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Foreword

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

The prog¢edures used to develop this document and those intended for its further maintenance ate
describefd in the [SO/IEC Directives, Part 1. In particular, the different approval criteria needed for the
different types of ISO documents should be noted. This document was drafted in accordance. with the
editorialrules of the ISO/IEC Directives, Part 2 (see www.iso.org/directives).

Attentioh is drawn to the possibility that some of the elements of this document maybe the subject pf
patent rights. ISO shall not be held responsible for identifying any or all such patentrights. Details pf
any patept rights identified during the development of the document will be in the Tntroduction and/¢r
on the IS0 list of patent declarations received (see www.iso.org/patents).

Any trade name used in this document is information given for the conveniénce of users and does n¢t
constitufe an endorsement.

For an ¢xplanation of the voluntary nature of standards, the-mganing of ISO specific terms and
expressipns related to conformity assessment, as well as infermation about ISO's adherence to the
World Tfade Organization (WTO) principles in the TechnicalyBarriers to Trade (TBT) see www.igo
.org/isofforeword.html.

This doqument was prepared by Technical Committeé, ISO/TC 58, Gas cylinders, Subcommittee SC B,
Cylinder Hesign.

Alist of 3ll parts in the ISO 13086 series can bexfound on the ISO website.

Any feedback or questions on this documentishould be directed to the user’s national standards body.|A
completg listing of these bodies can be found at www.iso.org/members.html.
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Gas cylinders — Guidance for design of composite
cylinders —

Scope

blinders, and cyclic fatigue of structural and non-structural liners in these ¢ylinders. This document

1

This document addresses the topic of cyclic fatigue of structural reinforcing fibres)ds'used in composite
C

provides a basic level of understanding of these topics.

[\

Normative references

—3

here are no normative references in this document.

98]

Terms and definitions

N terms and definitions are listed in this document.

Z

OTE Terms and definitions related to gas cylinders can be found in ISO 10286.

p—
L.

§0 and IEC maintain terminological databasés for use in standardization at the following addresses:

- IEC Electropedia: available at http: /fwww.electropedia.org/

- ISO Online browsing platform:available at https://www.iso.org/obp

4 Background

Cpmposite cylinders began service in the 1950s, initially as rocket motor cases with glass fibre
r¢inforcement. Thiscsoon led to glass fibre pressure vessels with rubber liners, and then|to glass
fibre pressure vessels with metal liners. Metal liners were typically either aluminium alloy|or steel.
ventually, new.structural fibres, such as aramid and carbon, came into use for reinforcing pressure
vessels. Today, typical reinforcements for composite gas cylinders are glass and carboh, either
ndividuallyyor together as a hybrid. Typical liner materials are steel, aluminium alloy or polymers, for
kample;-high-density polyethylene (HDPE) or polyamide (PA); other materials may be acceptgble.

m

o =

Epch.of these materials is sub]ect to cyclic fatlgue based on the type of service and the constrjuction of
tl < L_yuuucx \,_yuuuc1 ) UDCU lll Ll allDlJUl L oOC1 VILC sCllCl au_y oCT ll.lll I ausc LyLlCD, vV ll,ll d llllllLCL number
of cycles per year. Cylinders used as fuel containers would typically see up to three pressure cycles
per day for fleet vehicles, and less for private vehicles. Cylinders used in stationary applications such
as refuelling cascades could see a very large number of partial cycles in a year. Some cylinders could
see a combination of these conditions. Stationary cylinders used for fuel cells or emergency breathing
applications could see a very limited number of cycles. Design working pressures for high pressure
cylinders are typically in the range of 20 bar to 1 100 bar. Cylinders for liquified gases such as propane
may operate at pressures up to 20 bar, and normally see fewer pressure cycles.

The different reinforcing fibres have different fatigue lives for a given stress or strain range. Liner
materials will also have different fatigue lives for a given stress or strain range. The load-sharing
characteristics of a liner material with a given reinforcement will affect their fatigue lives. An
autofrettage cycle is used with metal lined cylinders to improve fatigue life. The low modulus of

© IS0 2019 - All rights reserved 1
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elasticity of polymer liner materials often results in the liner being in compression when the cylinder is
pressurized, so their fatigue life could be very high. Welds in a liner, whether it is metal or polymer, can
affect the fatigue life due to the different mechanical properties in a weld and in heat affected zones.

Surface quality and conditions such as roughness will affect cyclic fatigue, particularly crack initiation.
Autofrettage generally blunts cracks, and adds surface compression, which will improve fatigue life.

Evaluation and understanding of cyclic fatigue will lead to improved designs and reduce the risk of
cyclic fatigue failures without the need to overdesign the cylinders or conduct extensive qualification
testing on each new design.

5 Cyclic fatigue evaluation

Cyclic fatigue of composite cylinders can be addressed with an understanding of:
— servijice conditions and requirements;

— testfonditions and specimens;

— fibrg materials and their fatigue properties;
— lineff materials and their fatigue properties;
— resif materials and their fatigue properties;
— composite/liner load sharing;

— autoffrettage;

— anallsis methods;

— leak|before burst (LBB);

— damjpge tolerance;

— aging and environment;

— counjting and combining differentcycles;

— qualjification testing.

