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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.

Thle procedures used to develop this document and those intended for its further maijnte

de

dif

ed

Atf

pa
an
on

Anl
copstitute an endorsement.

For

ex

W
.OI'

scribed in the ISO/IEC Directives, Part 1. In particular, the different approval criterianeed
ferent types of ISO documents should be noted. This document was drafted in accordanc
torial rules of the ISO/IEC Directives, Part 2 (see www.iso.org/directives).

ention is drawn to the possibility that some of the elements of this document'may be the
fent rights. 1SO shall not be held responsible for identifying any or all such patent rights.
) patent rights identified during the development of the document wilkbe in the Introducti
the ISO list of patent declarations received (see www.iso.org/patents);

y trade name used in this document is information given for the convenience of users an

bressions related to conformity assessment, as well as information about ISO's adherel
rld Trade Organization (WTO) principles in the Téchnical Barriers to Trade (TBT) ses
/iso/foreword.html.

Th
Op

A

©lI

C(:K

is document was prepared by Technical Committee ISO/TC 58, Gas cylinders, Subcommj
prational requirements for gas cylinders.

feedback or questions on this document should be directed to the user’s national standar
plete listing of these bodies can b&found at www.iso.org/members.html.

nance are
ed for the
b with the

subject of
Details of
on and/or

1 does not

an explanation of the voluntary nature of standards, the meaning of ISO specific ferms and

hce to the
WWW.iso

ttee SC 4,

ds body. A

SO 2019 - All rights reserved


https://www.iso.org/directives-and-policies.html
https://www.iso.org/iso-standards-and-patents.html
https://www.iso.org/foreword-supplementary-information.html
https://www.iso.org/foreword-supplementary-information.html
https://www.iso.org/members.html
https://standardsiso.com/api/?name=494d942402ca477606448accc0082993

ISO/TS 19016:2019(E)

Introduction

In recent years, new non-destructive examination (NDE) techniques have been successfully introduced
as an alternative to the conventional retesting procedures of gas cylinders, tubes and other cylinders.

One of the alternative NDE methods for certain applications is acoustic emission testing (AT), which in
several countries has proved to be an acceptable testing method applied during periodic inspection.
This AT method is described in ISO 16148, which authorizes pressurization pneumatically to a value
equal to 110 % of the cylinder’s working pressure and hydraulic pressurization to a value equal to the
Cy]inder's test pressure SinceISQ 16148 was dpvp]nppd for pprindi(‘ inspection and testing aof monolithic
materials|(seamless steel and aluminium-alloy cylinders), the test method was not appropriate,ffor
compositg cylinders. The modal acoustic emission (MAE) test method described in this document was
developed to address this shortcoming.

The MAE ftest method described in this document applies during periodic inspection afid testing, gnd
it uses either hydraulic (liquid) pressurization or pneumatic (gas) pressurization to a\level equal to the
design tegt pressure of the cylinder. It detects structural damage that can result in @compromised bujrst
pressure $trength in a composite cylinder. The MAE waveforms can be used td identify damage sych
as fibre breakage and delamination. An MAE waveform is distinguished by.the' wave (mode) shapes,
velocities|waveform energy and frequency spectrums. This MAE test methed s not intended for newyly
manufactyired composite cylinders.

The appligation of MAE testing on composite overwrapped gas cylinders with metallic and polymer
liners wag applied to a sample of composite cylinders [180 self-contained breathing apparatus (SCBA)
cylinders [selected from 50 000] that were near the end of their15-year service life. The MAE testing
was performed during physical testing, which was similar to design qualification testing for this type
of compogite cylinder. The physical testing included presstire cycling, burst testing, flaw tolerafce
testing and ISO 11119-2 drop testing. The MAE testing'consistently detected and differentiated each
cylinder that had a compromised burst pressure strength, which had been defined for this project to|be
a pressur¢ less than the original design burst pressure of the cylinder, by the presence of backgroynd
energy osfillation (BEO) at or near the test presstire.
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Gas cylinders — Cylinders and tubes of composite
construction — Modal acoustic emission (MAE) testing for
periodic inspection and testing

CAUTION — Some of the tests specified in this document involve the use of processes (e.g.
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Thjis document describes the use of modal acoustic emission (MAE) testing during periodic i
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Thiis document addresses the periodic inspection and testing of €emposite cylinders cq
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corIlposite cylinders designed to comparable standards when authorized by the competent at

Thf following documents are referred to in theltext in such a way that some or all of the
s

.1 Terms and definitions

umatic pressurization) which could lead to a hazardous situation
Scope

1 testing of hoop wrapped and fully wrapped composite transportable gas cylifiders and t
minium-alloy, steel or non-metallic liners or of linerless construction, intended for compr
lefied gases under pressure.

