed vertically in’a casting dish (A.1.5.1.1) so that it rests on face a;-a,-a;-a/
ixture of the epoxy resin/and hardener (or equivalent) in the appropriate proportion.

mount of material is'removed from face a;-a,-az-a, preferably by lathe, so that,the section

and a'j-a',sa'z-a'y, i.e. the thickness removed by the lathe, shall be at least 2 mm (see Fi

The corrosive solution is placed in a crystallizer (or possibly a large beaker), itself placed-in
path is stirred with a magnetic stirrer and the temperature is regulated with a contact therfmom

en is either suspended in the corrosive solution by a wire made of aluminium (of-Other ine
e solution so that it rests only on the corners, the second method being preferable. The 4
nd the temperature fixed at 30 °C =+ 1 °C. Care shall be taken to ensure the Quantity of reag

g, the specimen is washed in water, immersed for about 30 s in 50 % dilute nitric acid, w3
water and dried using compressed air.

a water bath.
eter.

rt material) or
tching time is
ent is at least

shed again in

b type of alloy
area shall be

. Around it is

a'j-a'y-a'z-aly,
etween faces
jures A.2 and

P a specimen

y, prepare a section by sawing through plane a'j-a',-a';-a’, (see Figure A.2) to remov

mm)and 10 mm thick (i.e. such that the distance from a'; to a, is between 5 mm and 10 min). Mount this

specimen in a thermosetting or thermoplastic mounting compound with face a'j-a',-a';-a’, exposed to allow

mechanical

polishing.

The section for examination is polished mechanically with abrasive paper, a diamond compound and/or magnesia
polishing compound.
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2
)
23
3
-
a, )
Key
1 Casting mpuld
2  Test piece
3 Epoxy resin and hardener
Figure A.3 — Specimen in ¢asting dish
A.1.6 Micrdggraphic examination of specimens
The examinatjon is intended to assess the degree of penetration of intercrystallization corrosion into each of the two
faces which npjake up the outer and inner surfacesof the cylinder.
The section ig first examined at low magnification (e.g. X 40) in order to locate the most corroded areas, jand then at
a higher magppification, usually about X 300;.in order to assess the nature and extent of the corrosion.
A.1.7 Interpretation of micrographic/examination
a) For alloy$ with an equiaxed.crystal structure the depth of corrosion shall not exceed the greater of the following
two valugs:
O three grains in the-direction perpendicular to the face examined;
g 2mm.
But in no|caSe shall the depth exceed 0,3 mm.

However, it is permissible for these values to be exceeded locally provided that they are not exceeded in more

than four

b)

fields of examination at X 300 magnification.

For alloys with a crystal structure oriented in one direction through cold working, the depth of corrosion into

each of the two faces which make up the internal and external surfaces of the cylinder shall not exceed

0,1 mm.
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A.2 Tests for assessing susceptibility to stress corrosion
A.2.1 Principle

The method described below consists of the subjection to stress of rings cut from the cylindrical part of the cylinder,
their immersion in brine for a specified period, followed by removal of the brine and exposure to the air for a longer
period and repetition of this cycle for 30 d. If there are no cracks after the period of 30 d, the alloy can be considered
suitable for the manufacture of gas cylinders.

A.2.2 Tests specimens

Six rings A of fou ¥ G 0F25 . G greater—are cut from the
cylindrical part of the cylinder (see Figure A.4). The specimens shall have a 60 ° cut-out and be subjgcted to stress
by means ¢f a threaded bolt and two nuts (see Figure A.5).

Neither inngr nor outer surfaces of the specimens shall be machined.

Dimensions in millimetres
Laor 25

Figure A.4 — Specimen ring locations

A.2.3 Surface preparation before corrosion test

All traces of grease;-oil and adhesive used with stress gauges (see A.2.4.2.4) shall be removed with a suftable solvent.

A.2.4 Pefformance of the test

A.2.4.1 Preparation of corrosive solution
The brine is prepared by dissolving 3,5 parts = 0,1 parts (mym) of sodium chloride in 96,5 parts (mym) of water.

The pH of the freshly prepared solution shall be in the range 6,4 to 7,2. The pH may be corrected only by using
dilute hydrochloric acid or dilute sodium hydroxide.

The solution shall not be topped up by adding the salt solution described in A.2.4.1.1 but only by adding distilled
water up to the initial level in the vessel. Topping up may be carried out daily if required.