6 Elements of cyclicfatigue
6.1 Sefrvice conditions and requirements

6.1.1 Temperature and moisture

Service tonditions depend lnrup]v on location and usage of the cylinder. If the cylinders are locatdd
and used outdoors, they must be able to withstand ambient conditions. Common conditions include
temperature ranges from -40 °C to +85 °C (-40 °F to +185 °F), which include higher temperature
exposure due to solar input and storage in confined spaces. This may include use in a vehicle or shipment
in a rail car where direct sunlight will raise temperatures within the storage compartment. Surface
absorptivity and emissivity of the cylinder can affect solar input to the cylinder and its equilibrium
temperature. It is less common to require operation in temperatures to -55 °C (-67 °F), and in some
cases to even lower temperatures.

Moisture levels in outdoor locations would range from very high to very low depending on ambient
conditions. Some cylinders are actually located in a water bath. Moisture itself generally does not affect
fatigue of structural materials used in cylinders, but can cause corrosion, which could affect fatigue
life. Moisture can also be absorbed into polymer liners, and resulting property changes should be
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understood by the cylinder designer. Moisture can also bring in chemicals that could affect material
strength and fatigue properties, particularly those glass fibres that are not corrosion resistant.

Some cylinders are maintained in a controlled environment, such that temperature and moisture are
monitored and controlled. However, conditions must be guaranteed if a controlled environment is
required to meet fatigue requirements. Otherwise, it is best to assume the cylinders will be exposed to
worst-case conditions.

Temperature and moisture changes from a reference point can cause dimensional changes in the

cylinder components, which would likely result in stresses within the cylinder. These stresses can

;I:ult from either transient or steady-state conditions of temperature and moisture, as-shown by
whousel2l,

6(1.2 Pressure

Working pressures typically range from 5 bar to 20 bar for liquified gas applications, and up to
1/100 bar for compressed gas applications, with allowance for pressure incyeases due to temperature
ifcreases. The maximum allowable working pressure in stationary applications, more c¢gmmonly
khown as the design pressure or maximum service pressure for this\application, is the nmpaximum
pressure the cylinder can be exposed to. The pressure may be at the)'design limit regardlefss of the
se¢rvice temperature.

I transportable and vehicle fuel container applications, the working pressure is the settled prgssure at
1p °C, and can increase up to about 130 % of the rated working pressure during extreme temperature
cpnditions. Operating pressures will be below the rated working pressure when ambient temgerature
drops below 15 °C. Note that in North America, the reference temperature is usually 21,1 °C (7P °F).
C

ylinders in various applications can also be subject to test pressures that are generally 150 % of
the rated working pressure, but can range from 125 % to 167 % of the rated working presstyire, with
generally not more than 50 such cycles over a lifetime. Although some cylinder standards or regulations
allow pressurizing to test pressure during fill, cylinders should not be filled with more gas than would
¢ttle to working pressure at 15 °C.

wn

(=)

1.3 Pressure cycles

bme applications require only, a limited number of cycles in a lifetime, so fatigue evaluation is not a
ignificant concern. Such applications include emergency breathing cylinders, and fuel contaliners for

= n Wn

el cells providing power when primary power is out of service. It can also include applications where
e cylinder is in limitédyuse, and could only experience one or two pressure cycles in a month

-

Transportable cylinders are generally designed for a specified lifetime, either limited or nor}-limited,
ahd qualified by ¢onducting a specified number of cycles. A typical qualification test requirement is
1R,000 cyclesito test pressure, or in dedicated gas service 24,000 cycles to maximum dpveloped
pressure, for'a non-limited life. For a limited life, cycling 250 times to test pressure, or in dedi¢ated gas
s¢rvice 500 times to maximum developed pressure, per year of design life is a common reqyirement.
Specifi¢ standards could require more or less cycles. Transportable cylinders are generally not ¢xpected
t¢ befilled more than once a day, and cycling to the test pressure provides a margin of safety.

Vehicle fuel tanks, containing either natural gas or hydrogen, could be filled two to three times a day in
fleet use, such as in buses or medium- and heavy-duty trucks. This is the basis for qualification testing
of 750 cycles to 1 000 cycles per year used in fuel container standards.

Stationary cylinders, generally referred to as pressure vessels, could be subject to a high number
of pressure cycles. One such application is use as a refuelling cascade for natural gas and hydrogen
powered vehicles. These cylinders could be in use continually as vehicles are brought in for refuelling,
resulting in a high number of cycles per day. In some cases, the cylinders could be refuelled from another
fuel reservoir, such as from a pipeline, as soon as the pressure begins to drop. These cylinders can see
a very high number of partial cycles. Some cylinders can see a high number of partial cycles, combined
with a given number of full cycles, in the course of a day.