[SO 11119-1, ISO 11119-2, ISO 11119-3, ISO 11515 and ISO/TS¢17519 and can be applie
ess noted by exception, the use of “cylinder” in this document refers to both cylinders and

Normative references

nspection
1ibes, with
essed and

nstructed
1 to other
ithority.

tubes.

ir content

titutes requirements of this document. :For dated references, only the edition cited applies. For

Hated references, the latest edition of the referenced document (including any amendment
9712, Non-destructive testing — Qualification and certification of NDT personnel
11623, Gas cylinders — Composite construction — Periodic inspection and testing

TM E1106-12, Standard Test-Method for Primary Calibration of Acoustic Emission Sensor

Terms, definition's and symbols

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

and [EC maintain terminological databases for use in standardization at the following ad

5) applies.

lresses:

ISO Online browsing platform: available at http://www.iso.org/obp
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3.11

modal acoustic emission

MAE

branch of acoustic emission (AT) focused on the detection, capture and analysis of the sound waves
generated by acoustic events due to fibre tow (3.1.19) breakage, cracking, crazing, rubbing, delamination

or fractur

e of structural components

Note 1 to entry: The sound waves can be produced either by defects [e.g. fibre tow (3.1.19) breakage, crack
growth, delamination] or by surface rubbing. The wave frequencies typically extend from the sonic to the lower
ultrasonic range. MAE is distinguished from AT by its focus on capturing waveforms with broader bandwidth

sensors an

d qnqlvcma the waveforms qr‘r‘nrdmo to wave propagation thQl(‘Q inan attemptto determinethet

ype

of source, 3s is done in seismology, whereas AT has been generally concerned with counts amplitudes and(ot
signal featyires based on different theories of analysis than MAE.

3.1.2

broadband piezoelectric sensor

sensor ha

the frequgncy range of interest

Note 1 to
observatio|
models for

3.1.3
preampli
amplifier

Noteltoe
amplifier.

3.14

high-pass filter
electronidfilter applied to the wave signals to reduce mechanical noise

3.1.5
low-pass

electronid filter applied to the wave signals to prevent aliasing (3.1.13)

3.1.6

analoguetto-digital converter
A/D converter
electroniqdevice that changes an analogue electrical signal into a digital representation

3.1.7

input impedance
value of the impedance, denoted as Z, at the input to the voltage preamplifier (3.1.3) to which
transducdr isdirectly connected

3.1.8

ing a response that is flat-with-frequency (6 dB) when calibrated in an abselute sense o

entry: Due to a lack of signal distortion or “coloration”, broadband piezoglectric sensors enable
h of the extensional and flexural plate waves which facilitates the difect comparison to phys
proper damage mechanism identification.

ifier
Fhat converts a lower level voltage signal to a higher level voltage signal

htry: A preamplifier can also have a 0 dB gain where it would function purely as a buffer or unity g

filter

her

yer

the
cal

he

Nyquist frequency
bandwidth of the sampled signal, equal to half the sampling rate

3.19

primary AE
acoustic emissions caused by damage mechanisms (e.g. fracture, crack propagation, defect growth)
originating from the material under test

© ISO 2019 - All rights reserved
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3.1.10

secondary AE
acoustic emissions caused by sources other than damage mechanisms originating from the material
under test (frictional rubbing against containment, EMI, flow noise, etc.)

Note 1 to entry: See Clause 10 for information regarding filtering out extraneous noise.

3.1.11
background energy

effi
ali

3.1
cld

pre

3.1
w(
sef

No
(74

No
[Sq

3.1
de

pre¢

No
int

[S(
3.1

ect resulting from under sampling that causes different signals-to become indistingui
hses of one another) when sampled

14
an front end
-trigger energy of less than 0,01 x 10-15 ] when accounting for gain

A5
rking pressure
tled pressure of a compressed gas at a uniform reference temperature of 15 °C in a full gag

Fe 1 to entry: In North America, service pressure is often used to indicate a similar condition, usuall
°F).

Fe 2 to entry: In East Asia, service pressure is often used to indicate a similar condition, usually at 3
URCE: ISO 10286:2015, 736]

16
veloped pressure
essure developed b¥the gas contents in a cylinder at a uniform reference temperature of T¢

fe 1 to entry: Temp,,., is the expected maximum uniform temperature in normal service as §
brnational or‘mational cylinder filling regulations.

URCE: 180 10286:2015, 733, modified — “T,,,,” replaced with “Temp,,.”]
17

:2019(E)

1xima and

shable (or

cylinder

y at 21,1 °C

5°C.