The solution shall be completely replaced every week.
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Key

Threaded
Insulating

1
2
3 Nut

A.2.4.2 Appl

Three of the
expanded so

The rings sha|

Ry X F
where
Re s the
F is thg

The actual str

a) Stressed internally b) Stressed-externally

bar
bush

Figure A.5 — Stressed:specimens

ying the stress to the rings

ings shall be compressed so that-the outer surface is under tension. The other three rin
hat the inner surface is under tension.

| be stressed to a maximum as given by:

b guaranteed_minimum vyield stress in MPa;
b design-stress factor (variable).

pss.may be measured by electric stress gauges.

gs shall be

The diameter

of the ring to achieve the required stress may be calculated using the following equation:

D =D+ M
4EtZ
where
D' is the diameter of the ring when compressed (or expanded), in millimetres;
D is the outside diameter of the cylinder, in millimetres;

28

is the cylinder wall thickness, in millimetres;
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R =FR, in MPa
E is the modulus of elasticity, in MPa = 70 MPa approximately
V4 is a correction factor (see Figure A.6)
N
1
0,98 r/
0,96
0,94 //
0,92 /
0,9 /
0,88
0,86
0 10 20 30 40 50 60 30 80 90 100
D/a
Figure A.6 — Correction facter Z plotted against D/a
It ils essen ial for the nuts and bolts be electrically insulated from the rings and protected from co
solution.

The six rings shall be completely immersed in_the salt solution for 10 min. They are then removed fro

and expose

This cycle

d to the air for 50 min.

bhall be repeated for 30 d,er.until a ring breaks, whichever happens first

The specimens shall be visually-inspected for any cracks.

A.2.5 Int

The alloy s
stress deve
30 d test pg

prpretation of results

hall be considered acceptable for the manufacture of gas cylinders if none of the ringg
lops any.eracks visible to the naked eye, or visible at low-magnification (X 10 to X 30), at
riod.

A.2.6 Po

rosion by the

m the solution

subjected to
the end of the

Sible metallographic examination

A.2.6.1 In the event of doubt about the presence of cracks (e.g line of pitting), uncertainty may be removed by
means of an additional metallographic examination of a section taken perpendicular to the axis of the ring in the
suspect area. A comparison is made of the form (inter- or trans-crystalline) and depth of penetration of the corrosion

on the face

s of the ring subject to tensile and compressive stress.

A.2.6.2 The alloy shall be considered acceptable if the corrosion on each face of the ring is similar. If, however, the
face of the ring under tension reveals inter-crystalline cracks which are clearly deeper than those in the face under
compression, the ring shall be considered to have failed the test.
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A.2.7 Reports

The test report shall contain at least the following information.

a) the name of the alloy and/or its standard number;

b) the composition limits of the alloy;

¢) the actual analysis of the cast from which the cylinders were manufactured,;

d) the actual mechanical properties of the alloy, together with the minimum mechanical property requirements;

e) the result{of the test.
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Annex B
(normative)

Test method to determined sustained-load-cracking resistance of aluminium

alloy cylinders

B.1 Prin

A fatigue p

Kiapp €QU3
After the te

If the test g

characteriz
requiremen

B.2 Gern

This metho

Following t
any of the

Testing sh
specified in

Cylinders v
tests. The i
the quoted

ciple

ecracked specimen is loaded by a constant load or constant displacement method to a str
| to a defined value. The specimen is kept in the loaded condition for a specified-fime and
5t period, the specimen is examined to assess whether the initial fatigue crack-did or did no

pecimen exhibits less than or equal to a specified amount of crack grewth, then the mats

ped as suitable for gas cylinders with respect to the sustained:load-cracking resis
t.

eral

d covers determination of sustained-load-cracking resistance for aluminum alloy cylinders.

ne initial qualification for resistance to sustainedslead-cracking, this procedure shall only
onditions a), b), c) or d) listed in 9.1 apply.

hll be conducted using applicable rules in"accordance with 1SO 7539-6:1989 and the a
this document. Rules provided in ISO(7539-6:1989 on corrosive environment need not be

vith nominal neck and shoulder-wall thickness <7 mm are exempt from the sustained
nspector shall ensure that the.neck/shoulder wall thickness of the actual cylinders reasona
nominal figure. Figure B.l.llustrates the neck and shoulder thickness

ess-intensity

emperature.
[ grow.

rial is
tance

be repeated if
fditional rules
satisfied.

load-cracking
Dly represents
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NOTE ab, cd|ef and gh are tangents initiating at intersecting surfaces

Key

1 Nominal neck thicknéss
2 Nominal shoulder thiekness

Figure B.1 — lllustration of neck and shoulder thickness

B.3 Terms and symbols

The terms and symbols given in ISO 7539-6:1989 as well as the following apply to this annex.

SLC  Sustained-load-cracking

Kapp Applied elastic stress-intensity, in megapascals per square metre

\% Crack-mouth opening displacement (CMOD), in millimetres, defined as the mode 1 (also called opening-

mode) component of crack displacement due to elastic and plastic deformation, measured at the location on
a crack surface that has the greatest elastic displacement per unit load.
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