© IS0 2019 - All rights reserved 3


https://standardsiso.com/api/?name=8880e2c6675a3739752c2150794a1fd5

ISO/TR 13086-4:2019(E)

6.2 Test conditions and specimens

Testing is generally conducted at ambient temperature. Care should be taken to avoid testing at
temperatures that would affect test results. Consideration should be given to actual conditions, and
how that can affect fatigue results.

Low temperatures can increase strength of the material being tested, but can also cause embrittlement
that would decrease the fatigue life. High temperatures can decrease the strength of material being
tested. Extreme temperatures will also affect load share between liner and overwrap materials due
to differences in thermal coefficient of expansion, and will also affect stress distribution if hybrid
construdtion is used for the composite overwrap. For example, as temperature decreases, an aluminiun
alloy lingr would tend to decrease interface pressure with the composite overwrap, causing the lifter'fo
carry a larger percentage of the pressure load. Analysis would need to be conducted to evaluate the
effect of femperature on stresses and strains within an actual cylinder.

Testing yvith liquid vs. gas to pressurize a cylinder results in the same pressure on theinside of the
cylinder)|and therefore the same stress in the cylinder. However, there can be tempefature differences
resulting from the use of different fluids, depending on energy to compress the fluid. This could algo
be a congideration for the service conditions, although filling and discharge aregénerally over a longer
time perjod in service compared with testing.

Fibre striength in the helical and hoop directions is the basic design criteriafor design of the composite
overwrap for the cylinder. As cylinder design pressure increases, laminate thickness is increased |n
order to|maintain the stress and strain at the same level in the helical and hoop directions. Although
the peaklfibre stresses generally remain the same, the radial conipréssive stress increases in the inng¢r
part of the laminate. This change in stress conditions can have.a significant effect on the fatigue life
of the composite and of a metal liner. Therefore, consideration-should be given to test pressure versys
service gressure when evaluating fatigue life.

Options for test specimens to evaluate laminate strepgth and fatigue resistance include flat coupon
tube sections, and cylinders. Each option has advantages and disadvantages. As the test specimen gefs
closer to|the actual product configuration, the results will be more valid, but more difficult to obtain.

«

Flat coupjons can include unidirectional specimens and cross-plied laminates. These specimens could he
suitable for comparisons between fibres@s'to strength and fatigue properties, but would generally npt
be suitalyle from which to predict cylinder performance directly. Loading would only be in the principle
direction, unlike the three-dimensidnal loading of a pressure cylinder. If loaded in tension, consider the
stress cdncentrations caused by the/grips, and the geometry of the specimen, including edge effects. |If
loaded i) bending, consider that the specimen loading is further removed from the type of loading sedn
in a cylirlder. Nevertheless, the-ability to quickly test comparative specimens can have some value.

A flat coypon would notbe-suitable for evaluating the interaction between a metal liner and a composite
overwrap.

—

Tube sp¢cimens<ean include unidirectional specimens and cross-plied laminates. NOL[3] or ASTMI®*
rings ar¢ oneveption for unidirectional tubular specimens. Tube specimens can also be wound with
helical al d/or hoop layers over a longer cyhndrlcal mandrel. Cross-plied tube spec1mens could he

to avoid grlp failures. That i is, the tube would have similarity to a flat tensﬂe specimen with wider or
thicker ends (i.e. a “dog-bone” specimen).

Tubular specimens can also be tested using internal pressure. The resultant would be hoop stress if the
pressure source was contained within a double ended piston, so that axial load was contained within
the piston. Alternatively, the tube could experience both hoop load and axial tension if the tube ends
were closed such that the end closures would apply tension to the tube, such as when doing an axial
tension test, but using the internal pressure for loading.

A tubular specimen loaded in either axial tension or in hoop loading has advantages over a flat specimen
given that it is testing of a curved specimen, but the single direction loading has limitations. As with
a flat specimen, it is suitable for comparisons between fibres as to strength and fatigue properties,

4 © IS0 2019 - All rights reserved
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and would give more representative results, but is still not as accurate as an actual specimen. A
tubular specimen loaded in both axial tension and hoop loading will have an even greater fidelity, with
consideration to the level the laminate reflects the construction of an actual cylinder.

Cylinder specimens give the best fidelity when assessing strength and fatigue life. However, the relative
cost can make them less attractive for a study involving many specimens. Subscale cylinder specimens
offer an option for good fidelity at a lower cost than full scale cylinders.

Figure 1 shows how fatigue results can vary with the choice of test specimen. The upper line, with data
from Mandelll2], reflects use of a unidirectional carbon fibre reinforced specimen loaded in tension.

I'he middle Tine, with data from Liber and Daniel®], reflects use of a flattened tube with a,syimmetric
lgminate having longitudinal fibre layers and *45-degree layers loaded in tension. This con$truction
r¢sults in a more complex laminate, with more complex loading within the laminate. Thejdata from this
specimen shows a reduction in fatigue life compared with the test specimen using unidirectional fibre.
The lower line reflects cyclic pressure testing of high pressure gas cylinders. These cylindeis have a
njore complex laminate and loading within the laminate than the test specimens,of Mandell and of Liber
and Daniel. The lower line reflects a reduction in life compared with the other two specimens, bt it does
cpntain some conservativism. The points plotted reflect test cycles conduc¢téd, but not necessarjly with a
r¢sulting test failure. It therefore represents a lower limit on fatigue life;rather than an averagelife.

