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Cracking in Aluminum Gas Cylinders: A Review
of Causes and Protection Measures

J.W.H. Price and R.N. Ibrahim

(Submitted 1 August 2003; in revised form 3 October 2003)

Cracking in a limited number of common portable aluminum gas cylinders has led to leaks and, on
occasion, to violent and sometimes fatal failures. This paper describes the failure process and develops a
model for crack growth. The model crack growth rates are much higher than those previously determined
by small specimen testing. The levels for a threshold stress intensity below which no growth can occur are
also introduced.

The inspection procedures and protection strategies for the aluminum gas cylinders are discussed. The
system has become both cumbersome and possibly expensive for what it is achieving. There has been no
cost benefit assessment of the entire system.
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Introduction

Background
Portable aluminum cylinders are in common use

in the world for purposes such as self-contained
underwater breathing apparatuses (“SCUBA”),
respirators for fire, medical, and other uses. In
Australia and most developed countries, large
numbers of these cylinders are in circulation in what
is termed the “traffic.”

There has been a history of cracking in some of
these cylinders in the position shown in Fig. 1. The
cracks tend to grow from notches created during
the forming process for the top end of the cylinders
and are driven by the combination of the applied
stress from the pressure contained in the cylinder
and the residual stresses that result from the manu-
facturing processes. Understanding the cracking
process and estimating the rate of crack growth
are objectives that have interested a number of
researchers.[1,2]

The cracks grow under constant load and thus
can be described as “sustained load cracking.” The
crack growth has been explained by a phenomenon
termed solid metal induced embrittlement
(“SMIE”).[3] Crack growth by SMIE is aided by
surface diffusion of certain elements, the most
important of which is lead (Pb). However, the
observations discussed subsequently, that cracks have

occurred in some of the cylinders containing very
low levels of impurities, suggest that SMIE may
not explain all the observations.

The manufacturers of the cylinders changed the
alloy from 6351 aluminum to 6061 aluminum in
the period around 1990. The manufacturers report
that this change eliminated the in-service cracking.
Characteristics of these two alloys are summarized
in Table 1. The 6061 aluminum alloy appears to be
slightly less strong and have a lower concentration
of some alloy/impurity elements. The manufac-
turers also state that they have made proprietary

J.W.H. Price and R.N. Ibrahim, Mechanical Engineering Department, Monash University, P.O. Box 197, Caulfield East, 3145, Vic,
Australia 61 3 9903 2868. Contact e-mail: john.price@eng.monash.edu.au.

Fig. 1 The top of an aluminum gas cylinder with the area of
crack initiation and growth indicated

aluminum gas cylinders, cracking, inspections, SCUBA
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refinements to the 6061 alloy, so the characteristics
given in Table 1 may not completely reflect the
current material.

Additional changes in the traffic are occurring,
with the tendency now moving to the use of fiber
reinforced, hoop wrapped cylinders. These cylinders
are wrapped in glass or carbon fiber and permit a
reduction of mass of the cylinders. Hoop wrapping
is welcomed for emergency services use where weight
and size of the cylinders is a major issue, but for
SCUBA wrapping is currently not common. Hoop
wrapped cylinders can still be subject to neck
cracking.

Despite recent developments there are still issues
surrounding the traffic in aluminum cylinders. A
number of features of the cracking process have not
been adequately explained and the question remains
as to whether the problems and cures have been
adequately identified. Another issue is whether the
protection systems that are now in place are adequate
or excessive.

Failure Experience
The cracking problem started to gain attention in

1983 when two fatal ruptures of hoop wrapped
aluminum cylinders occurred in the United States.
These failures alerted the industry and the com-
munity to the issue of neck cracking. A significant
report made of those incidents at the time was
prepared by Failure Analysis Associates.[4]

The investigation of the original failures led to
the identification of four main risk factors:

• The cracking originated at the neck shoulder
region as shown in Fig. 1. This is a region that can
have a high residual stress resulting from manu-
facture but is not highly stressed by the internal
gas pressure.