PP max

pecified in

co

mposite overwrap

combination of fibres (3.1.18) and matrix (3.1.20)

3.1.18
fibre
load-carrying part of the composite overwrap (3.1.17)

EXAMPLE Glass, aramid or carbon.

3.1.19
fibre tow
group or bundle of fibres (3.1.18)

© IS0 2019 - All rights reserved
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3.1.20
matrix

material used to bind and hold fibres (3.1.18) in place

3.1.21

extensional waves

collection

of wave modes characterized by dominant in-plane deformation characteristics

Note 1 to entry: Extensional wave modes are analogous to symmetric (S) wave modes in isotropic plate-type
structures.

3.1.22
flexural
collection

Note 1 to ¢
structures

3.1.23

aves
of wave modes characterized by dominant out-of-plane deformation characteristics

ntry: Flexural wave modes are analogous to antisymmetric (A) wave modes in isotropic plate-ty

fibre bunidle rupture energy multiplication factor

!
allowancsd

Note1toe

3.1.24
total sing
F,
allowancs

3.1.25

M,
multiplic
quiescent

Noteltoe
the compo

Note 2 to §
under test.

Note3toe

3.1.26

factor for fibre (3.1.18) bundle rupture energy

htry: The value of F; is determined by analysis of the composite niaterial and pressure vessel desig

le event energy multiplication factor

factor for single event energy

BE multijlication factor

tive factor that corresponds to a rise in the background energy (3.1.11) level above
level

ite cylinder and is determined\through theory and/or testing.

ntry: M, indicates thatthe"damage accumulation has commenced in the composite pressure ves

htry: See 3.1.27,

BEO multiplication/factor

M,
differencd

factor between neighbouring maxima and minima of an N point moving average calcula

htry: The value of M, is a functién of vessel type, fibre (3.1.18) construction, size and pressure rating

Ipe

B

he

sel

ed

from all b

ckground energy (3.1.11) values

Note 1 to entry: The value of M, is a function of vessel type, fibre (3.1.18) construction, size and pressure rating of
the composite cylinder and is determined through theory and/or testing.

Note 2 to entry: M, indicates that the composite pressure vessel under test is progressing towards failure.

3.1.27

quiescent background energy

energy determined in a windowed portion of a waveform during a period of inactivity
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3.1.28
wave energy

UWAVE
1
—_[ty2
Uwave _;JO Vedt
Note 1 to entry: For comparison to physical energy values (e.g. the theoretical energy released by a fibre fracture

event), the total system gain is accounted for by dividing / by the gain factor before squaring, e.g. 40 dB gain is a
gain factor of 100, 48 dB is a gain factor of 251,2, 60 dB is a gain factor of 1 000, etc.

C 1 1
3-1- Iy HIUVUIS

Cg speed of the first arriving frequency in the E wave
Crp speed of the last arriving frequency in the F wave
d diameter of the fibre

E Young's modulus of the fibre

£ strain to failure of the fibre

g acceleration due to gravity

vertical height of the centre of the rolling ball.atthe top of the inclined plane

I ineffective fibre length for the fibre and matrix combination
L distance between sensors, in m
mass
N constant value relating to the type of fibre in the composite cylinder

period of the cycle

tq time, in ps, when the‘first part of the direct E wave will arrive
(i.e. the arrival-of the lowest observable frequency of interest in the E mode)

ty time, in ps, when the last part of the direct F wave will arrive
(i.e. the-axrival of the lowest observable frequency of interest in the F mode)

t time

Temp .« ~expected maximum uniform temperature in normal service

U?E energy produced by the occurrence of fibre breakage

U?B].EB energy produced by the occurrence of fibre bundle breakage
UAE 5, rolling ball impact acoustical wave energy

Urg theoretical fibre break energy

Ungn known mechanical energy

Urpi rolling ball impact energy

© IS0 2019 - All rights reserved 5
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Uwave wave energy
|4 voltage
Z preamplifier input impedance

4 Modal acoustic emission (MAE) general operational principles

When a composite cylinder containing flaws is pressurized, stress waves can be generated by several

dlfferent SOUFERS (f:bre bwof\lr'\n-n matrisc cracking dalamination atc) Thaoca ofvacs W-aes-atke dafin ed

T oo S O T e 12 C T Tt eI o ST e T o Cr o St e T reo e-otr ey co—ore—orerIr

as acoustic emissions (AE). The AE resulting from major flaws such as delamination or fibre bunfle
breakage |starts at a pressure less than or equal to the test pressure of the cylinder. The (interhal
pressure ¢auses stress in the fibre overwrap which can result in AE waves that propagate throughput
the structjure. The AE waveform is captured, digitized and stored for analysis. MAE analysis-éssentiglly
“fingerprints” each waveform by mode, energy and frequency content to determine the damage
mechanism which occurred (delamination, matrix crack, fibre breakage, etc.). The conhections betwgen
waveformls and fracture mechanisms have been determined through theoretical elastodynarmic
calculatioh and experiment and published in open literature.

