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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
establish i ttee: i iZatiorTs; d
non-govgrnmental, in liaison with ISO, also take part in the work. ISO collaborates closely with, the
Internatignal Electrotechnical Commission (IEC) on all matters of electrotechnical standardization.

Internatignal Standards are drafted in accordance with the rules given in the ISO/IEC Directives, ,Part’2.
The main task of technical committees is to prepare International Standards. Draft International Standards
adopted py the technical committees are circulated to the member bodies for voting:\Publication as gn
Internatignal Standard requires approval by at least 75 % of the member bodies casting.a-vote.
In excepfional circumstances, when a technical committee has collected data-of a different kind from that
which is hormally published as an International Standard (“state of the art”, for.example), it may decide by|a
simple mpjority vote of its participating members to publish a Technical Report. A Technical Report is entirely

informatiye in nature and does not have to be reviewed until the data <t provides are considered to be no
longer valid or useful.

Attention|is drawn to the possibility that some of the elements of this document may be the subject of patent
rights. ISP shall not be held responsible for identifying any or allsuch patent rights.

ISO/TR 12391-2 was prepared by Technical Committee\ISO/TC 58, Gas cylinders, Subcommittee SC j,
Cylinder glesign.

ISO/TR 12391 consists of the following parts, under the general title Gas cylinders — Refillable seamless
steel — Rerformance tests:

— Part|1: Philosophy, background and conclusions
— Part[2: Fracture performance tests — Monotonic burst tests
— Part[3: Fracture performance’tests — Cyclical burst tests

— Parti: Flawed-cylinder-Cycle test

iv © ISO 2002 — Al rights reserved
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Introduction

Gas cylinders as specified in ISO 9809-1 have been constructed of steel with a maximum tensile strength of
less than 1 100 MPa. With the technical changes in steel-making using a two-stage process, referred to as
ladle metallurgy or secondary refining, significant improvement in mechanical properties have been achieved.
T i i i i i i i i igher tensile
s{rength and which achieve a lower ratio of steel weight to gas weight. The major concern in using| steels of
higher tensile strength with correspondingly higher design wall stress is safety throughout the life gf the gas
cYlinder.

jditional controls for the manufacture of steel gas cylinders having a tensileJstrength greater than

When ISO/TC 58/SC 3 began drafting ISO 9809-2, Working Group 14 was formed(lo ‘study the|need for
a
1[100 MPa.

his part of ISO/TR 12391 presents all of the specific test results of the monotonic, flawed-cylinder Hurst tests
at were conducted in order to evaluate the fracture performance of cylinders ranging in tensile strepgth from
ss 750 MPa to greater than 1 210 MPa.

o
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Gas cylinders — Refillable seamless steel — Performance
tests —

Part 2:
racture performance tests — Monotonic burst tests

=3

Scope

his part of ISO/TR 12391 is a summary and compilation of the test results gbtained during the development
the “Flawed-Cylinder Burst Test’. The concept and development of-the flawed cylinder burpt test is
pscribed in ISO/TR 12391-1. The test is a method for evaluating the fracture performance of steel|cylinders
Hat are used to transport high pressure, compressed gases. In this part of ISO/TR 12391, test rgsults are
gported for several hundred flawed cylinder burst tests that were(conducted on seamless steel|cylinders
rgnging in tensile strength from less than 750 MPa up to about 1,400 MPa.

IFTQO 0 -

_|

his test method has been shown to reliably predict the fracture performance of seamless steel cylinfders. The
gst method is intended to be used both for the selection of materials and design parameters in the
pvelopment of new cylinder designs as well as for an efficient quality control test to be used during the
oduction of cylinders.

Q =

o

2| References

30 148:1983, Steel — Charpy impact.test (V-notch)

$0 6892:1998, Metallic materials — Tensile testing at ambient temperature

IO 9809-1:1999, Gas cylinders — Refillable seamless steel gas cylinders — Design, construgtion and
tgsting — Part 1: Quenched-and tempered steel cylinders with tensile strength less than 1 100 MPa

$0 9809-2:2000, (Gas cylinders — Refillable seamless steel gas cylinders — Design, construgtion and
sting — Part 2 Quenched and tempered steel cylinders with tensile strength greater than or|equal to
100 MPa
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3 Symbols

A is the elongation expressed as a percentage (= d/ty);

d is the flaw depth, expressed in millimetres (= 4 x t);

D is the outside diameter of the cylinder, expressed in millimetres;

is the flaw length, expressed in millimetres (= n x ty);

n I

iq
9

3

4 Badg

High-pres
transport
accordan
Transpor;
generally
national s
process,
by using
100 mm {
working

i$ the calculated design test pressure for the cylinder, expressed in bar;

$ the actual measured value of yield strength, expressed in megapascals;

$ the maximum value of tensile strength guaranteed by the manufacturer, expressed in megapascal

$ the actual measured value of tensile strength expressed in megapascals;
$ the actual measured wall thickness at the locatian of the flaw, expressed in millimetres;

i$ the calculated minimum design wall thickness, expressed in millimetres.

ppresents multiples of 74 (= 1,/ty);

the failure pressure measured in the flawed-cylinder burst test expressed in bar.

the calculated design service pressure for the cylinder, expressed in bar;

$ the minimum value of tensile strength guaranteed by the manufacturer, expressed in megapascals;

kground information

sure industrial gases (sUch® as oxygen, nitrogen, argon, hydrogen, helium) are stored ar
bd in portable steel cylinders. These cylinders are designed, manufactured and maintained

ce with ISO 9809-1, 1SO 9809-2, or national specifications such as those of the U.S. Department
ation (DOT) 49 CFR™Part 178 [']. The cylinders are constructed from specified alloy steels that a
modified versions-of steels such as AISI 4130 and AISI 4140 [2] or equivalent steels made to oth
pecificationsIhe cylinders are of seamless construction and are manufactured by either a forgir
a tube drawing process or a plate drawing process. The required mechanical properties are obtaine
an austenitizing, quenching and tempering heat treatment. Typical sizes of these cylinders a
0 250-mm in diameter, 500 mm to 2 000 mm in length, and 3 mm to 20 mm in wall thickness. Typic
ressure ranges are 100 bar to 400 bar.

1

Until recently, the tensile strength of the steels used in the construction of such cylinders has been limited to a
maximum of about 1 100 MPa. This limitation for the maximum tensile strength occurs because the fracture
toughness of the steels decreases with increase in the tensile strength, and above a tensile strength of about
1 100 MPa the fracture toughness was not adequate to prevent fracture of the cylinders. Recently developed
new alloy steels that are modifications of the AISI 4130 and AISI 4140, and which have both high tensile
strength and high fracture toughness make it possible to construct lighter cylinders with higher tensile strength
steels. This permits the use of cylinder designs in which the stress in the cylinder wall is increased for a
constant wall thickness. The use of higher strength steels will therefore achieve a lower ratio of steel weight to
gas weight that reduces shipping and handling costs.

© ISO 2002 — All rights reserved
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A major concern in using higher strength steels for cylinder construction and correspondingly higher design
wall stress is the ability to maintain the same level of safety throughout the life of the cylinder. In particular,
increasing the tensile strength of the steels and increasing the stress in the wall of the cylinders could make
the cylinders less fracture resistant than cylinders made from steels with the traditionally-used lower tensile
strength levels. In order to use steels with strength levels higher than 1 100 MPa, it was determined that new
requirements were needed to assure adequate fracture resistance of the cylinders.

To develop these requirements, a Working Group on Cylinder Fracture (WG14) was formed under
ISO/TC 58/SC 3. WG 14 was assigned the task of “developing a suitable test method and specifications to
assure adequate fracture resistance for gas cylinders made from steels with tensile strengths greater than
1[T00 MPa”. WG T4 decided that the test method and specifications that were developed should demonstrate
tHat the overall “fracture resistance” of cylinders made from higher strength steels was equivalentfto that of
cylinders made from lower strength steels. Fracture resistance of the cylinder is defined as_the pdequate
fracture initiation strength in the presence of a crack-like flaw to assure leak rather than fracture performance
the cylinder at a specified failure pressure (usually the marked service pressure of the cylinder).

[e]

he test methods and procedures that have previously been used to evaluate the fractdre performange of high
essure cylinders have been based either on fracture mechanics tests and analysis [3] or have been based
n empirical correlations with the Charpy-V-notch (CVN) test impact energy [4} The objectives of tHese tests
nd analyses are to predict the fracture initiation stress (or pressure) and\fracture mode (leak or| unstable
hcture).

0 O T —

=
=

ne fracture mechanics tests and analysis showed that to provide adequate fracture resistance, th¢ cylinder
all should be in the plane-stress fracture state and that the‘fracture should occur under elas}fic-plastic
pbnditions. To reliably evaluate the fracture performance of cylinders in the plane-stress fracture stat¢ requires
at an elastic-plastic fracture mechanics analysis (i.e. J;;,~Jr) be conducted. Using the fracture mechanics
nalysis approach to evaluate fracture performance maycwregquire that a complex and expensive finite-element
halysis be done for each specific type of flaw on eagh specific cylinder design to establish the[J,; or Jg
gquirements for adequate fracture resistance. Also,‘the J,. materials property test required to evaluate the
linder material is expensive and time-consuming;\Such costly and time-consuming tests, have not proven to
e practical for use with the high volume cylinderf4production.

TOZIO MO sS H

m

mpirical correlations have been used to.predict the fracture performance of cylinders. These [empirical
brrelations relate the fracture initiation-stress level for specific flaw types to the Charpy-V-notch (CVN) test
mpact energy. Although the Charpy=\/=notch (CVN) test is useful for evaluating the quality of cylinders during
pfoduction, the Charpy-V-notch (CVN) test alone may not be a reliable means to evaluate the fracture
rgsistance of new designs of steel cylinders or to evaluate new alloy steels for cylinder construction.

=0

Ak a result of these limitations with fracture mechanics analysis and with empirical correlations basedl on CVN
tgsts, it was concluded(that an alternate approach was required to evaluate the fracture resistande of high
s{rength steel cylinders! It was decided that the test method that was developed should measureg the total
fracture resistance-of the cylinder and not just the fracture toughness. Therefore, WG 14 decided|to use a
dfrect approach-fo.evaluate the fracture resistance of cylinders and this led to the development of thel “Flawed-
linder Burst,Test”.

I this test‘method, the fracture test is performed on an actual, full size, cylinder rather than by measuring the
fracture‘properties of the material alone by taking small scale test specimens from the cylinder, such|as for J;;
tgsts) This test method consists of testing cylinders in which flaws of specified sizes are machined into the
external surface of the cylinders. The cylinders are pressurized unfil failure, and the Tailure pressure and
failure mode (leak or fracture) is determined. This approach is only possible because the cylinders are
required by the existing safety regulations to be produced in large, controlled groups of uniform cylinders and
therefore a single sample cylinder from the group will adequately represent the behaviour of all cylinders in the
production group.

The concept of the flawed-cylinder burst test and the development conducted under WG 14 is described in
ISO/TR 12391-1. The technical basis for the flawed-cylinder burst test is described in detail in reference [5].

In the development of the test method and acceptance criteria for the flawed-cylinder burst test, it was decided

that the fracture resistance of newer, higher-strength steel cylinders should essentially be the same as that of
the lower strength, existing cylinders because the existing cylinders have provided fracture-safe performance
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during their many years of service. Therefore, flawed-cylinder burst tests were conducted on cylinders with
strength levels covering the full range of strength levels currently being produced in the world. Tests were
conducted on cylinders made from steels ranging in tensile strength from 620 MPa to 1 400 MPa. During the
development of the flawed-cylinder burst test, several hundred flawed-cylinder burst tests were conducted by
the members of WG 14. Flawed-cylinder burst tests were conducted by 10 different companies in seven
different countries (Austria, France, Germany, Japan, Sweden, the United Kingdom and the United States).

This part of ISO/TR 12391 is limited to a summary and compilation of the results of the flawed-cylinder burst
tests that were conducted by WG 14 during the development of the flawed-cylinder burst test method. Results
of flawed-cylinder cycle burst tests that assess the fracture performance of the cylinders due to pressure
cycling \Tre also carried out by WG T4 and are given In ISO/TR T239T-3. This part of ISO/TR 1239T s In-tRe
a
li

form of a|data base of the test results intended to be used for further analysis of the fracture performance/pf
steel cylipders.