• There were folds in the neck region.

• The aluminum alloy had lead levels of 100 ppm
or higher.

• Recycled scrap was used in the alloy.

Some of these factors have not been confirmed in
Australian failure experience. In Australia most
cylinders in circulation are made locally, and the
aluminum does not have a high lead content nor is
the alloy made with recycled scrap. Additionally,
some of the most serious failures occurred in
cylinders that did not have visible folds in the neck
region.

In Australia, some of the in-service failure exper-
ience has been summarized in an industry journal.[5]

The article describes a cylinder that was made to
Australian Standards and still failed catastrophically
in 1994 in New Guinea during a pressure test after
inspection. A more recent industrial warning notice
describes a cylinder that failed spontaneously in a
domestic garage after being stored at pressure for
years.[6]

The present study focuses on an Australian
SCUBA cylinder made in 1983 (Cylinder A) that
leaked during filling in 1994 and part of a cylinder
manufactured in 1987 (Cylinder B) that failed in

Table 1 Aluminum Pressure Vessel Alloys from Australian Standards 1866 and 2848.1

Chemical Composition

Element, %
Alloy Si Fe Cu Mn Mg Cr Zn Ti Other Al

6061 0.40-0.80 <0.7 0.15-0.40 <0.15 0.80-1.2 0.04-0.35 <0.25 <0.15 0.05-0.15 Rem

6351 0.70-1.3 <0.5 <0.10 <0.40-0.80 0.40-0.80 … <0.20 <0.20 0.05-0.15 Rem

Tensile Properties
Alloy Temper(a) Min. Tensile Stress, MPa Min. 0.2% Proof Stress, MPa Min. Elongation, %

6061 T4 179 110 14
T6 262 241 8

6351 T4 185 151 16
T6 293 255 8

(a) Material in the T4 condition has been solution heat treated and naturally aged, while the T6 temper is solution anneal heat
treated and artificially aged. (For example, the 6061 alloy is solution annealed at 530 °C followed by a quench in cold water.
Artificial aging at 160 °C for 18 h follows the water quench.)
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provided it to Monash University for investigation.
This cylinder contained a crack that was large enough
to cause a leak, making it impossible to fill the
cylinder. Additionally, the cylinder contained a
second crack that was nearly the same size (but not
through-wall), located almost directly opposite the
leaking crack. The cylinder was pressure tested to
32.4 MPa when manufactured in 1983 and does
not exhibit prominent folds or valleys in the cracked
area. The cylinder is made of 6351 alloy, and the
trace elements in the alloy are low—lead and other
trace elements, for example, being below the level
detectable in arc emission spectroscopy. For lead, this
limit is less than 10 ppm.

The largest crack penetrated through to the upper
surface of the cylinder outside the O-ring contact
surface and thus caused the leak. The crack
propagated through the threaded region of the
cylinder as shown in Fig. 2.

Cylinder B
This cylinder was manufactured in August 1987,

failed in New Guinea on 13 February 1994, and
has similar specifications to those for Cylinder A.
This cylinder failed catastrophically during hydro-

New Guinea in 1994. A number of other cylinders
with cracking near the neck have also been
examined.

There have also been injuries due to similar
cylinder cracking in the United States. In 1993, a
firefighter died while filling a cylinder that had not
been modified in accordance with the manufacturer
guidance (fitting of a neck ring) and was in service
after the end of its 15 year life.[7] In June 1994, a
dive shop attendant was injured in Miami. Some
shops have since recommended that cylinders from
a U.S. manufacturer with original hydro dates of
1982 to 1983 not be filled.[8] There are a small
number of U.S. cylinders in traffic in Australia
(estimated at approximately 1% of traffic by one
dive shop). One of these cylinders failed violently.[9]