Y
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Figure 1 — Fatigue results using different configuration test specimens

The data presented in Figure 1 reflects what was stated above, that cyclic fatigue performance
depends on laminate construction, method of loading and other factors. Resin selection and laminate
construction can also affect results, as load transfer through the wall is dependent on radial laminate
properties. It is therefore necessary to demonstrate cyclic fatigue performance on a representative
gas cylinder to properly address fatigue performance in service due to pressure cycling. Note that the
lines from Mandell and Liber and Daniel reflect mean values, while the pressure vessel line reflects the
methodology of this report.
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The data presented in Figure 1 also indicates that cyclic fatigue testing can be accelerated by increasing
the upper pressure limit. Sufficient cyclic fatigue data, over a range of stress levels, is needed to get
representative results.

6.3 Fibre materials and their fatigue properties

631 M

aterials

Common composite reinforcing materials include glass, aramid and carbon fibres, generally filament

wound V‘Tlfli an epoxy or Vlnyl €Ster resin matrix. Other resin matrix materials could be suitable. OThq

reinforcing fibres could be available, but none have developed as being viable alternatives to glas

aramid gnd carbon fibre at this time.

Glass fil;rje was the first to be developed and was in use in the 1950s and 1960s. The most.€ommon

e for gas cylinders is ECR-glass. This is fundamentally an E-glass, but has enhaficed corrosid
resistange resulting from removal of boron from the glass formulation. Other grades of glass fibi
are suitgble, but are less widely used. Glass fibre is essentially a super-cooled liquid; and is subject {
creep flgw and surface cracking. It has the least resistance to fatigue failure ofthe three common

used gr

used fibtte types.

Aramid fibre (aromatic polyamide) was developed in the 1960s and came.into use in gas cylinders
the 1970s. It has greater strength, lower density and improved fatigue resistance compared with gla
fibre. It has a long-chain molecular structure, with very high strength’in the longitudinal direction, by

relatively

Carbon fibre suitable for use in gas cylinders was developed in the 1960s and 1970s. It came into
widespre¢ad use in commercial gas cylinders in the 1990s. Carbon fibre is more of a crystalline
structurf, and is generally processed from a PAN precursetr. It has higher tensile strength and modulys
than glags and aramid fibre. Carbon fibre has the best\fatigue resistance of the commonly used fibre

weak transverse properties.

reinforc¢ments, but is more sensitive to mechanical\impacts.

6.3.2

Table 1 provides typical properties for glass, aramid and carbon fibres. Actual fibres used could havye
higher of lower values, particularlyfor strength and modulus, depending on the characteristics

the fibrd,

Material properties and data

Table 1 — Typical fibre properties

Property ECR-Glass Aramid Carbon
Tensile strengthy MPa (ksi)? 1500 (220) 2500 (360) 4500 (650)
Working strength, MPa (ksi)b 430 (63) 830 (120) 2000 (290)
Tensilemodulus, GPa (msi) 72 (10,5) 131 (19) 220 (32)
Defisity, g/cc (pounds per cubic inch) 2,55 (0,092) 1,44 (0,052) 1,80 (0,065)

27 Nominal design fibre strength in the hoop direction of a pressure vessel at minimum burst

29
S,

< O o B<

n
bS
1t

hf

pressure.

b Nominal design fibre strength in the hoop direction of a pressure vessel at service pressure.

NOTE ECRrefersto corrosion resistant E-glass, from which boron has been removed as a constituent.

Figure 2[5] compares nominal cyclic fatigue for glass, aramid and carbon fibre.
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Figure 2 — S/N data for carbon;,aramid and glass reinforcement

(=)

3.3 Hybrid construction

wn

bme gas cylinders are manufacturedlusing hybrid construction. That is, using two or more

-

be a combination of two different earbon fibres. This can be in the form of intraply hybrids, wh
re different fibres within a sihgle winding band, or it can be alternating layers of fibres.

jo5)

T

ybrid construction is dis¢ussed here in terms of structural reinforcement. However, in sor
aterials such as glassfibre can be wound on the outside surface as a protective layer. This |
bt be considered structural, but there should be an awareness that it does have a contributi
structure and couldyshare load.