The formylae for determining fibre break sources in composite cylinders are given in Annex A. Annek B
provides ¢xamples for calculating fibre break energy and energy scaling;using representative valfies
for F;, F,1 M; and M,, which are components of the formulae used %o determine the reject criteria.
After an MAE source is identified, this information is used to assess.cylinder integrity. The values [for
rejection ¢riteria are calculated as described in Clause 11.

NOTE The MAE test method described in this document is not intended for newly manufactured compogite
cylinders.

5 Perspnnel qualification

The MAE lequipment shall be operated by, and/its operation supervised by, qualified and experieng¢ed
personnellonly, certified in accordance withISO 9712 or equivalent (e.g. ASNT SNT-TC-1A). The operagor
shall be cprtified to Level I and this individual shall be supervised by a Level II person. The testing
organizatjon shall retain a Level III (cémpany employee or a third party) to oversee the organizatidn’s
entire MAE programme.

6 Testvalidity

The type jof construction of the cylinder (e.g. hoop or fully wrapped) and the type of fibre and repin
(matrix) shall be knowa for input in the computer program (software) that analyses the MAE test.

To obtain|an accurate MAE testing result, the cylinder should not have been pressurized to or abgve
the MAE test,pressure within the past 12 months prior to the requalification. However, if suspected
external (lamage has occurred to the cylinder within 12 months of the previous requalificatjon

h ThalSmmnmact Atoa) +hny o MIAD +act1c oo dad
meC anl\'al lllll.la\'b, \'L\'u-}’ CIICIT AIT IVIZTILL LUCO U 1O T ULVUIIIITIIVTITIUC U,

7 Calibration

7.1 Absolute sensor calibration

Sensors shall have a flat frequency response (¥6 dB amplitude response over the frequency range
specified, 50 kHz to 400 kHz) as determined by an absolute calibration. MAE sensors shall have a
diameter no greater than 13 mm for the active part of the sensor face. The aperture effect shall be
taken into account during MAE testing. Sensor sensitivity shall be at least 0,05 V/nm (with the removal
of all amplification).

6 © IS0 2019 - All rights reserved
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Absolute sensor calibration shall conform to the requirements specified in ASTM E1106-12.
7.2 Rolling ball impact calibration

7.2.1 General

The MAE system calibration or impact energy conversion shall be performed to detect and measure
the wave energy of the test object (e.g. fibre breakage in a composite cylinder) by using the rolling ball
impactor method. The rolling ball impactor is used to create an acoustical impulse in an aluminium-

allpy calibration plate Figure 1 illustrates the rolling ball impact setup
2 z
— ‘ . * i
1 8 X —V";
: 0 =
( O N I'Y* == ‘-7
4
Key
1 | sensor 6  ball impactor
2 | sensor output to MAE instrumentation 7  incline angle
3 | aluminium-alloy calibratien plate 8 rolling length
4 | supportblocks 9  propagation distance
5 | inclined plane with‘gboove
Figure 1 — Example of a rolling ball impactor energy calibration setup
Th setup.shall include a 13-mm diameter ball made of a chrome steel alloy hardened to a|minimum
of HRC\63, ground and lapped to a minimum surface finish of 38 um, within 2,5 pm of actual size and
rofindness within 0,6 pm.

The calibration plate shall be made of high strength 7000 series aluminium-alloy (e.g. 7075-T6) with
a smooth surface, lateral dimensions of at least 1,20 m by 1,20 m and a thickness of 3 mm * 10 % (e.g.
maximum rolled flatness deviation of 3 mm/1 m). The calibration plate is supported by rigid blocks (e.g.
steel or wood). The surface finish of the impact edge of the calibration plate shall be atleast 13 pum RMS.
The impact ball rolls down an inclined plane that has a 9,5 mm-wide by 2,5 mm-deep machined square
groove that supports and guides it to the impact point. The length of the groove shall be a minimum of
400 mm, with a minimum surface finish of 26 pm RMS. The angle of the inclined plane shall be 6°.

The top surface of the inclined plane shall be positioned next to the edge of the calibration plate and
stationed below the lower edge of the plate so that the ball impacts the calibration plate with equal
parts of the ball projecting above and below the plane of the calibration plate (i.e. the tangent point of

© IS0 2019 - All rights reserved 7
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the ball impacts the centre plane of the plate). A mechanism (manual or automated) shall be used to
release the impact ball down the inclined plane.

The system shall compute and record the measured wave energy.