The alloy in use in Australia and other countries
was changed from 6351 in T6 temper to 6061 T6
in the early 1990s. Luxfer, a major manufacturer of
aluminum cylinders, states that SCUBA cylinders
were manufactured from 6351 aluminum alloy
during the following periods: Australia, 1975 to
1990; United States, 1972 to mid-1988; and
England, 1967 to 1995, and that cylinders manu-
factured from this alloy are susceptible to cracking
in the neck shoulder region. However, Luxfer
considers that cylinders manufactured from the
6061 alloy are not “susceptible to sustained-load
cracks.”[10] Nevertheless, the authors believe that
cylinders made of 6061 alloy have been removed
from service because of visible cracking and have in
their possession one such cylinder that has a crack
in the neck area. Stark and Ibrahim[11] compare the
two aluminum alloys and do not find a significant
difference in either critical stress-intensity factor
(KIc) or crack growth rates in the two materials.

Examination of Two Severely
Cracked Cylinders

The authors have investigated two Australian-
made SCUBA cylinders containing particularly
large defects. Cylinder A leaked during filling
and Cylinder B failed catastrophically during
hydrotesting.

Cylinder A
In 1994 the Health and Safety Organisation

(HSO) in Victoria withdrew an aluminum cylinder
(termed here “Cylinder A”) from traffic and Fig. 2 A crack going through the threaded region of Cylinder A
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testing inside a water-filled concrete tank. The
cylinder failure caused the concrete tank to burst.
Some minor injuries were experienced by a member
of the public in the shop where the test was
conducted.

The failure occurred in four places around the
cylinder neck, and the cylinder fragmented during
the failure. A fragment of the cylinder is shown in
Fig. 3. Of particular importance is the fact that the
sustained load crack growth region does not extend
through the surface of the cylinder. For some reason,
the growth of fracture C was inhibited at the outside
surface. This is best shown by the extended nature
of the final fracture surface, D, to the area marked
D’. The near surface inhibition of crack growth
probably explains why overload failure occurred
during the hydrotest.

Although the origin of the cracking was in the
same location on the neck as the U.S. experience,
these cylinders do not conform to the model of
failure as described by Failure Analysis Associates,
because (a) neither cylinder has significant neck

folds, (b) the lead levels in the aluminum alloys were
below 10 ppm (the limits of the methods used),
and (c) no recycled scrap was used in the alloy.

The fracture surfaces of these cylinders have been
examined under scanning electron microscope as
reported in Ref 11. The fracture surface topography
(Fig. 4) and features are similar to the features
previously observed (e.g., in Ref 12) on cylinders
that contained cracks identified as occurring by the
SMIE growth mechanism. Both cylinders A and B
are believed to have been constructed from 6351
aluminum and heat treated to the T6 temper
condition. This was confirmed by chemical analysis
and mechanical testing.

Crack Growth Models
Crack Growth Equations

There are basically two sources of information
about the crack growth:

• The testing of small specimens in test rigs

• Actual consideration of failures that have been
observed in service

These sources have produced conflicting infor-
mation.

Small Specimen Testing
Crack propagation in small specimens under

different imposed KI values has been studied pre-
viously.[12] These data are summarized subsequently
in Eq 1 and 2. The prediction is of limited validity
for KI less than 18 MPa √

_
m
_

, because no failures
have occurred to specimens loaded to this level after
four years.

• Specimens cut from aluminum ingots with an
assay of 100 ppm Pb:

Fig. 4 Scanning electron microscope photo of surface of failure
near point indicated by B on Fig. 3

Fig. 3 The fracture surface of Cylinder B. (A) The threaded
region of the tank opening. Some cracking can be seen at
the bottom of the thread. (B) A small region approxi-
mately 10-15 mm long and up to 1 mm deep of different
morphology than the rest of the fracture surface. This area
is probably the initiating flaw. (C) A region with a
morphology of solid metal induced embrittlement (SMIE)
when observed under the scanning electron microscope.
Some growth pauses and small changes of morphology are
observed. Maximum depth of this crack before initiation
of final fracture was 70 mm. (D) The region of fast final
fracture. The surface is inclined at an angle of approx-
imately 45° to the region C. D’ indicates that this area
extends right back to the seal area, indicating that this
crack would not have leaked until final fracture.
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log10 (da/dt) = 0.234 KI – 7.12 (Eq 1)