=]

The evaluatiodand analysis of hybrid construction can be accomplished by considering f
elements being evaluated. With a layered hybrid, each layer can be modelled using the prop
the singlesaterial, with consideration for orientation. With an intraply hybrid, consider the
of fibre/tows of each material in the strand, the cross-sectional area of each tow, and the mg
properties of each fibre, in order to calculate the equivalent properties.

different

¢inforcing fibres in the gas cylinderxThis could be a combination of a glass and carbon fibre, of it could

bre there

ne cases,
hyer may
bn to the

he basic
erties of
number
chanical

The concept of generalized plane strain would apply to calculation of mechanical properties and strain
within the band and laminate. That is, all tows within the band would have the same axial strain.
The mechanical properties in the fibre direction are based on the effective area and modulus of each

material. Once the strains for the laminate have been calculated, the strain in each fibre, along
elastic modulus of the fibre, determine the stress in the fibre.

with the

In-plane transverse property calculation is a bit more involved, as the materials are in series rather

than in parallel. However, computer software is available that will evaluate the properties of

a hybrid

band. Also, the in-plane transverse stiffness of the laminate is less significant than the properties in the
direction of the band, so the properties in the direction of the band dominate the laminate response to

loading.
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6.4 Liner materials and their fatigue properties

6.4.1 Materials used

Liners are generally made of metals or polymers. Aluminium alloys, carbon steel, CrMo steel or stainless
steel are the most commonly used metal liner materials. Polymer liner materials are often high-density

polyethy

lene (HPDE), or polyamide (PA) materials.

Metal liners generally carry part of the structural load, with consideration for liner thickness, as a result

of theirr,

material
metal lin]
cylinder

Polymer

is fully dependent on the composite. Given that the polymer elastic modulus is low, it(s generally in

state of ¢
the in-pl

Polymer
bosses. N
boss can

6.4.2 1

Properti
These pr
Other m¢

itis generally the dominant factor in the strains seen at working pressure, and could allow t}j

of the same material. High strain levels will have an influence on the liner fatigue life.

ompressive stress at working pressure, as the Poisson’s effects from radial pressure overcon;
hne tensile strain.

liners generally have a metal end boss. Materials suitable for liners areg generally suitable for er
lany other metals or alloys are also suitable for use as an end boss.¢ma polymer liner, as the en
be designed with more options for geometry than can the ends ofone-piece (seamless) liners.

Material properties and data

es of some commonly used metal and polymer liner materials are given in Table 2 and Table

elatively high elastic modulus. Given that the compasite material is the primary reinforcement

er to be used at strain levels in the liner that are greater than would be used in an all~methl

liner materials are generally non-load sharing, regardless of thickness. The strajmin the lin¢r

e

a

o)

operties are provided for general information, and-should be confirmed before use in analysi
ptal alloys or polymers are also suitable for use asliners.

Table 2 — Typical metal liner properties

N

Property Aluminium alley Carbon steel Stainless steel
Alloy-heat treat 6061T6 4340 SS 316
Tensile strength, MPa? 260 690 580
Elongation, % 10 21 50
Tensile modulus, GPa 68 200 190
Poisson’s ratio 0,33 0,30 0,29
Density, g/cc 2,71 7,85 8,03
3 Nominal design’/strength in a pressure cylinder at minimum burst pressure.

Table 3 — Typical polymer liner properties

Property HDPE PA
Tensile strength, MPa 27 72
Elongation, % 600 100
Tensile modulus, GPa 0,97 1,45
Poisson’s ratio 0,40 0,40
Density, g/cc 0,96 1,13

6.4.3 Issues with localized strain differences

The cylindrical portion of a gas cylinder is generally at a constant thickness, and generally has equal
strain at all locations. Therefore, the fatigue characteristics of the composite and liner would be nearly
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constant over this region. However, there are localized conditions that require more detailed evaluation
for fatigue. Some examples are:

— The liner could have stress concentrations if it is welded.
— There could be bending stresses in the dome region that add to the extensional stresses.
— There are generally stress/strain discontinuities at the juncture of the cylinder and dome.

— The boss flange and neck could be different materials (as is the case with a polymer liner) and

thicknessesthanthe liner membrane

— The transition from the flange to the membrane thickness of the liner generally results |in strain
concentrations.

L5 Resin materials and their fatigue properties

ol )

esin matrix materials used in the composite construction are generally thermoset, but canp also be
lhermoplastic. Thermoset materials are typically epoxy, vinyl ester or polyester. The resin fnatrix is
Fimarily used to hold the fibre materials in place, and to facilitate transfer of radial compressjive loads
ith the laminate.

(=

he resin matrix does not contribute significantly to the in-plane strength of the laminatg. It will
bnerally micro-crack, or craze, when taken to test pressurejand this micro-cracking could progress
urther as the cylinder is pressure cycled. This micro-cracking could have some effect on the fatigue life
Fthe laminate, but is generally not considered to have antajor effect. The overall selection is generally
bt considered to have a major effect on fatigue life ofthe'laminate for the applications discuss¢d in this
pcument.

S0 4 2T

LS O

L6 Composite/liner load sharing

n influence on fatigue. The in-plane.strains, in particular, are affected by load sharing. Load sharing
ill depend on relative fibre stiffnes§. within hybrid composites, and will depend on the stiffnéss of the
lgminate compared with the stifffiess of the liner.

6
The load sharing between the laminate and the liner, and between fibres within a laminate, ill have
a
W

Lpad sharing could depend on-manufacturing processes. One factor is the fibre tension during winding.

ligh tension will apply a,eompressive pre-load to the liner. However, resin can flow out of the Jaminate
dpring winding, reducing”this compressive pre-load somewhat. Thermosetting resins can [be more
stibject to such flow than thermoplastic resins.