7.2.2 Direct calibration

The sensor shall be placed on the calibration plate in a perpendicular orientation 300 mm + 10 mm
from the impact edge, in line with the impact location.

The sensogshallbe mounted onthe calibrationplate using acouplant that prevents any-
sensor anfl the surface of the calibration plate and tested separately via the rolling ball impact méethpd.
An MAE sensor may be damped in order to broaden the bandwidth. The vertical position of the ball’s
impact pdint shall be adjusted gradually in order to “peak up” the acoustical signal, such as-isrdonq in
ultrasonid testing where the angle is varied slightly to peak up the response. The centrerréquency of
the first cycle of the extensional mode plate wave (E wave) shall be confirmed as 125 kHz * 10 kHz. The
energy value, in joules (]), of the received first cycle of the E mode wave is defined as\UAE, 5, while the
mechanical potential energy for the rolling ball is determined in the classical méchanics sense using

Formula ([1):

UpghFmxgxh (1)

UAE 51 is fhe energy detected by the MAE system and is scaled by Ugy;; in order to compare measuted
MAE fibr¢ break waveforms to Upp [see Formula (A.4)]. This shall be an “end-to-end” calibratipn,
meaning fthat the energy is measured using the complete MAE instrumentation (sensor, cables,
preampliffiers, amplifiers, filters and digitizer) that are to be used during the actual test.

7.2.3 Linearity calibration

The energy linearity of the complete MAE instrumentation shall be measured by using three differgnt
roll lengtls (200 * 10 mm, 300 + 10 mm and 400-* 10 mm) with a £10 % tolerance. A representatjve
sensor with a typical sensitivity curve maytbe used for the linearity check of the system. The
centre frdquency of the first cycle of the~extensional mode plate wave (E wave) shall be confirmed
as 125 kHz * 10 kHz. The energy value, inf joules (]), of the received first cycle of the E mode wave
is defined as UAE.g,, while the mechanical potential energy for the rolling ball is determined in the
classical mechanics sense using Forimula (1).

7.3 MAE wave recording system calibration

The recording system (consisting of all amplifiers, filters and digitizers beyond the sensor) shall|be
calibrated by using a 20-cycle long tone burst with amplitude of 0,1 V at 100 kHz, 200 kHz, 300 KHz
and 400 kHz. This~calibration ensures that the sampling rate of the high speed analogue-to-digijtal
(A/D) conpvertersdssfanctioning properly (e.g. not aliasing the waveform). For each frequency, the MAE
calibratioh system shall be programmed to display an energy value using Formula (2):

VX NXT
u = ~ 22170 2
7 (2)

where

V' isequalto 0,1 volts;

N isequalto 20.
Formula (2) is valid for a system gain of 0 dB.

8 © IS0 2019 - All rights reserved
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To ensure that a proper sampling rate has been set and that the energy measurement is functioning
correctly, the measured values of energy shall be equal to the value calculated using Formula (2) with a
tolerance of #15 %.

8
At

MAE testing equipment
ypical MAE system includes:

broadband piezoelectric sensors,

preamplifiers,

high- and low-pass filters,

amplifiers,

A/D converters,

a computer program (software) for the collection of data,
a computer and monitor for the display of data, and

a computer program (software) for the analysis of data.

Th

arfiving waveform. It shall also include sensors and recerding equipment with a current g
stitker (yearly) or a current certificate of calibrationkPreamplifiers and amplifiers shall K
frdquency response (1 dB) over the sensor frequency;specified. The MAE testing system sh
a high-pass filter of nominally 20 kHz. A high-pass filter as low as 5 kHz may be used if extran
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9.

Pr

1 General

MAE testing system shall include software capable of indicating the channel that detect

bs not hamper the measurement. Also, a low<pass filter shall be applied to prevent digit
it occurs if frequencies higher than the Nyquist frequency (half the sampling rate) are in th

e MAE testing system shall also include-the memory depth (wave window length) and sam
the A/D converter and shall be setinf accordance with the test requirement in Annex A. Thg
1l compute the rejection criterid energy values for the specific composite material after th

Itiplication factor (F;), the¥otal single event energy multiplication factor (F,), the BE mul
tor (M;) and the BEO multiplication factor (M,). The software shall identify fibre rupture

nals and compare energiés with acceptable energy values and compute both the quiescer
S to compare againstacceptable rise and oscillation energy values (see Annex A).

MAE testing

orto performing MAE testing, the external and internal surfaces of each cylinder shall be

s the first
alibration
ave a flat
hll include
POUS noise
h] aliasing
e signal.

pling rate
» software
b operator

uts the required material properties and allowance factors, i.e. the fibre bundle rupture energy

tiplication
waveform
it BEs and

inspected

in

9.2 MAE testing procedure

9.2.1 General

ccordance with ISO 11623 or an equivalent standard accepted by the competent authority.