• Australian pressure vessels with less than 10 ppm:

log10 (da/dt) = 0.202 KI – 8.89 (Eq 2)

where da/dt is crack growth rate in mm/hr, and KI is
applied stress-intensity factor in MPa √

_
m
_
.

Comparison
The predictions of Eq 1 and 2 can be compared

to the two failures, cylinders A and B, discussed
earlier. It is necessary also to estimate the stress-
intensity factor for various crack sizes and stresses,
which was done previously.[13] The results of the
comparison are reported in Table 2.

Discussion
The result of this comparison is that the specimen

tests have not explained the observed results. The
growth rates determined from the specimen tests,
particularly for low-lead specimens, predict failure
in a minimum of hundreds of years extending to
never failing. This is despite including conservative
estimates of residual stress and other factors.

The reasons for this discrepancy are hard to deter-
mine. Reasons for the lack of correlation probably
include:

• Cycling. The specimen tests are basically constant
load tests conducted in laboratories on machined
samples. Some relevant factors may not be repre-
sented by this approach. For example, all cylinders
in traffic are subjected to pressure cycling, and
Ibrahim and Stark[11] show that as few as 100
cycles increased the crack growth rate by two orders
of magnitude.

• The grain size has been demonstrated to have a
significant effect on crack growth rates[1], and very
large grains are characteristic of the neck region in
most aluminum cylinders. The large grains develop
because of recrystallization during heat treatment.

• The presence of water, seawater, or other environ-
mental effects provides another possibility for the
rapid crack growth rates in the actual cylinders,
but none of the cases studied have shown any
indications that this may have occurred.

Because of the lack of fit between the ex-service
data and the in-service experience, the authors sug-
gest that the constants in the growth model of Eq 1

and 2 can be adjusted until the predicted time for
growth fits the time available for growth in observed
cylinders. This involves a speed-up of between 1,000
and 10,000× in growth rate. A possible equation
for crack growth rates predicted by this method is
just to adjust the constant in Eq 2 as follows, where
the increase in growth rate is achieved by reducing
the constant. The value chosen gives a growth rate
of 5.6 mm/yr for crack position 1 with 155 MPa
residual stress:

log10 (da/dt) = 0.202 KI – 5.8 (Eq 3)

A threshold to growth is also an important possi-
bility. Reinterpretation of the test data to remove
the log-log type plotting reveals that the data
probably reveal a threshold value of KI below which
no growth occurs. As discussed in Ref 13, thresholds
can be estimated from the Lewandowski et al.[2]

data. The thresholds suggested are KI = 11.5 MPa
√
_
m
_
 for 100 ppm lead and KI = 12.7 MPa √

_
m
_
 for

30 ppm lead at 20 °C. This is consistent with the
fact that in experiments no growth on any test
specimen has ever been recorded at KI below 10
MPa √

_
m
_
. The existence of a threshold growth KI is

supported by the fact that there are in traffic many
cylinders that show no evidence of crack growth even
after being in use for many years and having obvious
folds.

If a threshold of 10 MPa √
_
m
_

 is postulated, then
from Table 2 it is seen that crack growth is not likely
to start unless residual stresses are present.

Leak Before Break
The argument to substantiate the case of leak

before burst requires KI at the time of leak to be less
than the material critical stress-intensity factor, KIc.
The KIc was found during testing to be 32 MPa
√
_
m
_
 for Al 6351. The data presented in Table 2 for

cracks in positions shown in Fig. 5 indicate there is
a margin between leak and burst for all but the largest
case. When the crack is as large as position 5 and it
is subject to hydrotesting, Table 3 shows an applied
KI of 35 MPa √

_
m
_
, which exceeds KIc and indicates

sudden catastrophic failure can occur. This was
indeed the case with Cylinder B discussed earlier.