5 Experimental test programme

5.1 Types of cylinder tested

Flawed-cylinder burst tests were conducted on cylinders that represented all\of the currently used and
proposed new types of seamless steel cylinders. A brief description of all the cylinders that were tested [s
shown in|Tables 1 to 5. For this study, the cylinders were classified into matefial groups (designated groups (A
to E) baged on the actual measured tensile strength (R,,) of the cylinders that were tested. The actugl
measured tensile strength for each group of cylinders that was tested is_ shown in Tables 6 to 10. The genergl
descriptign of the cylinders in each material group is shown below. Cylinders made from materials in groups [A
to D are gurrently being produced and used throughout the world. ‘Cylinders made from materials in group E,
are expefimental and are not currently authorized for use.

Material group Description of cylinder Tensile strength R,

A Cylinders made from carbon stéel and which may R, <750 MPa
be heat treated by normalizing, normalizing and
tempering, or quenching andtempering

B Cylinders made from. alloy steel (Cr-Mo steels) heat 750 MPa < R
treated by quenching and tempering; these
cylinders may generally be used for all gases

< 950 MPa

m

Cylinders.made from alloy steel (Cr-Mo steels) heat 950 MPa < R, < 1 080 MPa
treated~"by quenching and tempering; these
cylinders are restricted to use with non-corrosive
gases and are made in accordance with ISO 9809-1

[

D Cylinders made from alloy steel (Cr-Mo steels) heat 1 080 MPa < R
treated by quenching and tempering; high strength
and high toughness steel cylinders restricted to use
with non corrosive gases and made in accordance
with ISO 9809-2

<1210 MPa

m

E Experimental cylinders; extra high strength; not Ry, > 1210 MPa
currently authorized for use

Within each main material group (A to E) material subgroups are designated, e.g., material subgroup A-1, A-2.
All the cylinders within a given subgroup were made to the same specification, of the same size (diameter,
thickness, and volume), the same material, the same specified tensile strength range, the same designated
service pressure and test pressure and were made by the same manufacturing process. The cylinders in a
specific material subgroup (e.g. subgroup B-2) may be of a different alloy, size, design specification or

4 © ISO 2002 — All rights reserved


https://standardsiso.com/api/?name=5d28add4b657ebe37d4bf0ca7bdcfeb8

ISO/TR 12391-2:2002(E)

manufacturing process than cylinders in a different materials subgroup (for example B-3) in the same main
material group (e.g. group B). However, the actual measured tensile strength for all cylinders in a material
group will be in the same range (e.g., 750 MPa to 950 MPa for all cylinders in group B).

In Tables 1 to 5, it should be noted that the code numbers for some material subgroups (e.g. B-1, C-1 and
C-2) are missing. The cylinders in these missing material subgroups were tested using the flawed-cylinder
burst test with cyclical pressurization and the results are given in ISO/TR 12391-3.

In Tables 1 to 5, each flawed-cylinder burst test is assigned a number in sequence, as shown in the first
column, for purposes of tracking each test. The same number is then used to identify the cylinders in the
tdbles Tor the results of the mechanical properiies fesis (Tables 6 to 10) and in the tables Tor the reslilts of the
irst test (Tables 12 to 16). In addition, each individual cylinder tested is assigned a number, such’jas A-1-1,
ap shown in the second column of the tables.

O

The specified tensile strength range given in Tables 1 to 5 is the range of “guaranteed” minimum, Ry ;,, and
maximum, Ry o, tensile strength designated by the cylinder manufacturer or the cylinder specificdtion used
fgr the design of the cylinder. These values are used to calculate the cylinder wallthickness when fesigning
the cylinder. These are specified values rather than actual measured values of the tensile strength| R,,. In a
fgw cases, the manufacturer did not provide a specified minimum or maximum tensile strength values.

The information required to calculate the wall thickness of the cylinder,the’test pressure of the cyljnder and
e service pressure of the cylinder is listed in Tables 1 to 5. This information includes the outside diameter of
e cylinder, D, and the particular national or international design specification used by the manufacturer to
design the cylinder. These specifications are used to calculate-the stress in the cylinder wall, the [minimum
design wall thickness of the cylinder, 74, the maximum design\test pressure, Py, and the maximum design
sgrvice pressure, Pg. Each of the national or international.cylinder specifications has a different fqrmula for
calculating the stress in the wall of the cylinder and therefore the design wall thickness for a specifiefl cylinder
dfameter and service pressure. In some cases the cylinders tested were not designed to an existing design
specification so these cylinders are designated as experimental cylinders.

The other items listed in Tables 1 to 5, for information purposes only, are the type of manufacturing process
used to make the cylinder, the cylinder volume (in litres) and the specific material used, when given. This
information is shown only to better identify"the cylinders that were tested and is not used for any apalysis of
the test results.

I Tables 1 to 5, the results show: that in some cases the same cylinder was tested several times. |This was
achieved by welding the cylinder shut after it had leaked and re-testing it until it failed by fracturing. In this
case the cylinder numbering(sequence is shown repeatedly as the same cylinder number, e.g. as A-1-1, but
tHe burst test number is shown sequentially as number 1, 2, 3 and 4. In other cases, a different cylinder was
sed for each burst test in the material subgroup series and each cylinder was tested only once/ In these
ses, each cylinderWill have the same material subgroup number but will have a different cylinder number.

example of this7is shown for material subgroup B-3 where the cylinders tested are numbered ps B-3-1,
BI3-2, etc.

c

O

Il Tables 1\ to' 5, there are a few cases, such as material subgroup B-2, where the specified tensilg strength
rgnge (e.g., 1 069 MPa to 1 207 MPa) does not agree with the tensile strength range for that particular material
gfoups (e.g., 750 MPa to 950 MPa). In these cases, the cylinders were manufactured to a particulaf strength
rgnge (e.g., 1 069 MPa to 1 207 MPa) but were then re-tempered to change their actual strength for yse in the
studies reported here. For these studies, the test results for these cylinders were put into the material group
represented by the actual measured tensile strength range and not the tensile strength range represented by
the specified range.

It should be noted that in a few cases, the actual measured tensile strength (R,,,) for one or more cylinders in a
particular material subgroup is slightly outside the designated range for the tensile strength of the particular
material subgroup in which the cylinder is included. However, the measured tensile strength of the rest of the
cylinders from that material subgroup that were tested are within the appropriate tensile strength range for that
material subgroup. Examples of this occur in material subgroups A-1, B-9, C-5, D-9 and D-10.

© ISO 2002 — All rights reserved 5
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5.2 Material properties tests

Conventional mechanical properties tests, such as tensile tests and Charpy-V-notch tests, were conducted on
each set of cylinders on which flawed-cylinder burst tests were performed. The results of these tests are
shown in Tables 6 to 10 for each group of materials.

The tensile test results shown in Tables 6 to 10 are the actual measured vyield strength, R.,, the actual
measured tensile strength, R, and the total elongation, 4. These material properties are required to be
measured by all of the existing national or international cylinder design specifications. The actual measured
tensile strength, R, value is used to determine that the cylinder meets the specification to which it is
manufacfured and is used in this test programme to determine in which material group the tested cylinder
should b¢ placed. The actual measured yield strength, R, is used to determine that the cylinder meets, the
requirement for the yield strength to tensile strength ratio when this ratio is a part of the specification. The

n

e

actual measured tensile strength, R, value may also be used for additional analysis of the cylinder” desig
parametdrs permitted in some of the specifications. The total elongation, 4 is used to determine that tk
requirement for minimum elongation is met when that is part of the specification to which-the cylinder |s
manufacfured. The elongation value is not used for any calculations in the design of cylinder)

For cylinflers manufactured in the United States (such as those designated as DOT. type 3A or 3AA) the
tensile tgsts used to measure the properties of the cylinders were of the type-~specified by the 49 CFR
part 178 ['l. These test specimens have a fixed gauge length of 50 mm, adixed width of 38 mm and|a
thicknesq equal to the actual wall thickness of the finished cylinder from which thé specimens were taken. For
other cylinders the tensile tests of the type specified by 1ISO 6892:1998 wefe used. The ISO test specimens
have a dauge length of 5,65 x the square root of the cross section-of the specimen, a width of 4 x the
specimer) thickness and a thickness equal to the actual wall thickness) of the finished cylinder from which the
specimens were taken. The ultimate tensile strength and the yield:strength values should be essentially the
same when measured with either the DOT or the ISO type of speeimen. The measured elongation values Wil
be differgnt depending on the specific type of tensile specimen ased.

The Chafpy-V-notch tests were conducted in accordarice with test method ASTM E-23[6] for cylindefs
manufacfured in the United States. For other cylinders, the Charpy-V-notch tests were conducted |n
accordance with test method 1SO 148:1983. The-Charpy-V-notch impact test energy values should he
essentially the same when measured with either,the’ASTM or the ISO test method. The Charpy-V-notch test
specimer)s had cross sectional dimensions of.either 10 mm deep by 5 mm thick or 10 mm deep by 4 mm thi¢k
depending on the available wall thickness™of" the cylinder and the orientation of the Charpy-V-notch tefst
specimer). The exact dimension of each Charpy-V-notch test specimen used is listed in Tables 6 to 10. The
Charpy-\f-notch tests were conducted«either at ambient temperature (20 °C) or at low temperature (- 50 °Q),
as listed jn Tables 6 to 10.

NOTE An exception is for material subgroup D-14 in which the low temperature tests were conducted at — 20 {C
instead offat — 50 °C.

The Chalpy-V-notch test'specimens were either oriented with the longitudinal axis of the specimen parallel
the longijudinal axis‘of*the cylinder (designated longitudinal specimens) or with the longitudinal axis of th
specimer) perpendicular to the longitudinal axis of the cylinder (designated transverse specimens). As show
in Tabled 6 to10, not all combinations of test temperatures and specimen orientation were used on eac
cylinder that“was tested. The total energy absorbed in breaking the Charpy-V-notch test specimens wa
inJoules (J). All Charpy-V-notch test results are reported in J/cm?, where the total energy absorbg
is divided by the area of the specimen ligament below the specimen notch.

Q w 33 0O

In the specifications for certain cylinder designs, particularly for material group C and D type cylinders,
minimum Charpy-V-notch energy levels are required. The Charpy-V-notch tests were conducted on all
cylinders to determine that these requirements were met. The Charpy-V-notch energy test results are not
used to evaluate the results of the flawed-cylinder burst test. However, the Charpy-V-notch energy test results
are reported here because these results may be used to evaluate the fracture performance of the cylinders
using alternative analysis procedures to the flawed-cylinder burst test.

For certain material subgroups on which flawed-cylinder burst tests were conducted, mechanical properties
test specimens were taken from each cylinder in the material subgroup after the burst test was completed. In
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this case, the test results are listed in the tables of results for each of the individual cylinders. Material
subgroups in which each cylinder was tested are subgroups A-1, B-6 (tensile tests only), B-9 (tensile tests
only), B-11, C-3 (tensile tests only), C-10 (tensile tests only), C-12, C-13, D-2, D-3 and D-10.

For other material subgroups on which flawed-cylinder burst tests were conducted, a single cylinder was
tested multiple times by welding the flaw shut after a flawed-cylinder burst resulted in a leak and then
repeating the test. In this case, mechanical properties test specimens were taken after all of the burst tests
had been completed and the test results shown in the tables are the same for each cylinder in the material
subgroup. Material subgroups in which only one cylinder was tested are subgroups B-2, C-3, C-4, C-11 and
D-4.

br some material subgroups on which flawed-cylinder burst tests were conducted, mechanical property test
pecimens were taken only from selected cylinders in that particular material subgroup after the burs} test was
pmpleted. In these case, results are shown in the tables of results for the cylinders for-which mgchanical
operty tests were conducted and blank spaces are shown for the other cylinders on which flaweg-cylinder
irst tests were conducted but mechanical property tests were not conducted. Because the cylinders in a
prticular material subgroup are all of the same type and from the same production’batch, the mgchanical
operty test results for the cylinders that were tested are considered to adequately‘represent the prgperties of
| cylinders in that material subgroup. Material subgroups in which selected cylinders were t¢sted are
ibgroups A-2, B-4, B-5, B-7, B-8, C-5, C-6, C-14, D-5, D-6, D-9, D-11, D-14 E-1 and E-2.

O T T TT O NV

r a few cases, no mechanical property tests were taken from cylinders:-on which flawed-cylinder burst tests
ere conducted. In these cases, the mechanical property test results that are shown in the tables are
pnsidered to be typical of cylinders of the type in the material‘subgroup. Generally, these test rgsults are
ken from the production records for cylinders of the type that’are represented by the material subgroup.
hese results are marked in Tables 6 to 10 with (T) for typicalonly attached to the test result valuel Material
Ibgroups in which only typical properties are reported are.subgroups C-7, C-8 and C-10.