After completion of the MAE system calibration and cylinder visual inspection, the MAE testing
procedure in 9.2.2 to 9.2.9 shall be performed.

©lI
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9.2.2 Sensor coupling

Each sensor shall be coupled to the cylinder in such a way that good ultrasonic coupling of the sensor
to the partis assured, as described in 9.2.7. Good practice requires that care be taken to remove any air
bubbles under the sensor that would interfere with wave transmission. Each sensor shall be connected
to the testing equipment and a sensor performance check conducted prior to MAE testing to verify
proper operation and good coupling to the cylinder (see 9.2.7).

9.2.3 Sensor positioning

A minimyfmT of TWO Sensorl Tall DE Used Ior eac cylinder, WITIT ONe Sensor Installed a 2 ond.
Dependenjt upon cylinder size, additional sensors can be necessary. Sensors shall be positioned ir@ gs,
at equal distances around the circumference of the cylinder on its cylindrical portion adja to the

tangent ppint of the dome such that the distance between sensors does not exceed 0,6 m¢n principal
stress stafe directions. The sensors shall be located on the cylindrical section within 5&% from the
dome-to-ghell transition area and in line to the axial direction of the cylinder. '\O_)

If the senjsor-to-sensor distance becomes greater than 0,6 m on large diame @y]inders for wave
propagatipn in the dome portion of the cylinder, attenuation shall be measured scribed in 9.2.4) dnd
appropriafe sensors added to the dome portion. Adjacent rings of sensors s e offset by half a cy¢le.
However, If the attenuation of MAE is measured and found to be acceptable, hedistance between sensprs
may be in¢reased accordingly. Attenuation shall be measured by det%né the maximum distance that

the 400-kHz component of either the extensional or flexural wave (e. oduced by a suitable source sych
as an ultrasonic pulser or a pencil lead break applied to a wedge relevant angle) can be observed
with a sighal-to-noise ratio of at least 1,4 using the sensitivity es@llshed in 9.2.5.

For example, if the first ring of sensors is placed at 0°, 1205 and 240°, the second ring of sensorg§ is
placed at $0°, 180° and 300°. This pattern shall be contin%ﬁ along the length of the cylinder at evenly
spaced intervals until the opposite end of the cylinder isireached.

\)
See Figur¢ 2 for an example of sensor positioning\.'oA

"

o

0%

X Position [AU]

Key
1 broadband piezoelectric sensor
2 cylinder

Figure 2 — Example of sensor positioning for MAE testing
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9.2.4 Attenuation measurement

The frequency and wave mode (extensional and flexural)-dependent attenuation behaviour of a cylinder
of nominal design shall be measured and used for the normalization of measured energy values.

9.2.5 System settings

The threshold for each channel shall be a minimum sensitivity of 50 dB referred to 1 pV at the
preamplifier input.

Tl-\ cuctars chall oo padtaiy Ay ie v ga of 65 dR
1e=5y SteHt-Starr ity ST ot

TITCTT Oy o e ralirg CoT o

9.4.6 System sampling rate

The sampling speed and memory depth (wave window length) are dictated by the test requirements.
The wave window length shall include as a minimum the first part of the direct’E wave arjd the last
part of the direct F wave for a given event (pulse). One quarter of the window shall be reservé¢d for pre-
trigger memory (see Annex A).

Thtr sampling rate, or sampling speed, shall be at least twice the maximum frequency pregent in the
filjered waveform before A/D conversion so that aliasing does not occur.

9.4.7 Sensor coupling checks

Conduct sensor coupling checks prior to the test to verify proper operation and good coupling to the
cylinder. For the coupling check, the superimposed E and F waveforms shall be observed byf breaking
anfl recording a 0,3 mm, 2H pencil lead at approximately 100 mm * 10 mm from each sensor along the
ax]al direction of the cylinder. The energy of the Iead break waveforms shall be a minimum|energy of
2,4E15 ] and the same within a factor of 4 for alllsensors used in the test. If this energy comjparison is
nof met by a sensor, the sensor shall be recoupled or replaced, and the sensor coupling shall e checked
agqin to verify its energy is within the acceptable range. All lead breaks shall be recorded.

If gn auto-sensor test is used in lieu of pencil lead breaks, all received waveform energies shall have the
safne values within a factor of 4. Ifso,'repeat the lead breaks (or auto-sensor test) at a systenp gain that
dops not saturate the system. Prior to pressurization, reset the gain to the test gain.

All sensor coupling check data shall be recorded. The gain settings for the sensor coupling check shall
be|such that the signal does-not saturate either the amplifiers or the A/D converter. If so, repept the lead
bre¢aks at a system gainthat does not saturate the system. Prior to pressurization, reset the gain to the
tedt gain.