Al second factorin-doad sharing is the effective “stress-free” temperature of the composite gnd liner.
The temperatire’during the winding process, and during the curing process, will affect thg “stress-
fee” temperdature. The difference between the “stress-free” temperature and the ambient temperature
can resultlin tensile or compressive stresses in the liner or composite. Note that “stress-fre¢” can be
r¢lativeras some thermally induced stresses could always be present in the laminate.

d1d ) d € dUtOo C d9€ proce
will result in residual compressive stress in the liner, and residu

vhich is discussed in 6.7. Autofrettage
al tensile stress in the composite.

6.7 Autofrettage

Autofrettage is one method of improving cyclic fatigue life of a metal liner. The cylinder is pressurized
to achieve liner yielding. Autofrettage pressure should be held for a sufficient length of time that the
liner does not yield further. A typical time is 1 minute. This preload results in a net compression in the
liner at zero pressure, thereby reducing the average stress in the liner while pressurized. A reduced
average stress during pressure cycling increases the fatigue life of a metal liner. The yielding of the
liner during autofrettage also blunts any stress concentrations (e.g. cracks), which will increase the
fatigue life of the liner.
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However, the compressive preload in the liner results in a tensile preload in the composite reinforcement.

Care sho

uld be taken to avoid putting too much preload into the composite, as it could result in excessive

stress, resulting in violation of the stress ratio requirements, as explained further in ISO/TR 13086-3[Zl,

Autofret

tage will not improve the cyclic fatigue life of a polymer liner, given that it is non-structural,

and generally will not yield during pressurization.

6.8 Analysis methods

perform
where t
safety, a

Finite el
the cyliy
portion

location.

Regardld
strain g:
displace

Knowing
be predi
strains i
that, dej]
pressuri

For a me
hydroge
life of th
MIL-HDH

One such

A€ =

where

AE

i

ance testing. However, analysis of the cyllnder to determlne stresses and strains, particular

of
y
ere could be localized stresses and strain peaks, is of great value in understanding margins pf
d evaluate means to improve on the fatigue performance of the cylinder reinforcement and lingr.

bment analysis is a generally accepted method of determining stresses and strajisthroughotit
der. There are closed form methods that can also be used, particularly in"the cylindrical
fthe gas cylinder, where the stresses and strains are not dependent on axiahor’circumferentipl

ss of the analysis method, it is appropriate to validate the analysis results by means pf
iges, displacement gages, or other mechanical means to measure-the actual strains and/¢r
ments.

the stresses and strains during cycling, the fatigue life of.the composite reinforcement cdn
Cted by, and compared with, data such as that presented/ityFigures 1 and 2. The stresses ard
1 a polymer can similarly be used to predict liner cycli¢cfatigue life. However, it should be notgd
ending on the modulus of the polymer, the liner wil likely be in compressive stress when
ved, so there is little tendency for crack formation.and growth.

tal liner, knowing the stresses and strains, and'the effect of contained gases (such as
1), will allow prediction of liner cyclic fatiguéelife. Fracture mechanics is one method to predi¢t
e metal liner. A second method is to use fatigue curves generated by testing, such as those in
K-5][8]. A third method is to use empirical methods based on evaluation of data.

empirical method is the low cy¢le fatigue equation developed by S.S. Manson[2l:

f

V
(0 2
AR +[ln ! } N4
E RA

= fatigue life;

= strain range;

= ultimate strength;

E
RA

10

= Young’s modulus;

=reduction of area for the metal material;
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6.9 Leak before burst (LBB)

Leak before burst (LBB) is a term used to describe a preferred failure mode when a cylinder is pressure
cycled to failure. LBB is not applicable to the failure mode in a burst test. An all metal cylinder would
generally meet this requirement by use of a material that was ductile to a point where a through crack
would not propagate rapidly. It could also use an intentional flaw to initiate fatigue failure in a region of
the cylinder that would be resistant to rapid flaw growth.

Typically, the fatigue life of a metal liner is lower than that of the composite reinforcement. With proper
material selection and design, liner fatigue failure results in leakage rather than rupture. However, if
the liner carries a large enough fraction of the load, and a through crack results in rapid failyre of the
liper, it is possible to dynamically transfer the liner load into the composite reinforcement,'requlting in
afrupture.

It is generally accepted that if the margin against failure by pressure cycling is sufficiently hjgh, such
that the likelihood of fatigue failure is low, the cylinder is safe for use. The safety factor on ¢ycling is
generally 2 or 3 times the maximum number of cycles expected in the lifetinre of the cylinder. Some
standards have addressed LBB by pressure cycling to test pressure. Alternatively, a weak pojnt could
bE designed into a component, such as an end boss, that would result in failure by leakage before burst.