O 45 9 =

The fracture toughness of the steel cylinders was mieasured on a limited number of the cylinders [on which
flawed-cylinder burst tests were conducted. All test were conducted in accordance with ASTM 813{89 [71. All
fracture toughness tests were conducted at ambient temperature (+ 20 °C). Fracture toughness tgsts were
cpnducted on materials subgroups B-3, D-5,"D-6 and D-11. The results of all fracture toughness |tests are
hown in Table 11.

[

5{3 Description of the flawedtcylinder burst test

he flawed-cylinder burst testis‘used to evaluate the overall fracture performance of the entire cyllnder and
pt just the “fracture toughness” of the material as determined with conventional fracture toughpess test
pecimens. The flawed-cylinder burst test is intended to be both a “design qualification approval tgst” and a
groduction lot test”. Fhe-full details of the test and the criteria for acceptable fracture performance of steel
linders are given,in\8:2.3 of ISO 9809-2:2000.

Fo 5

Q

r the flawed-Cylinder burst test, the fracture performance of the cylinder is evaluated by presgurizing a
linder with, @ designated type (shape and sharpness) and size (length and depth) of surface flaw fo failure.
hilure oceurs either by leaking or by fracturing.

.0

_|

he cyllnder to be tested has a flaw machlned into the exterior surface of the cyl|nder waII TI"e flaw is
» al surface
flaw at mid-length and at thlnnest place in the cylinder wall. To make the tests adequately uniform and
reproducible, a surface flaw with a standard geometry is required. A standard Charpy-V-notch milling cutter is
used to machine the flaw to the designated length and depth. The milling cutter is required to meet the
following specification:

— Thickness of the cutter = 12,5 mm + 0,2 mm;
— Angle of the cutter = 45° + 1°;

— Tipradius < 0,2 mm;
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— For cylinders < 140 mm in diameter, cutter diameter = 50 mm + 0,5 mm;

— For cylinders > 140 mm in diameter, cutter diameter = 60 mm to 80 mm.

This results in a “surface flaw” geometry of the type shown in Figure 1. The flaw length, /,, and the flaw depth,
d, are adjusted for each test as described below. The flaw length is normally expressed in multiples, n, of the
cylinder design minimum wall thickness, 14, (/, = n x t4) and the flaw depth is expressed as a percentage of the
cylinder design minimum wall thickness, i.e. flaw depth = d/z4 x 100.

Pressurizati
temperatyire and the pressure is increased continuously until the cylinder fails at a pressure designated asthe
failure préssure P;. Failure occurs when the ligament of metal below the surface flaw fails.

3

The stregs required to fracture the ligament of metal below the surface flaw and to cause failure of the cylind
does not|change with the type of pressurizing medium (i.e. whether it is pneumatic using gas“or hydraulic
using wdter). Because this test method is intended only to evaluate fracture initiation.'and not fractufe
propagation, water can be used as the pressurizing medium to evaluate the fracture initiation of the cylindgr.
This simplifies the testing and is safer than testing using a gas as the pressurizing medium. A few tests wefe
conductef using gaseous nitrogen to confirm that the behaviour of the flawed-cylinder burst test is the sanje
for a pneyimatic test as for a hydrostatic test. These results of these tests are described in 6.7.2.

%
=

After the Jigament fails, the cylinder will either leak or fracture. The length of thie flaw is measured after the tept
has beer] completed in order to determine if fracture has occurred. For this test, the definition of fracture is:
“an extension of at least 10 % in the length of the machined flaw in<the' longitudinal direction”. The failufe
pressure [and failure mode, either “leak” or “fracture”, are reported as the test results.

Although] for cylinders in service, flaws are normally expected to develop on the interior surface of the cylinder
wall, it was determined that production of a standard internal”flaw for testing purposes was not practical.
However| the external flaw in “thin walled” cylinders should\be reliable to evaluate the fracture performance pf
the cylinders.

For a specified flaw length, conducting the flawed-cylinder burst test requires that a series of cylinders he
tested, i which the depth, d, of the machined\flaw is varied until failure occurs by leaking in at least one
cylinder @nd by fracturing in at least one cylinder; e.g, if the first cylinder tested with a certain specified flaw
length leg@ks, similar cylinders with the same flaw length but with progressively smaller flaw depths will Qe
tested until a sufficiently high failure pressure is reached to cause at least one cylinder to fail by fracturing. For
a specifigd flaw length, the depth of-the flaw determines the pressure at which the cylinder fails, P;. This
pressure|determines the stress in the wall at the time of failure. For the specified flaw size and failufe
pressure) P;, whether the cylinder -fails by leaking or by fracturing depends on the fracture resistance of the
cylinder. [This testing sequencehecessarily results in several redundant (and unused) test results at eagh
specified|flaw length becaudse only the test results with highest pressure at which a leak occurs and the lowefst
pressure|at which a fracture occurs are used to define the leak-fracture boundary. This is illustrated jn
Figure 2.

The fracfure performance of the cylinder is determined with the flawed-cylinder burst test by empirically
determining the*leak-fracture boundary” for the specified flaw length. The “leak-fracture boundary” for |a
specified|flaw length is defined as the average of the highest pressure at which a leak occurs and the lowefst

pressure at-which-a-fracture-oeeurs:

During the development of the flawed-cylinder burst test, tests were conducted on series of cylinders over a
range of flaw lengths to define the “leak-fracture boundary” for each particular type of cylinder and material.
This was done to evaluate the overall fracture performance of the cylinder type. An example of these test
results is shown in Figure 3. It is expected that this procedure to determine the full “leak-fracture boundary”
over a range of flaw lengths will be used only for the “design qualification” evaluation of new cylinders (i.e. for
new materials and production processes) to demonstrate that the cylinder type has adequate fracture
resistance.

Once the full fracture performance is determined for a particular cylinder type from the flawed-cylinder burst
tests conducted during the “design qualification” procedure, the testing procedure used to evaluate cylinders
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during large scale production can be simplified and made much more efficient. For production testing, a single
specified flaw length, often 10 x the cylinder wall thickness, can be used and the criteria for a successful test
is that cylinder failure occurs by leaking at a pressure in excess of the defined service pressure of the cylinder.
In this case, if a cylinder fails by leaking at a pressure less than the defined service pressure, retest on the
same cylinder may be allowed. The cylinder may be welded shut and a new flaw of the same length but with a
smaller flaw depth can be machined into the cylinder and retesting to a higher failure pressure can be
conducted.

To determine if the fracture resistance of the cylinders, as determined by the flawed-cylinder burst test is
adequate, the failure pressure, P;, at the leak-fracture boundary for a specified flaw length is compared with
tHe designated service pressure, Pg, of the cylinder; e.g., for a specified flaw length such as 10 x thg cylinder
wall thickness it may be required that the measured failure pressure, Py, exceed the defined service'pressure,
P}, for the cylinder design (i.e. P/Pg > 1,0). This will ensure that failure of the cylinder does notoccur |n service
hless a very long and deep flaw occurs in the cylinder.

c

(@]

uring the development of the flawed-cylinder burst test, it was decided that the acceptable level df fracture
gsistance for cylinders of any strength level should be equivalent to the fractlre’ resistance of existing
linders that have been used for extended periods of time. Therefore, flawed-Cylinder burst tgsts were
pnducted on cylinders with tensile strength levels ranging from about 640 MRa to 1 400 MPa. The existing
linders (with tensile strengths levels less than 950 MPa) have provided fracture-safe performgnce over
any years of service. From these results, it was determined that to have fracture resistance equivalent to the
frcture resistance of existing cylinders, new, higher strength steel cylinders should have a leak-fracture
bundary of P¢/Pg greater than 1,0 when the designated flaw length was about 10 x the cylinder wall thickness

)-

30003

-~

(2]

Flawed-cylinder burst test results

)]

1 Flawed-cylinder burst test procedure

ne results of all of the flawed-cylinder burst tests that were conducted are listed in Tables 12 to 16.|For each
linder tested, the crack length, [, in terms-of a multiple of the design minimum cylinder wall thickness, ¢4, is
ven as [, =nxty (e.9. [, =10 t4). This-term is used as a common reference to compare cylinders with
fferent wall thicknesses. The flaw,.dépth, d, is given as a percentage of the design minimum cylinder wall
ickness, 74 (e.g. 100 x d/ty = 80 %):

0@ O o

br a specified flaw length, thepressure at which the cylinder fails depends on the depth of the flay and the
ickness of the remaining(ligament of metal below the flaw. Failure of the cylinder occurs when the ligament
metal below the flaw preaks. The machined flaw depth is varied to control the pressure at which the cylinder
gils. Once the failure-pressure, P;, is reached, the cylinder will either leak or fracture depending on whether
tHe combination ofstress and flaw length is below or above the critical level for fracture to occur.

o =

The actual cylinder wall thickness, ¢, at the location of the machined flaw is measured after the [test. The
attual cylinder wall thickness at any location in the cylinder should be greater than the design [minimum
cylinder wall thickness, #4. It should be noted that during production of the cylinders, only the averagg cylinder
whall thickness is measured and so it is possible that there may be specific locations in the cylinder ywhere the
agtGal cylinder wall thickness, ¢, at a specific location, may be slightly lower than the design minimurm cylinder
attthickness, 75T e difference betweer theactuat cytimder watt thicknessand-thedesigrr o cylinder
wall thickness depends on the method of manufacture used to produce the cylinder. The actual measured
cylinder wall thickness, ¢,, is included in the data to permit additional analysis of the results using this cylinder
wall thickness instead of the nominal cylinder wall thickness that is given by the design minimum cylinder wall
thickness, ¢4. The pressure at the time that the cylinder fails, either by leaking or by fracturing, is given as P;
measured in bar. The failure mode, either leak or fracture, is reported.

The ratio of the failure pressure, P, to the marked service pressure of the cylinder, Pg, is given as P¢/Pg. The
marked service pressure (bar) is the maximum pressure to which the cylinder may be filled when in service
and is specified by the cylinder manufacturer. It should be noted that the marked service pressure for the
cylinders of the same size and tensile strength will be slightly different depending on the design specification
used by the manufacturer. The cylinders were designed and the marked service pressure was specified

© ISO 2002 — All rights reserved 9


https://standardsiso.com/api/?name=5d28add4b657ebe37d4bf0ca7bdcfeb8

ISO/TR 12391-2:2002(E)

according to the design specification used in the country of manufacture. The use of the parameter, PP,
permits the leak-fracture boundary to be defined in terms of the marked service pressure of the cylinder. This
in turn permits a comparison of cylinders of different sizes (diameters and wall thickness) to be made on a
common basis.

ISO 9809-2 requires that the measured ratio of the failure pressure to the service pressure, P{/Pg, be adjusted
to account for the local thickness of the cylinder wall at the location of the flaw. This adjustment was made to
the measured values of the P/Pg ratio for all of the flawed-cylinder burst tests conducted in this study. The
adjusted ratio of the failure pressure to the service pressure, P; ,gjysteq/Ps: is shown in the last column in
Tables 12 to 16.

For completeness of the data base, the results of all tests that were conducted are listed in Tables 12 do 1pB.
For somg of the material subgroups, cylinders with a range of flaw lengths were tested to define theAull leak-
fracture houndary over a range of flaw lengths. The results of flawed-cylinder burst tests for these.material
subgroups are listed in Tables 12 to 16 and are plotted in Figures 4 to 17. Only the data points.necessary o
define th¢ leak-fracture boundary are plotted in Figures 4 to 17; i.e., for each flaw length, only.the lowest valle
of P¢/Pg fpr which a failure occurred by fracture and the highest value of P{/Pg for which faildre occurred by
leaking dre plotted. An estimate of the leak-fracture boundary is shown in the Figures. for each material
subgroup. Data for P¢/Pg over a range of flaw lengths is available for material subgroups A-1, A-2, B-3, B-6, B-
8, C-3, Ci5, C-11, D-3, D-5, D-6, D-11, E-1 and E-2.