9.2.8 Pressurisation test methods

9.2.8.1 _General

Thereare two pressurization methods that may be used during MAE testing. Both Method A (9.2.8.2)
and Method B (9.2.8.3) are suitable for the periodic inspection and testing of composite cylinders. Each
method has its own benefit. For example, Method A can provide additional information for cylinders
that have a very high burst-to-test ratio; when using Method B, water does not need to be put into the
cylinder.

The cylinder that is used for MAE testing shall be instrumented in accordance with 9.2.2 to 9.2.7 and
then pressurized by either Method A or Method B. Based upon the test method selected, appropriate
allowance factors shall be chosen (see B.3). The allowance factors used for each of the two methods are
dependent upon the burst-to-test ratio developed in the laminate at the MAE test pressure.

WARNING — When performing the MAE test (especially pneumatically), safety precautions shall
be taken to protect personnel carrying out the examination because of the considerable damage
potential from the stored energy that can be released. Additionally, since MAE equipment might
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not be explosion-proof, precautions shall be taken when the pneumatic pressurization gas is
flammable.

Monitor and record the MAE event waveforms during the entire process. If detected MAE indications
suggest that the cylinder could rupture, pressure should be released immediately.

Repeated pressurizations above the test pressure will compromise the MAE test result and can affect
the structural integrity of the cylinder. The cylinder owner and manufacturer should be consulted for
cylinder disposition.

During MAE testing, if a cylinder fails a test method, it is not permissible to use a different periodic
inspection and testing method such as a proof pressure test to retest the cylinder.

9.2.8.2 Method A

MAE test pressure is equal to the cylinder’s design test pressure. Each cylinder shall bé subjected tp a
hydraulic|pressurization from 0 bar to the cylinder’s design test pressure, at whichipoint a pressujre-
hold peridd will commence. The fill rate shall be less than the rate at which flow noise first appearsg. If
at any time during fill, the fill rate is too high so that it causes flow noise, decrease.the fill rate until the
flow noisg disappears.

If no MAE]activity is recorded during any continuous 5-min period during.the MAE test pressure hgld,
the pressyre may be reduced to 0 bar and the test completed. If emissions-are detected during the MAE
test pressjire hold, the cylinder shall be held at the MAE test pressure for a maximum of 15 min.

Conduct g post-test system sensitivity check (pencil lead breaks-as described in 9.2.7) and record gnd
save the djata.

If the preq{and post-test sensitivities do not match, the MAE'test is invalid.

9.2.8.3 ethod B

If the previous maximum developed pressuré-experienced by the cylinder is not known, the MIAE
test presspre is equal to either 76 % of the'cylinder’s design test pressure or 5 % above the cylindgr’s
developed pressure at 65 °C, whichever is/greater. Each cylinder shall be subjected to a pneumdtic
pressurization from 0 bar to the MAE ‘test pressure, at which point a pressure-hold period will
commence. The fill rate shall be less‘than the rate at which flow noise first appears. If at any time
during fill, the fill rate is too high(so that it causes flow noise, decrease the fill rate until the flow nojise
disappears.

If no MAE] activity is recorded during any continuous 5-min period during the MAE test pressure hgld,
the pressyre may be reduged to 0 bar and the test completed. If emissions are detected during the MAE
test pressjure hold, theeylinder shall be held at the MAE test pressure for a maximum of 15 min.

Conduct g post-test system sensitivity check (pencil lead breaks as described in 9.2.7) and record gnd
save the data«

If the pre-

9.2.9 Repeating MAE testing

If any of the test equipment malfunctions at a pressure less than the cylinder’s working pressure, the
attempt is not considered a valid MAE test and the test may be repeated.

If any of the test equipment malfunctions at a pressure greater than or equal to the cylinder’s working
pressure, the test may be repeated up to three times provided the following conditions have been met.

— The test pressure for the repeated attempt shall be at least 5 % above the previous pressure at
which the test equipment malfunction occurred.
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— The maximum pressure for the repeated attempt shall not be greater than the cylinder’s test
pressure, unless the cylinder manufacturer approves pressurization of the cylinder to above the
design test pressure.

If the data prior to the test equipment malfunction was saved, the MAE test may proceed to the MAE
test pressure and all recorded data will be analysed. If the data prior to the test equipment malfunction
was lost, the MAE test may be repeated starting at a pressure of 1 bar.

Figure 3 provides an illustration of when an MAE test may be repeated if equipment failure occurs and
includes the necessary test pressure for the repeated MAE test.