10 Damage tolerance

mage tolerance of the laminate will affect its cyclic fatigue life. Impact damage, cuts and gbrasions
cpuld directly cut or remove fibre in the laminate. This wgould reduce laminate strength at the points
syirrounding the damage, resulting in higher stresses locdlly, and propagate damage further] into the
lgminate. Such damage would directly reduce the fatigue-life of the composite.

mage to the laminate effectively reduces the lo¢al stiffness of the composite. This in tugn would
transfer more load into the surrounding comppsite and into a metallic liner. A higher stress/strain in
the liner in a localized area would effectively reduce the fatigue life of a metal liner or a polymer liner.

11 Aging and environment

e element of aging is stress rupture, discussed in ISO/TR 13086-11101, Stress rupture and pressure
cycling each reduce the strength of the laminate, and will therefore interact to reduce the stresg rupture
life and the cyclic fatigue lifes

The cyclic fatigue life of the cylinder can also be reduced by fluids found in the environment if those
ids reduced the stréngth or modulus of the laminate. Either the fibre or the resin can be affected by
these fluids to a pointof reducing fatigue life.

Temperature extremes can also affect cyclic fatigue life of the composite or the liner. Cold temperatures
cqn cause emprittlement of the materials, thereby reducing fatigue life. High temperatures car directly
r¢duce strength of the fibre, resin, and/or liner materials. High temperatures can also directly reduce
dtiguelife’if the materials are subject to Arrhenius rate equation effects.

Ekposure to ultraviolet light can also reduce strength of the laminate, and therefore reduce fatigue life.
Such strength reduction 1s generally llmited to the outermost layer of the composite.

6.12 Counting cycles

It is easy to count the number of cycles applied when a gas cylinder is subjected to cycles that are full
range, which is typical of industrial gas cylinders. Similarly, if the cylinder is subjected to specific
ranges, e.g. X cycles from 50 % to 100 %, and Y cycles from 0 % to 100 %, it is easy to count cycles.

When the cylinder is subjected to cycles with varying or random cycles, such as encountered by cylinders
used in a natural gas vehicle refuelling cascade, counting models are generally used to evaluate fatigue.
Two models in use are range pair cycle counting and rain-flow cycle counting, shown in Figures 3 and 4.
Range pair counting starts with small ranges, then removes them, reconnects the ends and goes to the
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next smallest range, until all cycles are counted. The top half of Figure 3 shows the small ranges being
identified, while the bottom half shows the ends reconnected. Rain-flow counting works by turning the
cycle plot 90 degrees. Consider each resulting line to be a “roof” from which water would flow down
and over the tensile and compressive peaks. The half-cycles are counted, and tensile and compressive
half-cycles paired. The bottom half of Figure 4 shows correlation between hysteresis cycles equivalent
to some of the history in the top half. ASTM E 1049-85 (reaffirmed 2017)[11] has compiled and explained
these and other procedures for cycle counting.

Key
1, 2, and 3

) 3N A
NG
X
2
Yt 4
0 \ );(

reflect small ranges that are counted and removed
reflects a range that can be removed once the ends from 1, 2, and 3 are reconnected

= pressure

Figure 3 — Range pair cycle counting
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Figure 4 — Rain-flow cycle counting

6113 Combining cycles

Iis easy to determine-the cycle testing protocol when all cycles are full range. The cycles ar¢ applied
with the multiplier;yéquired by the standard being used. Is it similarly easy to determine the cycle
testing protocol when a limited number of cycles, and a limited number of cycle ranges, are used.
However, whén the cycle requirements are somewhat random, and involve many small range cycles, the
cle testing'protocol becomes more complicated.

(@}

I is not-practical to treat all cycles as full cycles if there are a very high number of partial cycles,
pprticularly when the range on the cycles is small. A cylinder with a nominal fatigue life of 50,00 cycles

hdA cafoluhnticend for an Aot vt B 1o cvunlac Fra ON 0L +0 100 0L aftha vararlrin g r r
couldsafelybe-usedforanapplicationwith-S-millieneyelesfrom 90-% to-100-%%-of the-werkingpressure,

but it would not be reasonable to test the cylinder for 5 million cycles from 0 % to 100 % of working
pressure. Therefore, it is necessary to effectively assess the cycles to be applied in service, and calculate
a cycle testing protocol using an equivalent number of full pressure cycles to working pressure, to test
pressure, or to an even higher pressure.

Goodman diagrams are a well-recognized and widely used means of evaluating equivalent fatigue
cycles. A Goodman diagram can be developed from an S/N curve developed from test data. A Goodman
diagram can be used to assess fraction of life used by any full or partial cycle range. A given number of
cycles, say from 30 % to 80 %, 40 % to 100 %, or any selected range, can be equated to an equivalent
number of full pressure cycles to working pressure or elevated pressure. This greatly simplifies
qualification testing.
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Annex A gives a detailed explanation of the development of an S/N curve, and from that a Goodman
diagram. It provides best practices in developing these curves. It also uses the resultant Goodman
diagram to provide an example of an assessment of combined full and partial cycles. There are other

methods

available to assess combined full and partial cycles.