For somé of the other material subgroups, all the flawed-cylinder burst tests:-were conducted at a singje
defined flaw length and both leak results and fracture results were obtained("For these tests the leak-fractufe
boundary can be defined only for the single specified flaw length. Thes€«esults are not plotted but the tests

-15, C-17, C-18, C-23, D-2, D-4, D-9, D-10 and D-14 were conducted at only a single value of flaw
some of these cases (e.g. material subgroup D-14),-multiple (repeated) tests were conducted with
n

For somg of the material subgroups, all the flawed-cylinder burst tests were conducted at a single defined flaw
length and only leak results or fracture results Were obtained. These results are not plotted as separaje
figures. These tests results are summarized in Fable 18. An estimate of the leak-fracture boundary is reportgd
as a failufe pressure ratio (P/P;) that is at least as high as the highest value of the failure pressure ratio forfa
cylinder in which failure occurred by leaking“or as a failure pressure ratio that is lower that the value of the
lowest fajlure pressure ratio for a cylinder in which failure occurred by fracturing. These results may be pf
value if there are similar cylinders in other material subgroups with which they may be combined in order o
estimate the leak-fracture boundary more accurately. These test results may also be used to determine if thiis
particular type of cylinder is likely)to leak (i.e. if P/P¢ > 1,0) or fracture (i.e. if P{/Pg < 1,0) in service with a fla
of the specified length. Flawedscylinder burst tests for material subgroups B-8, B-10, B-11, B-12, B-14, C-1
C-13, C-14, C-16, C-19, C-20, C-21, C-22, D-13, D-15, D-16, D-17, D-18 and D-19 were conducted at only
single vaJue of flaw length and each test series resulted in failure only by leaking or by fracture. Becaus
failures djd not occur-by both leaking and failure, the leak-fracture boundary could not be determined. It cou
only be estimatedthat the leak-fracture boundary was greater than the highest failure pressure ratio (P{/Pg)
which legking occurred or less than the lowest failure pressure ratio (Pg/Pg) at which fracture occurred.

o0 0o Vs

6.2 Flawed-cylinder burst test results for group A materials

The cylinders made from group A materials were older cylinders made from carbon steel to the
U.S. Department of Transportation (DOT) type 3A specification. These cylinders represent the lowest strength
cylinders tested in this programme. The cylinders were tested to serve as a bench mark for the fracture
resistance of seamless steel cylinders. These cylinders have been manufactured and used for many years
without any significant incidents of failure by fracture. These cylinders are made from steels that have an
inherently low fracture toughness as indicated by the low Charpy-V-notch energy values (12 J/cm?2 to 32 J/cm?2
at + 20 °C for transverse specimens). However, the stress in the cylinder wall at the service pressure is low
enough to prevent fracture. In the flawed-cylinder burst tests, cylinders in both material subgroups A-1 and
A-2, had a P{/P ratio greater than 1,0 for flaw lengths, [, of at least 12 x ¢4, as shown by Figures 4 and 5. This
represents a high level of fracture resistance for these types of cylinder.
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6.3 Flawed-cylinder burst test results for group B materials

The cylinders made from group B materials were cylinders made from chromium-molybdenum alloy steel.
These cylinders are representative of the largest number of cylinders that have been in worldwide use for
about 60 years. Cylinders of this type normally have a service pressure rating of 150 bar to 200 bar. As shown
by Figures 6, 7 and 8, the cylinders in material subgroups B-3, B-6 and B-9 have a leak-fracture boundary of
at least P{/Pg = 1,0 for flaw lengths, /,, of at least = 12 x ¢4. As shown in Tables 17 and 18, the cylinders in the
other material group B subgroups had an estimated P{/Pg ratio equal to at least 1,0 for flaw lengths of at least
10 x t4. This represents an adequate level of fracture resistance for all cylinders in this group. There has been
no adverse service experience with this type of cylinder during their widespread use.

Cylinders in material subgroup B-2 were originally produced to be of the type represented by the\¢ylinders in
material group D. The cylinder tested as material subgroup B-2 was tempered to reduce the tensile sfrength to
tHe Group B range for comparison with the same type of cylinder at the higher strength.fange [(material
oup D). The marked service pressure (310 bar) is the rating for the cylinder as manufactured at the higher
s{rength range. Using the marked service pressure of 310 bar provided by the manufacturer, the cylinders in
this material subgroup had an estimated P{/Pg ratio equal to at least 1,0 for flaw itengths of 10 74. This
rgpresents an adequate level of fracture resistance for the cylinders in this group::It should be not¢d that to
cpmpare these cylinders with others in this material group, the service pressure should be recalculgted using
tHe actual measured tensile strength.

«Q

Cylinders in subgroups B-7 and B-8 are conventional cylinders madé&” to the strength range of group B
cYylinders but thicker than normal so that they can be used at higher pressures (276 bar marked service
essure for B-7 cylinders and 460 bar marked service pressurefor B-8 cylinders). This series of {ests was
pnducted to demonstrate that the flawed-cylinder burst test-adequately evaluates the fracture resistance of
tHe cylinders even when they are unusually thick. Conventional linear-elastic fracture mechanigs' theory
ptedicts that the fracture resistance of thick cylinders may.bée lower than for thin cylinders made from jthe same
sfeel. The cylinders in these material subgroups had @n estimated P{/Pg ratio equal to at least 1, for flaw
lgngths of 10 x 74. This represents an adequate level of fracture resistance for the cylinders in thes¢ material
stibgroups.

Q T

6{4 Flawed-cylinder burst test results for group C materials

_|

ne cylinders made from group C materials are higher strength steel cylinders that have been used Wworldwide
gr about 10 years. These cylindérs ‘are generally made from chromium-molybdenum alloy stegl that is
oduced to higher levels of cleanliness to improve fracture toughness. This enables the cylinders to be
psigned to a service pressureof about 300 bar.

QT

5 shown in Figures 9 and 10, the cylinders in material subgroups C-3 and C-7 have a leak-fracture poundary
at least P{/P¢ = 1,0 for-flaw lengths, /,, of 10 x 74. As shown in Figure 11, the cylinders in material subgroup
-11 have a leak-fracture boundary of at least P¢/Pg = 1,2 for flaw lengths of 8 x 4. By extrapolation,|the leak-
acture boundary for cylinders in material subgroup C-11 is estimated to be at least P/Pg=1,0 for flaw
ngths of 10 %x.#g-"As shown in Tables 17 and 18, the cylinders in the other group C material subgrpups also
hd an estimated P¢/Pg ratio equal to at least 1,0 for flaw lengths of at least 10 x 7y4. This reprgsents an
jequate level of fracture resistance for all cylinders in this group.

» >SF =00 >

6{5 Flawed-cylinder burst test results for group D materials

The cylinders made from group D materials are the highest strength steel cylinders now permitted to be used
in any country in the world. They are restricted to use for shipping non-corrosive (non-hydrogen bearing)
gases. These cylinders are generally made from modified chromium-molybdenum alloy steels that have a
good combination of tensile strength and fracture toughness. These cylinders are intended to have service
pressures at or above 300 bar.

As shown in Figures 12, 13 and 15, the cylinders in material subgroups D-3, D-5 and D-11 have a leak-
fracture boundary of at least P{/Pg = 1,0 for flaw lengths, /, of at least = 10 x #4. This indicates that the fracture
resistance of these cylinders is equivalent to the cylinders in materials group C and that these cylinders should
have adequate fracture resistance for all normal use. As shown in Figure 14, the cylinders in material
subgroup D-6 have a leak-fracture boundary of less than P{/Pg = 1,0 for flaw lengths of about 7 x t4. This is
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less than that of any of the other cylinder groups tested and may indicate that the fracture resistance of these
cylinders is less than is desirable.

As shown in Tables 17 and 18, except for material subgroup D-19, all of the cylinders in the other group D

material subgroups had an estimated PP ratio equal to at least 1,0 for flaw lengths of at least 10 x #4. This
should represent an adequate level of fracture resistance for all cylinders in this group.

6.6 Flawed-cylinder burst test results for group E materials

The cylinders made from group E materials are made from higher strength steels than are currently permitted
by any safety regulations in the world. These cylinders are experimental cylinders for evaluating the feasibility
of using higher strength steels in cylinders, without risking failure by fracture in service. As shown in Figure 1B,
for the cylinders from the material subgroup E-1, the leak-fracture boundary P¢/Pg > 1,3 at a flaw length; /,, pf
8 x ty. indlicates that these cylinders are likely to have adequate fracture resistance. However,, no tesfs
resulted in leaking for the cylinders that were tested at flaw lengths longer than 8 x 4 so it is-not possible fo

make a cpmplete assessment of the fracture resistance of these cylinders.

The cylinflers made from the material subgroup E-2 have a tensile strength of about 1,400 MPa. This was the
highest sfrength steel tested in this programme. As shown in Figure 17, for the cylinders from the E-2 materipl
subgroup, the leak-fracture boundary P/Pg was slightly less than 1,0 for a flaw length of only 8 x ¢4. THis
indicates|that at the high strength levels of the material subgroup E-2 steels, thése cylinders will have a lower
fracture resistance than that of the currently used lower strength cylinders afd that the fracture resistance pf
these cylinders may not be adequate.

6.7 Flawed-cylinder burst test results for tests conducted‘under special conditions

6.7.1 Low temperature tests

Cylinderd in material subgroups C-8 and C-9 were tested.at.both room temperature and at — 50 °C to evaluate
the low tgmperature fracture performance of the cylinders! All tests were done with a flaw length, /,, of 10 x 4.
The results of these tests are shown in Figures 18 and 19. For both sets of test cylinders the fractufe
resistancg was not reduced at low temperature. The' P/P; ratio was slightly higher at — 50 °C than at + 20 9C
for both dets of test cylinders. However, the number of cylinders tested at both temperatures was too small o
determing if this difference is significant. Fhis limited number of tests indicate that cylinders in which the
flawed-cylinder burst tests demonstrate. that the cylinders have adequate fracture resistance at room
temperatyre should also have adequate\fracture resistance at low temperature. This is important because the
cylinders|may be used at temperatures) as low as — 50 °C in service.

6.7.2 Ppeumatic tests

Two cylinders in materialsubgroup D-5 were tested with nitrogen to produce a pneumatic test for comparisg
with the |hydrostatic tests conducted for the rest of the cylinders in this test programme. As shown

Figure 24, both of the"pneumatic tests failed by leaking at about the same P{/Pg ratio as cylinders with tf
same flaw size_that were tested hydrostatically. This finding is significant because it indicates that th
hydrostafjc testiis: adequate to evaluate the fracture resistance of the cylinders and that it is not necessary
conduct the'more complex pneumatic tests on a routine basis. In particular, it is important to note that a leg
occurredli ' iti ' i is indi
the hydrostatic test does not mis-predict a fracture result in this test.

O d®d® > S
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7 Discussion

7.1 Background

The objective of this report was to compile the results of the flawed-cylinder burst tests that were conducted
during the development of the flawed-cylinder burst test method. The test results obtained in this programme
can be used to evaluate the effectiveness of the flawed-cylinder burst test, as a test method to measure the
fracture performance of seamless steel cylinders, and to derive suitable criteria for using the test to evaluate
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new designs of cylinders and cylinders during production. No extensive discussion or analysis of the test data
will be presented in this report.

The objective of the flawed-cylinder burst test is to evaluate new designs of cylinder by determining the leak-
fracture boundary for a range of flaw lengths. The leak-fracture boundary is defined in terms of the ratio, P{/Pg,
of the failure pressure, Py, to the marked service pressure, Pg, of the cylinder. As required by ISO 9809-2, a
flaw of the specified size and shape in the wall of the cylinder and the cylinder shall fail by leaking at a
pressure above the marked service pressure of the cylinder.

The tests results reported here were obtained by the members of WG 14. These test results were used to
démonstrate that the flawed-cylinder burst test adequately evaluates the fracture resistance of seamjess steel
cYlinders of all strength levels presently used for cylinder construction. The results of these tests’wefe used to
eptablish the procedure for conducting the flawed-cylinder burst test and for defining the aceeptange criteria
fgr passing the test. The flawed-cylinder burst test procedure and acceptance criteria developed By WG 14
e included in 8.2.3 of ISO 9809-2.

[V

N

2 IS0 9809-2 flawed-cylinder burst test procedures and acceptance’criteria

Blsed on the test results reported here, WG 14 developed specific test procedures and acceptance ¢riteria for
using the flawed-cylinder burst test to evaluate new cylinder designs and new cylinder material|s and to
eyaluate samples of production cylinders. The specific test procedtres finally adopted by WG 14 and
plblished in 8.2.3 of ISO 9809-2:2000, differ slightly from the procedures used to carry out most of] the tests
described in this report.