Given the previous analysis, it is still necessary to
explain why some cylinders, such as Cylinder A,
leak prior to failure, while other cylinders, such as
Cylinder B, fail catastrophically without leaking. An



52 Practical Failure AnalysisVolume 3(6) December 2003

Cracking in Aluminum Gas Cylinders: A Review (continued)

examination of the fracture surfaces of Cylinder B
(Fig. 3) provides possibly the best information. In
this case, the growth of the defect as observed does
not occur in the regular fashion assumed in classical
crack growth analysis. Crack growth on this (and
other cylinders observed by the authors) seems

inhibited just below the outer surface of the cylinder.
This means that it can apparently grow very large
while leaving a small ligament at the outside surface.
Figure 6 shows that stresses are lower at the outside
surface, and there is also high compressive residual
stress in this area after the cylinder is quenched

during manufacture. However,
these stresses would probably not
remain once the crack has grown
and the resistance of the surface to
crack growth has not yet been
explained.

This observation of this failure
surface morphology provides the
best argument that the hydrotest
is an important test to retain for
these cylinders. The fact that the
flaw in its sustained load growth
morphology is resistant to breaking
the surface also indicates that
visual inspection methods have
limitations.

Prevention Strategies
in Traffic

In order to protect the public
from failures of aluminum cyl-
inders, a number of inspection and
test systems have been developed

Table 2 Growth Rates Predicted by Various Equations for Various Cracks and
Stresses and Actual Cases

Growth Rate with Growth Rate with
Growth Rates from Equation and Type Growth Rate with Zero Residual Stress 155 MPa Residual
Laboratory Tests of Specimen Zero Residual Stress and Some Growth Stress

Crack size used (see Fig. 5) … Crack 1 Crack 2 Crack 1
Average KI … 6.2 MPa √

_
m
_

8.5 MPa √
_
m
_

12.9 MPa √
_
m
_

Units … mm/yr mm/yr mm/yr
Equation 1 Ingot with 100

  ppm Pb 0.00472 0.01631 0.17462
Equation 2 Cylinders, Pb

  undetectable (<10 ppm) 0.00020 0.00059 0.00455

Life at Failure, Average Crack
Actual Cases Pb Content Nature of Failure Size at Failure Growth Rate, mm/yr

Cylinder A 11 years, Pb undetectable Leak during hydrotest Fig. 3, crack 4.5, 3.6
40 mm

Cylinder B 7 years, Pb undetectable Burst Fig. 3, crack 5, 7.1
50 mm

Fig. 5 Theoretically calculated crack positions using finite element method[1] for the
pressurized cylinder over a period of time. These positions are similar to beach marks
such as those seen on actual cylinders. The theoretically determined positions
approximate both the shape and the acceleration of the crack growth rate that has
occurred in practice.
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in different countries. SCUBA and other breathing
apparatuses must from time to time be visually
inspected, and there are also requirements for
pressure testing.

The exact details of these regulations vary from
country to country and involve members of the
public and retail test shops (normally called “dive
shops” when located near popular recreation areas)
in a complex system of regulation. The cost and
benefit of this expensive and extensive system have
never been evaluated. Most of the cylinder owners
are individuals, and most of the operators of the test
stations are very small companies.

In Australia advice was first issued to the test
stations in 1987,[14] advising test stations to “quar-
antine” diving cylinders where a “vertical hairline
crack in excess of 4 mm is observed in the area
immediately below the cylinder thread.” A dental
mirror is normally used for the inspections, however,
which is not a very sensitive technique.