6.14 Qualification testing

Burst and pressure cycling are the key qualification tests to assess fatigue capabilities of the cylinder.
The burst test is required to assess compliance of the design to the requirements of the specification

fandard o d o o fie + 1 haor 1t for an C /N caaeyzn o dCaoadran

and the s

The preq
standard
pressure
cylinder

7 Sun

Each of
better u
life and

requirenments using a Goodman diagram to identify equivalent full range pressure cycles have als

been ide

The understanding developed, and analytical methods disclissed, lead to better understanding

fatigue i

aanchaor no diagrana
o OoT G o Ot O CoT I i et CHoOT poOTe TOT ot o7 Ty tut v e ot oot Grag T ot

sure cycle testing directly confirms the ability of a cylinder to meet the specification and th
requirements, with margin, in the case where full range pressure cycles are expec¢ted. Tk
cycle test, combined with an assessment using a Goodman diagram, confirms the ability of
to meet requirements for a combination of full and partial cycles.

ymary and conclusions

the topics of Clause 5 have been addressed in the discussion in Clause 6. This provides
hderstanding of the design, materials, testing and operating issues associated with fatigu
esting of gas cylinders. Methods for counting partial cycles, aixd for assessing complex cyc

htified.

sues, improved safety, and more appropriate and effective qualification testing.

a
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Annex A
(informative)

Equivalent pressure cycling

.1 Purpose

This annex contains information regarding the development of S-N diagrams and Goodnian-diag
the purpose of evaluating equivalent full pressure cycles at elevated pressure, so that the tota
of test cycles be reduced, yet provide assurance that the pressure vessel can meeb life requ
with high reliability.

A.2 Developing an S-N diagram

The pressure vessel manufacturer is responsible for developingCthe S-N diagram based

pressure vessel manufacturer will have built the vessels tested for use in developing the S-N
ahd Goodman diagram.

The following steps are required:
1

Establish the mean burst pressure of the vessel;used to develop the S-N diagram. A min
10 units are required. Plot this point as 100 %.stress, 1 cycle on the S-N diagram.

2) Cycle a minimum of 4 pressure vessels from no more than 10 % of nominal working pr¢
a first specified pressure level for which the stress is known. Plot this point on the S-N
The S value will be stress relative te'the mean burst, the N value will be either the poin
failure, or the point at which cycling was stopped if there was no failure.

3) Cycle a minimum of 4 pressure vessels from no more than 10 % of nominal working pres
second specified pressurelevel for which the stress is known. Plot this point on the S-N di
was done for the first.specified pressure level.

4) Draw a line from the‘100 %-1 point (burst) through the fatigue point that gives the lowel
This will be the characteristic line.

—

he following eriteria also apply:
1) Morethdn two fatigue points can be plotted.

2) Eovthe data point plotted, either:

rams for
number
rements

bn using

the same materials and manufacturing approach used for the pressure vessels to be developed. The

diagram

imum of

bssure to
diagram.
t of first

sure to a
ngram as

of lines.

n) one point should have more than 10,000 cycles, and one point should have m

pre than

100,000 cycles, or

b) partial cycles may only be projected to a limit of 20 times the point with higher cycles.

3) Fatigue point data may be used from different pressure vessel designs, given that plotting is done
as a percent of strength, providing the construction is sufficiently similar so as to give consistent

fatigue results.
4) To provide consistency of results, the test vessels should meet the following criteria:

a) Testvessels should be atleast 22.9 cm (9 inches) in diameter.
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b) The cylinder length (total vessel length less domes and end features) should have a cylinder

A

Figure A

Key

X Logd
Y  Fraction of ultimate strength

A.3 Ed

The S-N
resistan

— Asst
so th

length at least equal to the diameter.
The primary reinforcing materials should be the same:

i) Carbon reinforced vessel testing results may be used for carbon and carbon/glass intraply

hybrid vessel evaluation.

ii) Carbon/glass reinforced intraply hybrid vessel testing results may be used for carbon and

carbon/glass intraply hybrid vessel evaluation.

ycles (10%) —=— pressure vessel

re. For example:

ii) All-glass reinforced vessel testing results may be used for all-glass vessel evaluation.

1, illustrates an S-N diagram based on the above development.

iy

0,8 I

~

S~

0,6 > &

0,4 S

0,2

Figure A.1 — Carbon composite fatigue life versus load level

uivalent pressure cycling

diagram (Figtire"A.1) can be used to specify an alternate pressure to demonstrate fatigye

me theréquirement for full cycles is 107 full pressure cycles (10,000,000). The vessel is designdd
e stress is no more than 40 % of the mean burst pressure.

— The

kame vessel can he m(ppr“rpd to withstand about 102 full pressure cycles [100) at about 80 % of

the mean burst pressure. If the number of pressure cycles exceed 100 when cycled from 0 % to 80 %
pressure without failure, the design is qualified.

— If some vessels fail before the required number of cycles, then the failure line would have to be
lowered accordingly, and the vessel would need to operate at a correspondingly lower stress level
to be certified.

16
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