I ISO 9809-2, the flaw shape used in the flawed-cylinder burst is the same as the flaw shape used in the test
cpnducted in this study and described in 5.3 and Figuréd. The final procedure adopted by W 14 and
plblished in ISO 9809-2 specifies that cylinders with only*a'single defined flaw length are required to |be tested
tq evaluate the fracture performance of the cylinders.This is in contrast to the test results reported here in
which cylinders with a range of flaw lengths were tested for many of the material groups to evaluatg the total
fracture performance of the cylinders. In tests conducted during the development of the flawed-cylirjder burst
tgst and reported here, the flaw length was_defined in terms of the design minimum thickness, [y, of the
linder alone. In these tests, a common flaw length, /,, was 10 x ¢4. However, the single flaw length used in
tHe tests conducted in accordance with ISO 9809-2 is defined differently than the way the flaw|length is
defined in the tests results reported:here. In 1ISO 9809-2, the flaw length is defined in terms of| both the
linder design minimum wall thickness, ¢4, and the cylinder diameter, D. For tests conducted in agcordance
with ISO 9809-2, the single flaw, length is defined as /, = 1,6(D x t4)%. This has the effect of normglizing the
flaw length in terms of both theweylinder diameter and the cylinder wall thickness and therefore makes the test
quivalent for cylinders of-all_sizes and wall thickness. The basis for this choice of flaw length i$ that the
fracture strength of a flawed-cylinder is a known function of the cylinder diameter, the cylinder wall thickness
aphd the flaw length. Because many of the tests results reported here used cylinders of about 20 mm in
dfameter and about-6.mm thick, the flaw length calculated in accordance with ISO 9809-2 is about the same
(ife. 10 x t4) as that used in any of the tests.

Q

Q

D

r the tests.'eonducted in accordance with 1SO 9809-2, the cylinder is pressurized to failure, the failure
essure, Py/is measured and recorded, and the failure mode (leak or fracture) is recorded in the game way
5 for, all.of the tests reported here. However, in ISO 9809-2, the failure pressure is then adjusted t¢ account
fgr Jocal variations in the cylinder wall thickness. This is done because the actual thickness in the yicinity of
the flaw, .. is generally significantly different than the design minimum wall thickness of the cylinder, ¢4. The
adjusted failure pressure, P ,gisteq, IS Calculated as Py ,giisted = (Pr X 1g/t5)- This adjustment to the failure
pressure is based on the assumption that the failure pressure of a cylinder without a flaw is directly
proportional to the actual thickness of the cylinder wall, 7,. Because the actual cylinder wall thickness is nearly
always greater than the design minimum wall thickness, the effect of this adjustment is to lower the ratio of the
adjusted failure pressure to the service pressure (P gjusted/Ps) below that of the ratio of the measured failure
pressure to the service pressure (P¢/Pg).

O T

ISO 9809-2 requires that an acceptable result of the flawed-cylinder burst test is that the failure is by leaking
(any extension of the flaw is less than 10 %) and that the ratio of the adjusted failure pressure to the service
pressure (P; agjusted/Ps) > 1,0. In conducting the test, if the cylinder fails by leaking and the ratio
(Pt adjusted/F’s) < 1,0, then the cylinder may be welded to close the flaw and retested, as required, with a
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shallower flaw until the test fails by leaking and the ratio (Pt ,gjysteq/P’s = 1.0 is obtained. On the other hand, if
the cylinder fails by fracturing and the ratio (P adjuSted/P )> 1, 0 then the cylinder may be welded to close the
flaw and retested, as required, with a deeper flaw until the test fails by leaking and the ratio
(Pt adjusted!P’s) = 1,0 is obtained. Either of these results is acceptable and the cylinder is considered to have
adequate fracture resistance. It should be noted that the procedure specified by ISO 9809-2 only requires that
the flawed-cylinder burst test results in leaking at a specified value of the P¢/Pg ratio and does not require that
the leak-fracture boundary be determined by getting both leak and fracture results in the test.

The flawed-cylinder burst test is conducted in accordance with ISO 9809-2 in two different ways for either
“prototype” cylinders or for sample cylinders from a production “batch”. “Prototype” cylinders shall be produced
and testeld whenever there are changes in:

— the manufacturing process;

— the factory in which the cylinders are manufactured;
— the 4dlloy steel's composition;

— the heat treatment;

— the duaranteed minimum yield strength (R,) or the guaranteed minimum tensile-strength (Rg);

— the nominal diameter or design minimum wall thickness of the cylinder;

— the léngth of the cylinder is increased by more than 50 %.

A production “batch” of cylinders is defined as a group of cylinders-(less than 1 000) produced from the same
heat of sfeel and produced under identical conditions. Sample.gylinders are taken from each production bat¢h
and tested to destruction.

When usgd to evaluate the fracture performance of “prototype” cylinders, at least two cylinders from an initigl
production run of 50 cylinders shall be tested and_shall successfully meet the performance criteria described
above. Although it is not required by ISO 9809-2, when a substantial change is made, such as when a new pr
higher sfrength alloy steel is used, it is reecemmended that the fracture performance of the “prototype”
cylinders|be evaluated by conducting flawed-cylinder burst tests with a wide range of flaw lengths and fo
establish|the entire leak-fracture boundary over this range. It should be noted that the procedure specified by
ISO 9809-2 only requires that the flawed-cylinder burst test results in leaking at a specified value of the P¢/Pg
ratio and [does not require that the leak-fracture boundary be determined.

When uskd to evaluate the fracture performance of cylinders from a production “batch”, the flawed-cylinder
burst tes{ is required to be-conducted for cylinders in which the wall thickness is less than 3 mm thick. Fpr
cylinders|in which the wallh\thickness is greater than 3 mm, the flawed-cylinder burst test may be conducted fo
evaluate fhe fracture resistance of the cylinder. However, because the Charpy-V-notch (CVN) impact test has

(o}

flawed-cylinder burst test shall be conducted and aII flawed- cyllnder burst tests that are conducted shaII
successfully meet the performance criteria described above. In evaluating the fracture performance of the
production cylinders, the flawed-cylinder burst test is considered to be the definitive reference test.

7.3 Analysis by WG 14 to relate the flawed-cylinder burst test to Charpy-V-notch energy
values

Empirical equations have been developed to predict the fracture performance of flawed pressure vessels
(such as cylinders or pipes) in terms of the diameter, thickness, tensile strength, pressure, flaw size, and
Charpy-V-notch impact test energy [8]. These equations use the specified diameter, thickness, tensile
strength, flaw size and the CVN impact test energy of the pressure vessel to predict the failure pressure and
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to predict whether failure will be by leaking or by fracturing. These equations were originally developed to
predict the initiation of fracture in large diameter steel pipelines made from non-heat-treated steels. A large
number of flawed pipe tests were tested to failure and the failure pressure and failure modes were related to
the pressure vessel properties. These equations were developed from empirical correlations between the
measured failure pressure and the pressure vessel properties. There is no specific analytic basis to these
equations.

WG 14 conducted a limited evaluation to determine if the same empirical correlations developed for predicting
fracture in pipes could be used to predict the fracture performance of the high strength steel cylinders tested
here. The properties of the cylinders tested in this investigation, particularly the Charpy-V-notch impact test
energy, were used to predict the failure pressure and failure mode of the cylinders in the flawed-cylinder burst
tgst. The results of these predictions were compared with the results of the flawed-cylinder burst|test. The
gsults of this evaluation have been described in previously published reports [9, 10].

—

WG 14 concluded that the performance of the flawed-cylinder burst test could be adequately preditcted from
tHe cylinder dimensions and the mechanical properties of the cylinders, particularly the:Charpy-V-notgh impact
tgst energy. No analysis of the uncertainty in these predictions was carried out. ‘On’ this basis, tHe WG 14
stablished an alternate to the flawed-cylinder burst test in terms of the Charpy-V-notch impact test energy to
edict acceptable fracture resistance of high strength steel cylinders. The altérhate requirements that use the
harpy-V-notch impact test energy to predict acceptable fracture performance is permitted only for production
btch testing of cylinders. For the evaluation of the fracture performance” of “prototype” cylinderg, flawed-
linder burst tests shall be conducted. These results are included in SO 9809-2 as a minimum requirement
r production batch testing of cylinders. The requirements for cylinders of all strength levels are:

S0 T OT D

- Charpy-V-notch tests to be conducted;
— 3 specimens from each cylinder;

- transverse specimen orientation;

- test temperature to be at — 50 °C;

— minimum acceptable test results (average of 3 specimens):

Cylinder minimum wall thickness, 74, mm Minimum CVN energy, J/cm?
3t 5 40
5t07,5 50
7,5t0 12 60

714 Adjustment to the measured P;/Pg ratio to account for the local cylinder wall thickness

1I90-9809-2 requires that the measured ratio of the failure pressure to the service pressure, PJ/P., bg adjusted
to account for the local thickness of the cylinder wall at the location of the flaw. This adjustment was made to
the values of the PPy ratio for all of the flawed-cylinder burst tests conducted in this study. The adjusted ratio
of the failure pressure to the service pressure, Pt 5 sted/Fs is given in the last column in Tables 12 to 16. The
test results with adjusted Pt ,gjsteq/Ps) ratios are also shown in Figures 21 to 34 for cylinders in material
subgroups in which flawed-cylinder burst tests were conducted over a range of flaw lengths. For cylinders in
material subgroups that were tested at only one flaw length and in which both leak and fracture test results
were obtained, the results with adjusted P; gy steq/Ps ratios are shown in Table 19. For cylinders in material
subgroups that were tested at only one flaw length and in which only leak or fracture test results were
obtained, the results with adjusted P ,q;ysted/Ps) ratios are shown in Table 20.
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Because the actual cylinder wall thickness, ¢,, should always be thicker than cylinder design minimum wall
thickness, 14, the adjusted failure pressure to service pressure ratio is generally smaller than the measured
failure pressure to service pressure ratio, Pi/P). The only exceptions are for a few of the cylinders in material
group A. These are older cylinders that can be expected to have unusually large variations in the thickness of
the cylinder wall due to the production practices used. In a few of these cylinders, the actual cylinder wall
thickness at the location of the machined flaw was slightly less than the design minimum wall thickness.

8 Summary and conclusions

Extensive test results of flawed-cylinder burst tests and mechanical properties' tests that were conducted) gn
seamlesq steel cylinders are compiled.

The results of these tests were used to demonstrate the capability of the flawed-cylinder burst t6 laccuratelly
evaluate the fracture performance of steel cylinders.

The resu]ts of these tests were used by ISO/TC 58/SC 3 to define the testing procedures-and acceptange
criteria for the flawed-cylinder burst test.

The flawgd-cylinder burst test is required to be conducted on steel cylinders in accordance with ISO 98092
for high strength steel cylinders.

16 © IS0 2002 — All rights reserved
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Table 6 — Mechanical properties of group A materials

Tensile test results

Charpy- V- notch test results

Le:_t Cy:ir;(-jer stI;?\Igth s-l;f::gteh Elong. Transverse orientation Longitudinal orientation
Res R, A Size at at Size at at
+20°C| -50°C +20°C | -50°C
MPa MPa % mm Jiem?2 | J/icm? mm Jicm? Jicm?