The mandatory inspection for SCUBA cylinders
was reduced from three years to one year, and this is
where it remains. Various crack sizes were permitted
at various times. Australian Standards now will not
permit any visible “crack” in any cylinder. Inspections
and hydrotests are required every year for SCUBA
and once every five years for other aluminum
cylinders.[15]

The Australian manufacturers of aluminum gas
cylinders have been replacing condemned cylinders
at low or no charge to the owners when defects
exceeding certain defined levels are detected. Test
stations suggest that most of the condemned cylin-
ders relate to older cylinders that were produced in
the 6351 alloy.

A major world supplier of alum-
inum cylinders, Luxfer, has
recommended “6351 alloy all-
aluminum SCUBA cylinder be
visually inspected at least every 2.5
years by a properly trained in-
spector. As part of this inspection,
Luxfer further requires that the
cylinder neck be tested with an
eddy-current device such as Visual
Plus, Visual Eddy or equivalent
non-destructive testing equip-
ment.”[16] Visual Plus and Visual

Eddy are proprietary eddy-current techniques. In
Australia the visual inspection period given by
Standards is currently one year, and no specific
mention is made of eddy-current testing.

Luxfer claims that 6061 is not susceptible to
cracking and awards it differential testing require-
ments. They do not recommend eddy-current testing
of 6061 cylinders, because it produces too may false
positives (and thus what they view as unnecessary
returns to the suppliers for further inspection). The
eddy-current tests mentioned not only pick up
genuine cracks such as shown in Fig. 2, but also
machining marks. The authors have also tested
cylinders with their own eddy-current machines and
confirm this situation. Ultrasonic testing can easily
pick up these cracks as well, but the test is also subject
to false positives and the equipment is more ex-
pensive and more difficult to use.

Luxfer still maintains a conservative attitude
toward visual inspections. In keeping with Australian
and New Zealand scuba industry standards, Luxfer
recommends annual visual inspection of Luxfer
6061-alloy cylinders by a properly trained inspector.
For cylinders in heavy use (for example, those filled
five or more times a week), Luxfer recommends
visual inspection every four months.

In recent years the consumer concern with the
SCUBA cylinders seems to have reduced in Aus-
tralia, although records of inspections and numbers
of cylinders condemned are not kept in any
systematic public form. When the prohibition of
visible flaws was introduced in 1996, there were
many cylinders condemned by the test stations, and
there were some complaints from people who owned
the cylinders. Apparently, the cylinders originally

Fig. 6 Stress analysis of cylinder at operating pressure of 22.4 MPa. Stress contours are
shown in MPa.
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had “a lifetime guarantee.” However, it must be stated
that the inspection system seems to have reduced
the number of the most susceptible cylinders in
traffic.

Conclusions
In this paper, sustained load cracking in aluminum

gas cylinders is discussed. Some of the failure
experience and results of a range of studies con-
ducted by the authors are presented.

Previously published models for crack growth have
had a number of difficulties and do not predict the
failures that have been seen in cylinders with very
low levels of lead. This paper:

• Suggests the use of a much higher rate of crack
growth than the values published based on
laboratory testing

• Presents arguments for inclusion of a threshold
to growth in the model in the region of 10
MPa √

_
m
_

The paper also discusses the current prevention
strategies for reducing the risk of failures in the
public traffic of aluminum cylinders. These
strategies have involved regular internal visual
inspections and pressure testing. The cost of these
inspections is carried by the users of the cylinders
and is a significant cost of ownership. In view of the
confidence expressed by the manufacturers in their
current design of the cylinders, it might be debated
that the annual inspection system used in Australia
has an excessive cost for the benefit provided. Longer
intervals between inspections are used in other
countries.

Hydrotesting must continue because leak before

break is not guaranteed for these cylinders. The cracks
in their sustained load growth regime are inhibited
in breaking the surface, so they can grow to large
sizes without detection. Because of this growth
morphology, visual inspection methods are limited
in their effectiveness. It must be recognized that
bursts can occur in the case of pressure testing and
the test facilities should be designed with this in
mind (in the test station in the case of Cylinder B
they were not).
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