Material group A-1
1 A-1-1 513 748 28,0 10x5 18,6 3.4 10x4 34,5 3,4
2 A-1-1 513 748 28,0 10x5 18,6 3.4 10 x4 345 3,4
3 A-1-1 513 748 28,0 10x5 18,6 3.4 10 x4 34,5 3,4
4 A-1-1 513 748 28,0 10x5 18,6 3.4 10)x 4 34,5 3,4
5 A-1-2 496 648 26,5 | 10x5 32,0 5,0 10x 4 63,0 15,0
6 A-1-2 496 648 26,5 | 10x5 32,0 5,0 10 x4 63,0 15,0
7 A-1-2 496 648 26,5 | 10x5 32,0 5,0 10 x4 63,0 15,0
8 A-1-2 496 648 26,5 | 10x5 32,0 5,0 10x4 63,0 15,0
9 A-1-2 496 648 26,5 | 10x5 32,0 5,0 10x4 63,0 15,0
10 A-1-3 497 731 27,0 10x5 20,0 11,0 10x4 45,0 9,0
11 A-1-3 497 731 27,0 10 >¢5 20,0 11,0 10x4 45,0 9,0
12 A-1-4 535 790 23,0 10°x 5 17,0 6,0 10x4 39,0 12,0
13 535 790 23,0 10x5 17,0 6,0 10x4 39,0 12,0
14 535 790 23,0 10x5 17,0 6,0 10x4 39,0 12,0
15 A-1-5 481 678 23,3 10x5 24,0 2,8 10x4 28,0 10,0
16 A-1-5 481 678 23,3 10x5 24,0 2,8 10x4 28,0 10,0
17 A-1-5 481 678 23,3 10x5 24,0 2,8 10x4 28,0 10,0

Material group A-2
18 A-2-1 413 641 35,0 10x5 23,0 5,6 10x5 41,8 57
19 A-2-1 413 641 35,0 10x5 23,0 5,6 10x5 41,8 57
20 A-2°2 — — — — — — — — —
21 AL2-3 510 751 24,0 10x5 12,7 4,2 10x4 28,2 6,7
22 510 751 24,0 10x5 12,7 4,2 10 x4 28,2 6,7
23 A-2-4 — — — 10x5 — — — — —
24 A-2-5 483 696 21,0 10x5 12,7 4,2 10x4 27,1 3,4
25 A-2-5 483 696 21,0 10x5 12,7 4,2 10x4 27,1 3,4
26 A-2-6 — — — — — — — — —
27 A-2-6 — — — — — — — — —
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Table 7 — Mechanical properties of group B materials

Tensile test results Charpy- V- notch test results
'Le:t Cy:ir;(‘:ler stI:re\Igth s-lt-(re::gi;teh Elong. Transverse orientation Longitudinal orientation
Re, R, A Size at at Size at at
+20°C | -50°C +20°C [ -50°C
MPa MPa % mm Jiem?2 | Jjicm? mm Jiem? Jiem?
Materigi-group-B-2
28 B-2-1 832 910 23,0 10 x5 103 105 — — —
29 B-2-1 832 910 23,0 10 x5 103 105 — — +
30 B-2-1 832 910 23,0 10 x5 103 105 — — —
31 B-2-1 832 910 23,0 10 x5 103 105 — =t —
32 B-2-1 832 910 23,0 10 x5 103 105 — — —
Material group B-3
33 B-3-1 580 745 — — — — — — —
34 B-3-2 642 794 — — — — — — —
35 B-3-3 607 752 — — — == — — —
36 B-3-4 538 704 — — — - — — —
37 B-3-5 690 814 — — — — — — —
38 B-3-6 598 745 — — — — — — —
39 B-3-7 738 869 — — — — — — —
40 B-3-8 697 780 — — — — — — —
41 B-3-9 696 821 — — — — — — —
42 B-3-10 669 800 — — — — — — —
43 B-3-11 662 787 — — — — — — —
44 B-3-12 649 787 — — — — — — —
Material group B-4
45 B-4-1 — — — — — — — — —
46 B-4-2 — — — — — — — — —
47 B-4-3 — — — — — — — — —
48 B-4-4 683 847 20,0 10 x5 64 54 10 x 4 92 78
Material group B-5
49 B-5-1 890 949 16,7 10 x5 132 94 10 x 4 107 99
50 B-5-2 — — — — — — — — —
51 B-5-3 — — — — — — — — —
52 B-5-4 — — — — — — — — —
53 B-5-5 — — — — — — — — —
54 B-5-6 — — — — — — — — —
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Table 7 (continued)

Tensile test results Charpy- V- notch test results
Le:_t Cy:in;(-ier stI;?\Igth s-l;f::gteh Elong. Transverse orientation Longitudinal orientation
Res R, A Size at at Size at at
+20°C| -50°C +20°C | -50°C
MPa MPa % mm | Jiem? | Jicm? mm Jiem? Jiem?
Material group B-6
55 B-6-1 655 778 22,0 10x5 62 55 10x4 139 122
56 B-6-2 657 788 20,0 10x5 51 51 10 x4 113 104
57 B-6-3 755 870 23,0 10x5 54 53 10 x4 122 117
58 B-6-4 577 743 27,0 — — — - — —
59 B-6-5 635 748 28,0 — — — — — —
60 B-6-6 658 731 27,0 — — — — — —
Material group B-7
61 B-7-1 648 786 28,0 10x5 64 52 10x4 164 138
62 B-7-2 — — — — =< — — — —
63 B-7-3 — — — — - — — — —
Material group B-8
64 B-8-1 669 807 31,5 105 81 55 10x4 165 149
65 B-8-2 — — — — — — — — —
66 B-8-3 — — — — — — — — —
Material group B-9
67 B-9-1 570 776 26,7 10x5 28 24 10x4 113 96
68 B-9-2 577 774 23,6 10x5 32 27 10x4 96 89
69 B-9-3 584 817 22,9 — — — — — —
70 B-9-4 625 783 22,8 — — — — — —
71 B-9-5 623 797 21,3 — — — — — —
72 B-9-6 587 762 23,9 10x5 29 26 10x4 99 82
73 B=9=7 563 808 22,3 — — — — — —
74 B-9-8 577 800 22,4 — — — — — —
75 B-9-9 635 811 23,4 — — — — — —
76 B-9-10 604 825 201 — — — — — —
77 B-9-11 541 826 21,2 10x5 31 25 10x4 98 92
78 B-9-12 536 736 23,1 — — — — — —
79 B-9-13 582 802 21,3 — — — — — —
80 B-9-14 560 811 22,9 — — — — — —
81 B-9-15 630 832 24,2 — — — — — —
82 B-9-16 670 815 23,6 10x5 31 25 10x4 98 92
83 B-9-17 599 808 23,6 10x5 25 21 10x4 89 91
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Table 7 (continued)

Tensile test results Charpy- V- notch test results
'Le:t Cy:ir;t‘:ler stI:re\Igth s-lt-(re::gi;teh Elong. Transverse orientation Longitudinal orientation
Re, R, A Size at at Size at at
+20°C | -50°C +20°C [ -50°C
MPa MPa % mm Jiem?2 | Jjicm? mm Jiem? Jiem?

84 B-9-18 595 796 244

85 B-9-19 643 829 23,8 — — — — — —

86 B-9-20 557 838 21,1 — — — — — =

87 B-9-21 615 823 21,9 — — — — — —

88 B-9-22 619 831 20,2 — — — — £ —

89 B-9-23 603 787 241 10x5 24 22 10 x 4 91 78

90 B-9-24 665 843 24,6 — — — — — —

91 B-9-25 623 811 25,0 — — — - — —
Material group B-10

92 B-10-1 | 748 875 14,1 10 x 4 40 34 10 x 4 99 85
Material group B-11

93 B-11-1 | 713 824 17,0 10 x 4 39 37 10 x 4 101 82
Material group B-12

94 B-12-1 | 763 (T) | 872(T) | 17,5(T)| 10x 4 64 58 10 x 4 145 135
Material group B-13

95 B-13-1 790 930 14,3 10 x 4 54 49 10 x 4 86 77

96 B-13-2 821 950 14,1 — — — — — —

97 B-13-3 — — — — — — — — —
Material group B-14

98 B-14-1 715(T) | 8571 (F) | 18,8(T)| 10x 4 40 92 10 x 4 92 85

99 B-14-2 — — — — — — — — —

100 B-14-3 — — — — — — — — —
Material group B-15

101 B-15-1 765 (T) | 909 (T) | 18,8(T)| 10x4 100 40 10 x 4 118 48

102 B-15-2 — — — — — — — — —

103 B-15-3 — — — — — — — — —
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Table 8 — Mechanical properties of group C materials

Tensile test results Charpy- V- notch test results
-I;f:_t Cy:r:.:ler strti:‘nlgth :;f::;lﬁ] Elong. Transverse orientation Longitudinal orientation
Rea R, A Size at at Size at at
+20°C | -50°C +20°C | -50°C
MPa MPa % mm Jiem2 | J/icm? mm Jicm? Jicm?
Material group C-3
104 C-3-1 1067 1121 172 | 10x5 18 15 10x5 64 55
105 C-3-1 1067 1121 172 | 10x5 18 15 10x5 64 55
106 C-3-1 1067 1121 172 | 10x5 18 15 10x5 64 55
107 C-3-2 1047 1108 20,0 — — — = — —
108 C-3-3 1053 1093 17,8 — — — — — —
109 C-3-3 1053 1093 17,8 — — — — — —
110 C-3-4 935 999 13,5 — — — — — —
111 C-3-5 955 1023 12,0 — — — — — —
112 C-3-5 955 1023 12,0 — =< — — — —
113 C-3-6 1016 1088 16,5 — - — — — —
Material group C-4
114 C-4-1 928 992 240 | 1M0x5 121 101 — — —
115 C-4-1 928 992 2404710 x5 121 101 — — —
116 C-4-1 928 992 240 | 10x5 121 101 — — —
117 C-4-1 928 992 240 | 10x5 121 101 — — —
118 C-4-1 928 992 240 | 10x5 121 101 — — —
119 C-4-1 928 992 240 | 10x5 121 101 — — —
120 C-4-2 973 1049 19,0 | 10x5 64 49 — — —
121 C-4-2 973 1049 19,0 | 10x5 64 49 — — —
122 C-4-2 973 1049 19,0 | 10x5 64 49 — — —
123 C-4-2 973 1049 19,0 | 10x5 64 49 — — —
124 Cia=2 973 1049 19,0 | 10x5 64 49 — — —
Material-group C-5
12§ C-5-1 — — — — — — — — —
426 €-5-2 — — = — — = — — —
127 C-5-3 — — — — — — — — —
128 C-5-4 — — — — — — — — —
129 C-5-5 — — — — — — — — —
130 C-5-6 — — — — — — — — —
131 C-5-7 878 996 — 10 x5 118 88 10 x5 125 57
131 C-5-8 887 989 — —
132 C-5-9 867 992 — 10 x5 118 88 — 125 57
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Table 8 (continued)

Tensile test results Charpy- V- notch test results

-ﬁ:-t Cy:n;(.ier strtieilgdth s-l;(::::ﬁl Elong. Transverse orientation Longitudinal orientation

Req R A Size at at Size at at

+20°C | -50°C +20°C [ -50°C

MPa MPa % mm Jiem2 | Jicm? mm Jicm? Jiem?
133 G-546 855 964
134 | C-5-11 — — — — — — — — —
135 | C-5-12 — — — — — — — — Ab
136 | C-5-13 840 949 — 10x5 | 107 99 132 99
137 | C-5-14 — — — — — — X —
138 C-5-15 — — — — — — — — —
139 C-5-16 — — — — — — — — —
140 | C-5-17 — — — — — — S — —
141 | C-5-18 — — — — — — — — —
142 | C-5-19 835 949 — 10x5 | 125 110 82 81
143 | C-5-20 — — — — — L4 — — —
144 | C-5-21 — — — — — — — — —

Materigl group C-6
145 C-6-1 — — — — — — — — —
146 C-6-2 — — — — — — — — —
147 | C-6-3 852 964 — 0 x5 | 130 124 10 x5 128 57
148 C-6-4 — — = — — — — — —
149 | C-6-5 — — J — — — — — —
150 | C-6-6 — — — — — — — — —
151 C-6-7 — =~ — — — — — — —
152 C-6-8 — — — — — — — — —
153 C-6-9 — — — — — — — — —
154 | C-6-10 AV — — — — — — — —
155 | C-6-11 — — — — — — — — —
156 | C-6-12 — — — — — — — — —
Materigl group C-7

157 | C-7-1 — — — — — = — — =
158 C-7-2 898 (T) | 1000 (T) 150 130 37 27
159 | C-7-3 850 (T) | 950 (T) — — 57 47
160 | C-7-4 — — — — — — — — —
161 C-7-5 922 (T) | 1000 (T) 126 108 39 33
162 C-7-6 — — — — — — — — —
163 C-7-7 898 (T) | 1000 (T) 109 102 66 63
164 C-7-8 — — — — — — — — —
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Tensile test results Charpy- V- notch test results
-I;f:_t Cy:r::ler strti:‘nlgth :;f::;lﬁ] Elong. Transverse orientation Longitudinal orientation
Rea Ry A Size at at Size at at
+20°C | -50°C +20°C | -50°C
MPa MPa % mm | Jiem? | Jicm?2 mm Jiem? Jiem?
Material group C-8
165 C-8-1 850 (T) 960 (T) — — 96 76 — — —
166 C-8-2 — — — — — — — - —
167 C-8-3 — — — — — — — — —
168 C-8-4 — — — — — — - — —
169 C-8-5 — — — — 74 74 — — —
170 C-8-6 — — — — — — — — —
Material group C-9
171 C-9-1 898 (T) | 1000 (T) — — — — — — —
172 C-9-2 — — — — < — — — —
173 C-9-3 — — — 74 72
174 C-9-4 — — — — — — — — —
Material group C-10
175 C-10-1 896 1000 21,0 10 x5 38 34 10 x4 119 119
176 C-10-1 862 972 23,0 — — — — — —
177 C-10-3 828 938 21,0 — — — — — —
178 C-10-4 896 986 21,0 — — — — — —
179 C-10-5 938 1027 21,0 — — — — — —
180 C-10-6 793 862 25,0 10x5 63 57 10 x4 147 133
181 C-10-7 979 1048 20,0 — — — — — —
182 C-10-8 952 1041 20,0 — — — — — —
183 C-10-9 952 1027 21,0 — — — — — —
Material group C-11
184 C*11-1 1003 1069 21,5 10x5 — 40 10 x4 — 118
185 " 1003 1069 21,5 10x5 — 40 10 x4 — 118
186 " 1003 1069 21,5 10x5 — 40 10x4 — 118
187 " 1003 1069 21,5 10x5 — 40 10 x4 — 118
188 " 1003 1069 21,5 10x5 — 40 10 x4 — 118
189 " 1003 1069 21,5 10x5 — 40 10 x4 — 118
Material group C-12
190 C-12-1 842 962 13,7 10 x4 77 75 10 x4 132 123
191 C-12-2 969 1067 12,7 10 x4 56 53 10 x4 100 92
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Table 8 (continued)

Tensile test results Charpy- V- notch test results
-ﬁ:-t Cy:n;(.ier strtieilgdth s-l;(::::ﬁl Elong. Transverse orientation Longitudinal orientation
Req R A Size at at Size at at
+20°C | -50°C +20°C [ -50°C
MPa MPa % mm Jiem2 | Jicm? mm Jicm? Jiem?

Materigl-greup-6-13

192 C-13-1 999 1072 14,4 10 x 4 98 89 10 x 4 141 128
Material group C-14

193 C-14-1 921 985 16,2 10 x4 52 43 10 x4 134 130

194 C-14-2 — — — — — — — £ —

195 C-14-3 — — — — — — — — —
Material group C-15

196 C-15-1 865 969 16 10 x 4 70 63 104 114 117

197 C-15-2 861 964 15 — — — — — —

198 C-15-3 — — — — — —< — — —
Material group C-16

199 C-16-1 886 (T) | 1013(T)|14,7(T)| 10x4 42 37 10 x4 97 81

200 C-16-2 — — — — L — — — —

201 C-16-3 — — — — — — — — —
Material group C-17

202 C-17-1 841 (T) 960 (T) | 15(T) |40 x4 45 41 10 x4 85 47

203 C-17-2 — — — — — — — — —

204 C-17-3 — — = — — — — — —
Material group C-18

205 C-18-1 919 (T) 991 (F) | 14(T) | 10x4 58 54 10 x 4 129 117

206 C-18-2 — — — — — — — — —

207 C-18-3 — — — — — — — — —
Material group C-19

208 C-19-1 920 (T) 980(T) | 14(T) | 10x4 48 42 10 x 4 94 48

209 C-19-2 — — — — — — — — —

210 C€-19-3 — — — — — — — — —
Material group C-20

211 C-20-1 827 956 14 10 x 4 36 34 10 x 4 101 94

212 C-20-2 — — — — — — — — —

213 C-20-3 — — — — — — — — —
Material group C-21

214 C-21-1 857 955 15 10 x 4 40 34 10 x 4 107 105

215 C-21-2 — — — — — — — — —

216 C-21-3 — — — — — — — — —
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Table 8 (continued)

Tensile test results Charpy- V- notch test results
-I;f:_t Cy:r:.:ler strti:‘nlgth :;f::;lﬁ] Elong. Transverse orientation Longitudinal orientation
Rea Ry A Size at at Size at at
+20°C | -50°C +20°C | -50°C
MPa MPa % mm | Jiem? | Jicm?2 mm Jiem? Jiem?
Material group C-22
219 C-22-1 965 1041 13 10 x4 33 28 10 x4 88 89
220 C-22-2 — — — — — — — + —
221 C-22-3 — — — — — — — — —
Material group C-23
222 C-23-1 876 983 15 10 x4 92 52 10.x 4 104 85
223 C-23-2 — — — — — — — — —
224 C-23-3 — — — — — — — — —
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Table 9 — Mechanical properties of group D materials

Tensile test results

Charpy- V- notch test results

'Le:t Cy:‘ir;(‘:ler stI:re\Igth s-lt-(re::gi;teh Elong. Transverse orientation Longitudinal orientation
Re, R, A Size at at Size at at
+20°C| -50°C +20°C [ -50°C
MPa MPa % mm Jiem?Z | J/cm?2 mm Jiem? Jiem?
Materigl-group-D-2
225 D-2-1 1087 1154 14,3 10x5 46 26 10x5 91 —
225 D-2-2 1054 1122 15,3 10x5 68 42 10x5 103 —
226 D-2-3 1072 1135 15,2 10x5 53 39 10x5 96 —
227 D-2-4 1060 1128 14,4 10x5 55 38 10x5 97 —
228 D-2-5 1070 1135 14,0 10x5 53 38 10x5 95 —
229 D-2-6 1042 1112 15,6 10x5 56 46 10 x5 105 —
230 D-2-7 1063 1136 14,0 10x5 56 36 10-x5 93 —
231 D-2-8 1052 1117 15,3 10x5 57 38 10x5 99 —
232 D-2-9 1060 1124 14,4 10x5 61 43 10x5 102 —
233 D-2-10 1059 1127 14,0 10x5 59 44 10x5 103 -
234 D-2-11 1069 1143 15,0 10x5 58 43 10x5 100 —
235 D-2-12 1056 1126 14,1 10x5 36 28 10x5 109 104
236 D-2-13 1067 1135 14,0 10x5 85 52 10x5 108 64
237 D-2-14 1041 1117 15,1 10% 5 94 58 10x5 117 68
238 D-2-15 1017 1104 15,2 10x 5 60 41 10x5 111 69
Material group D-3
239 D-3-1 1023 1092 14,7 10x5 28 26 10x5 95 86
240 D-3-2 1005 1076 14,2 10x5 25 22 10x5 98 85
241 D-3-3 995 1061 14,2 10x5 24 24 10x5 103 87
242 D-3-4 1004 1069 14,2 10x5 40 36 10x5 124 101
243 D-3-5 1039 1104 14,2 10x5 25 22 10x5 101 84
244 D-3-6 987 1060 15,0 10x5 69 58 10x5 124 107
245 D-3-7 1017 1104 15,2 10x5 60 41 10x5 111 69
Material group D-4
246 D-4-1 1024 1111 18,5 10x5 68 56 — — —
247 D-4-1 1024 1111 18,5 10x5 68 56 — — —
248 D-4-1 1024 1111 18,5 10x5 68 56 — — —
249 D-4-1 1024 1111 18,5 10x5 68 56 — — —
250 D-4-1 1024 1111 18,5 10x5 68 56 — — —
251 D-4-1 1024 1111 18,5 10x5 68 56 — — —
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Tensile test results Charpy- V- notch test results
Le:_t Cy:in:ier stI;?\Igth s-l;f::gteh Elong. Transverse orientation Longitudinal orientation
Res R, A Size at at Size at at
+20°C| -50°C +20°C | -50°C
MPa MPa % mm Jiem?2 | Jlcm? mm Jicm? Jicm?
Material group D-5
252 D-5-1 1098 1180 18,0 10x5 67 37 10x5 85 —
253 D-5-2 — — — — — — — - —
254 D-5-3 — — — — — — — — —
255 D-5-4 — — — — — — = — —
256 D-5-5 — — — — — — — — —
257 D-5-6 — — — — — — — — —
258 D-5-7 — — — — — — — — —
259 D-5-8 — — — — — — — — —
260 D-5-9 — — — — < — — — —
261 D-5-10 — — — — — — — — —
262 D-5-11 — — — — — — — — —
263 D-5-12 — — — = — — — — —
264 D-5-13 — — — — — — — — —
265 D-5-14 — — — — — — — — —
266 D-5-15 — — — — — — — — —
Material group D-6
267 D-6-1 1139 1.166 — 10 x5 24 17 10 x5 68 —
268 D-6-2 1118 1139 — — — — — — —
269 D-6-3 1,139 1173 — — — — — — —
270 D-6-4 1076 1111 — — — — — — —
271 D-6-5 1083 1118 — — — — — — —
272 D-6<6 1063 1097 — — — — — — —
Material group D-9
273 D-9-1 1027 1103 18,0 — — — — — —
274 D-9-2 1 039 1089 20,0 10 x 5 44 41 10 x 4 107 98
275 D-9-3 1061 1110 20,0 — — — — — —
276 D-9-4 1124 1179 17,0 10x5 37 34 10x4 94 81
Material group D-10
277 D-10-1 1 045 1139 21,0 10x5 70 63 10x5 126 —
278 D-10-2 1046 1140 22,0 10x5 74 66 10x5 138 —
279 D-10-3 1073 1168 22,0 10x5 99 88 10x5 138 —
280 D-10-4 1034 1134 21,0 10x5 106 96 10x5 130 —
© 1SO 2002 — Al rights reserved 49


https://standardsiso.com/api/?name=5d28add4b657ebe37d4bf0ca7bdcfeb8

ISO/TR 12391-2:2002(E)

Table 9 (continued)

Tensile test results

Charpy- V- notch test results

'Le:t Cy:ir;(‘:ler stI:re\Igth s-lt-(re::gi;teh Elong. Transverse orientation Longitudinal orientation
Re, R, A Size at at Size at at
+20°C| -50°C +20°C [ -50°C
MPa MPa % mm Jiem?2 | Jlcm? mm Jiem? Jiem?
281 B-10-5 943 1636 19-6 405 184 89 105 137
282 D-10-6 1115 1206 20,0 10 x5 63 54 10 x5 125 —
283 D-10-7 993 1077 23,0 10 x5 102 95 10x5 140 —
284 D-10-8 1060 1146 21,0 10 x5 95 85 10 x5 132 —
285 D-10-9 1096 1182 20,0 10 x5 76 67 10 x5 17 —
286 | D-10-10 1 001 1083 20,0 10 x5 70 70 10 x5 129 —
Material group D-11
287 D-11-1 1027 1102 15,7 10 x5 — 83 — — 128
288 D-11-2 — — — — — — — — —
289 D-11-3 — — — — — — — — —
290 D-11-4 — — — — — — — — —
291 D-11-5 — — — — — — — — —
292 D-11-6 — — — — — — — — —
293 D-11-7 — — — — — — — — —
294 D-11-8 — — — = — — — — —
295 D-11-8 — — — — — —  — — —
296 | D-11-10 — — -~ — — — — — —
297 | D-11-11 — — = — — — — — —
298 | D-11-12 — — — — — — — — —
299 | D-11-13 — —+ — — — — — — —
300 | D-11-14 — — — — — — — — —
301 | D-11-15 — — — — — — — — —
302 | D-11-16 = — — — — — — — —
303 | D-11-17. — — — — — — — — —
Material group D-13
304 D-13-1 1072 1124 15,0 10 x 4 88 79 — 131 —
Material group D-14
305 D-14-1 1010 1137 21,0 10 x5 — 36 — — —
306 D-14-2 — — — — — — — — —
307 D-14-3 1065 1139 20,0 10 x5 — 56 — — —
308 D-14-4 — — — — — — — — —
309 D-14-5 1085 1156 19,5 10 x5 — 37 — — —
310 D-14-6 — — — — — — — — —
311 D-14-7 1086 1157 18,5 10 x5 — 31 — — —
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Tensile test results Charpy- V- notch test results

Le:_t Cy:ir;(-jer stI;?\Igth s-l;f::gteh Elong. Transverse orientation Longitudinal orientation

Res R, A Size at at Size at at

+20°C| -50°C +20°C | -50°C

MPa MPa % mm Jiem?2 | Jlcm? mm Jicm? Jicm?
312 D-14-8 1069 1135 20,0 10x5 — 33 — — —
313 D-14-9 1012 1076 21 10x5 — 80 — — —
314 | D-14-10 — — — — — — — - —
315 | D-14-11 — — — — — — — — —
316 | D-14-12 — — — — — — = — —
317 | D-14-13 1086 1157 18,5 10x5 — 31 — — —
318 | D-14-14 — — — — — — — — —
319 | D-14-15 — — — — — — — — —
320 | D-14-16 — — — — — — — — —
321 D-14-17 — — — — = — — — —
322 | D-14-18 — — — — — — — — —
323 | D-14-19 — — — — — — — — —
324 | D-14-20 — — — = — — — — —
325 | D-14-21 — — — — — — — — —
326 | D-14-22 — — — — — — — — —
327 | D-14-23 — — — — — — — — —
328 | D-14-24 — = — — — — — — —
329 | D-14-25 — — — — — — — — —
330 | D-14-26 — — — — — — — — —
331 D-14-27 — — — — — — — — —
332 | D-14-28 — — — — — — — — —
333 | D-14-29 — — — — — — — — —
334 | D-14:30 — — — — — — — — —
335 |\D<14-31 1020 1081 20,0 10x5 — 80 — — —
386Y | D-14-32 — — — — — — — — —
337 D-14-33 — — — — — — — — —
338 | D-14-34 — — — — — — — — —
339 | D-14-35 1069 1081 20,0 10x5 — 80 — — —
340 | D-14-36 — — — — — — — — —
341 D-14-37 — — — — — — — — —
342 | D-14-38 — — — — — — — — —
343 | D-14-39 1 000 1073 21,0 10x5 — 80 — — —
344 | D-14-40 — — — — — — — — —

© ISO 2002 — All rights reserved

51


https://standardsiso.com/api/?name=5d28add4b657ebe37d4bf0ca7bdcfeb8

ISO/TR 12391-2:2002(E)

Table 9 (continued)

Tensile test results Charpy- V- notch test results
'Le:t Cy:ir;t‘:ler stI:re\Igth s-lt-(re::gi;teh Elong. Transverse orientation Longitudinal orientation
Re, R, A Size at at Size at at
+20°C| -50°C +20°C [ -50°C
MPa MPa % mm Jiem?2 | Jlcm? mm Jiem? Jiem?

345 B4

346 | D-14-42 — — — — — — — — —
347 | D-14-43 — — — — — — — — =
348 | D-14-44 1022 1077 20,0 10 x5 — 65 — — —
349 | D-14-45 — — — — — — — =L —
350 | D-14-46 — — — — — — — — —
351 | D-14-47 1020 1 081 20,0 10 x5 — 80 — — —
352 | D-14-48 — — — — — — — — —
353 | D-14-49 — — — — — — — — —
Material group D-15

354 D-15-1 989 1084 13,1 10 x 4 59 57 10 x 4 107 100
355 D-15-2 986 1078 13,8 — — — — — —
356 D-15-2 — — — — — — — — —
Material group D-16

357 D-16-1 963 (T) | 1079(T) | 13,8 10 x4 35 26 10 x 4 78 53

(T)

358 D-16-2 — — — — — — — — —

359 D-16-2 — — = — — — — — —
Material group D-17

360 D-17-1 1024 (T) | 1098 (T) | 12(T)| 10x4 49 42 10 x 4 100 62

361 D-17-2 — = — — — — — — —

362 D-17-2 — — — — — — — — —
Material group D-18

363 D-18-1 4,407 (T) | 1180(T) | 12(T)| 10x4 42 37 10 x 4 89 46

364 D-18:2 — — — — — — — — —

365 D<18-2 — — — — — — — — —
Material group D-19

366 D-19-1 1084 1155 11,1 10 x 4 24 22 10 x 4 78 76

367 D-19-2 — — — — — — — — —

368 D-19-2 — — — — — — — — —
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Table 10 — Mechanical properties of group E materials

Tensile test results Charpy- V- notch test results
Le:_t Cy:in:ier stI;?\Igth s-l;f::gteh Elong. Transverse orientation Longitudinal orientation
Res R, A Size at at Size at at
+20°C|-50°C +20°C | -50°C
MPa MPa % mm Jiem? | J/cm? mm Jicm? Jcm?
Material group E-1
311 E-1-1 — — — — — — — — —
312 E-1-2 1186 1317 12,5 10x5 — 17,0 10x4 — P4,3
313 E-1-3 — — — — — — — —
314 E-1-4 1123 1275 15,5 10x5 — 17,0 10'%.4 — D4,2
315 E-1-5 — — — — — — — — —
316 E-1-6 — — — — — — — — —
317 E-1-7 — — — — — ~— — — —
318 E-1-8 — — — — — — — — —
319 E-1-9 — — — — — — — — —
Material group E-2
320 E-2-1 1331 1386 15,0 10 X5 — 19,2 10x4 — B3,9
321 E-2-2 — — — = — — — — —
322 E-2-3 — — — — — — — — —
323 E-2-4 1330 1399 14,0 10x5 — 19,2 10x4 — B3,2
324 E-2-5 — — — — — — — — —
325 E-2-6 — = — — — — — — —
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Table 11 — Fracture toughness test results

Burst test | Cylinder No.| Specimen type Specimen Temperature KIC value
No. orientation
°C MPa/m
Material group B-3
44 B-3-1 Compact tension TL 20 52
45 B-3-2 Compact tension TL 20 94
46 B-3-3 Compact-iension =NE 20 75
47 B-3-4 Compact tension TL 20 85
48 B-3-5 Compact tension TL 20 90
49 B-3-6 Compact tension TL 20 116
50 B-3-7 Compact tension TL 20 90
51 B-3-8 Compact tension TL 20 83
52 B-3-9 Compact tension TL 20 59
53 B-3-10 Compact tension TL 20 96
54 B-3-11 Compact tension TL 20 80
55 B-3-12 Compact tension TL 20 57
Material group B-5
210 D-5-1 Compact tension TL 20 140
Material group D-6
225 D-6-1 Compact tension TL 20 63
226 D-6-2 Compact tension TL 20 68
227 D-6-3 Compact tension TL 20 67
228 D-6-4 Compact-tension TL 20 47
229 D-6-5 Compact tension TL 20 67
230 D-6-6 Cempact tension TL 20 68
Material group D-11
245 D-11-1 Compact tension TL 20 118
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Table 17 — Flawed-cylinder burst test results for cylinder groups tested at only one flaw length

Material Flaw length Failure pressure P;/Pg Estimated
subgroup leak-fracture
boundary
Highest leak [Lowest fracture| Highest | Lowest
leak fracture

n =1ty bar bar PP
B-2 10,0 328 324 1,06 1,04 1,05
B-4 13,0 252 277 1,71 1,88 1,79
B-5 13,0 217 233 1,09 1,17 1,13
B-7 10,0 269 283 0,97 1,03 1,00
B-13 10,0 255 265 1,20 1,25 1,28
B-15 9,9 255 275 1,29 1,40 1,35
C-6 10,0 270 382 1,85 1,91 1,88
C-7 10,0 250 265 1,25 133 1,28
C-7 13,0 185 200 0,93 7,00 0,97
C-8+20C 10,0 325 365 1,63 1,83 1,73
-50C 10,0 376 405 1,88 4,05 1,97
C-9+20C 10,0 323 338 1,62 1,69 1,66
-50C 10,0 333 356 1,67 1,78 1,73
C-10 10,0 285 279 1,24 1,21 1,23
C-15 10,0 397 368 1,31 1,41 1,37
C-17 10,0 306 280 1,42 1,30 1,86
C-18 10,0 243 294 1,8 1,43 1,31
C-23 10,0 264 309 1,38 1,61 1,50
D-2 10,0 300 300 1,50 1,50 1,50
D-4 10,0 314 390 1,01 1,26 1,14
D-10 10,0 328 331 1,06 1,07 1,07
D-14 100 321 319 1,04 1,03 1,04
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Table 18 — Flawed-cylinder burst test results for cylinder groups tested at only one flaw length

ISO/TR 12391-2:2002(E)

and only leak or fracture occurred

Material Flaw length Failure pressure PP Estimated
subgroup leak-fracture
boundary
Highest leak [Lowest fracture| Highest | Lowest
leak fracture

n =11ty bar bar P;/Pg
B-8 10,0 527 1,15 >1,156
B-10 9,9 186 — 0,93 — >0,93
B-11 10,0 220 — 1,29 — > 1,29
B-12 10,3 225 — 1,13 — >1,13
B-14 10,0 230 — 1,31 N > 1,31
C-12 9,9 353 — 1,11 — >1,11
C-13 9,9 255 — 1,34 — > 1,34
C-14 10,0 227 — 139 — > 1,39
C-16 9,7 — 255 — 1,16 <1,16
C-19 10,0 214 — 1,31 — > 1,31
C-20 10,2 — 222 — 1,06 < 1,06
C-21 10,3 — 245 — 1,01 < 1,01
C-22 10,3 — 218 — 0,84 <0,84
D-13 10,2 260 — 1,30 — >1,30
D-15 10,0 = 353 — 1,24 <1,24
D-16 10,0 — 250 — 1,08 <1,08
D-17 9,7 — 278 — 1,24 <1,24
D-18 99 — 285 — 1,14 <1,14
D-19 10,3 — 203 — 0,73 <0,73
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Table 19 — Flawed-cylinder burst test results for cylinder groups tested at only one flaw length
and adjusted for local thickness

Material subgroup Flaw length P;/Pg adjusted for local thickness Estimated leak-
fracture boundary
Highest leak Lowest fracture

n =10ty bar bar P;lPyg

B-2 10,0 0,92 0,92 0,92
B-4 13,0 1,52 1.80 1,66
B-5 13,0 0,86 1,01 0,94
B-7 10,0 0,87 0,97 0,92
B-13 10,0 1,06 1,09 1,08
B-15 9,9 1,18 1,25 1,22
C-6 10,0 1,55 1,62 1,59
Cc-7 10,0 1,06 1,09 1,08
C-7 13,0 0,75 0,80 0,78
c8+20C 10,0 1,34 1,48 1,41
-50C 10,0 1,62 1,67 1,65
C9+20C 10,0 1,29 1,37 1,33
-50C 10,0 1,33 1,44 1,39
C-10 10,0 1,03 1,00 1,02
C-15 10,0 1,14 1,27 1,21
C-17 10,0 1,09 1,10 1,10
C-18 10,0 1,04 1,25 1,15
C-23 10,0 1,17 1,38 1,28
D-2 10,0 1,23 1,23 1,23
D-4 10,0 0,87 1,08 0,98
D-10 10,0 1,00 0,95 0,98
D-14 10,0 0,97 0,91 0,94
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Table 20 — Flawed-cylinder burst test results for cylinder groups tested at only one flaw length
and only leak or fracture occurred, adjusted for local thickness

Material subgroup Flaw length P;/P_ adjusted for local thickness Estimated leak-
fracture boundary
Highest leak Lowest fracture

n=1,/ty bar bar PP

B-8 10,0 1,02 — > 1,02
B-10 9,9 0,85 — > 0,85
B-11 10,0 1,13 — >4,13
B-12 10,3 1,04 — > 1,04
B-14 10,0 1,13 — >1,13
C-12 9,9 1,17 — >1,17
C-13 9,9 1,31 — > 1,31
C-14 10,0 1,26 — > 1,26
C-16 9,7 0,99 <0,99
C-19 10,0 1,26 > 1,26
C-20 10,2 0,75 <1,26
C-21 10,3 — 0,90 <0,90
C-22 10,3 —£ 0,75 <0,75
D-13 10,2 117 — >1,17
D-15 10,0 — 1,10 <1,10
D-16 10,0 — 0,94 <0,94
D-17 9,7 — 1,08 <1,08
D-18 9,9 — 1,02 <1,02
D-19 10,3 — 0,63 <0,63

45° c
d "
[
]
|| |

— ~

a8  Tip radius
b Design wall thickness
¢ Flaw length
d  Radius
€ Flaw depth
Figure 1 — Flaw geometry used in the flawed-cylinder test
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Figure 4 — Flawed-cylinder burst test results for A-1 material
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Figure 5 — Flawed=cylinder burst test results for A-2 material
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Figure 6 — Flawed-cylinder-burst test results for B-3 material
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Figure 7 — Flawed-cylinder burst test results for B-6 material
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Figure 8 — Flawed-cylindér burst test results for B-9 material
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Figure 9 — Flawed-cylinder burst test results for C-3 material
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Figure 10 — Flawed-cylinder_ burst test results for C-7 material
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Figure 11 — Flawed-cylinder burst test results for C-11 material
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Figure 12 — Flawed-cylinder_ burst test results for D-3 material
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Figure 13 — Flawed-cylinder burst test results for D-5 material
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Figure 14 — Flawed-cylinder burst test results for D-6 material
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Figure 15 — Flawed-cylinder burst test results for D-11 material
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