STEP 1
Begin MAE test pressurization from 1 bar

| | Was highest pressure reacheu::c\:::::g pressure when malfunction ‘ }—N 5 Go bagk t.Step 1
T 22N A3

I
Yes
L 4

STEP 2
Which test method was used?

¥ Method A ] Method B v
STEP 3 STEP3
Was 95% of MAE test pressure reached? Was 95% 0L MAE test pressure reached?
MAE test pressure = cylinder design test MAE tesfipressure = 76% of cylinder design test
pressure O pressure

Yes ’ No Yes I No
I — : )

Have 3 test attempts
:;':l:lnsult manu;a;tu |rer on Ha“':;:sr;ﬁ:;"p“ N been made? < 'i:‘k ioutep lvl';eF ating
ability to exceed design test \ e pressurization in
pressure for requalification by accordance with 9.3.7.3
5% Yes 0
No £ ‘ .
Yes 1 Switch to Method e
A, or reject Go to Step 1, repeating
B back:'o Stﬁp L eylinder the pressurization in
Reject cylinder W L L i accordance with 9.2.7.3 with
pressurllatlor!l‘n anew MAE test pressure 5%
accordance WgF greater than previous MAE
9,}%; test pressure

Figure 3 — Decision tree to determine MAE repeat tests permissibility and execufion

1Q Interpretation

10.1 General

During MAEtesting, all waveforms (events) above the set threshold (see 9.2.5) are recorded| The MAE
syjtem distinguishes between extraneous noises (e.g. mechanical rubbing) and valid emissions (e.g.
fibre-breakage, delamination).

10.2 Noise filtering

10.2.1 General

Prior to the evaluation of the rejection criteria, any secondary AE [electromagnetic interference (EMI),
mechanical rubbing, flow noise, etc.] shall be filtered out so that only the primary AE is analysed.
Identify noise events by their shape, spectral characteristics or other information known about the
test such as a temporally associated disturbance due to the pressurization system or test fixture as
described in 10.2.2 through 10.2.6.
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10.2.2 Electromagnetic interference (EMI)

EMI is characterized by a lack of any mechanical wave propagation characteristics, particularly an
apparent lack of dispersion. EMI can be further identified by simultaneous signal arrivals on more than
one channel. The two criteria shall be considered together to ensure it is not an event centred between
the sensors.

10.2.3 Mechanical rubbing

Mechanical rubbing produces frequencies that are usually very low and should be identified and
controlled:

10.2.4 Flow noise

The pressprization rate shall be such that flow noise does not interfere with the MAE test, Elow nois¢ is
character]zed by waves that fill the waveform window.

10.2.5 Leakage

—

Leaks frogn a cylinder or its fittings can compromise the data as the leaks camproduce acoustic signals.
Leak nois¢ is characterized by waves that look uniform across the entire length of the waveform windw.

If aleak o¢curs in a fitting during the MAE test, the internal pressure-ef.the cylinder shall be reduced to
atmosphegic pressure, the fitting repaired and the MAE test repeatéd’in accordance with 9.2.9. If a lg¢ak
occurs in the cylinder, the cylinder shall be rejected in accordance.with Clause 13.

10.2.6 Clean front end

Use only dgvents which have clean front ends and in which the first arrival channel can be determined.

10.3 Datfa analysis

MAE datg to be analysed includes matrix splits, matrix cracks, fibre breaks and interfacial failyire
mechanisns due to fracture surface fretting and fibre/matrix debonding.

may be included in the data. However, these extraneous noises shall be removed prior to performjng

Extraneo‘is noise (flow noise, mechanical rubbing, etc.), which is identified by waveform characteristics,
the final MIAE data analysis.

11 Evalpation and-fejection criteria

11.1 Evalluation

Cylindersthatexperience fibre tow failure as defined in 11.2.3 and 11.2.4 shall be rejected and removyed
from service4dn accordance with Clause 13

Events that occur at higher loads (i.e. greater than the cylinder’s working pressure) during
pressurization that have significant energy and frequency content in the applicable frequency bands (as
defined in Criteria 1, 2 and 3 in Annex A) are typically due to single fibre, partial fibre tow or complete
fibre tow breaks. These events should not be present at pressures up to normal operating pressure
(working pressure) in cylinders that have previously experienced much greater pressures.
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11.2 Analysis procedure

11.2.1 General

The following criteria shall be applied to the waveforms recorded during the MAE test pressurization
and MAE test pressure hold. If Method A was selected, the rejection criteria from 11.2.2 and 11.2.3
should only be applied to waveforms captured at test pressure.

If any of the following criteria are met, the cylinder shall be rejected.

11{2.2 Rejection due to partial fibre bundle rupture criteria
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[he-absence of testing or calculation of a relevant allowance factor, a conservative value of H

,=10000

shall be used.

11.2.4 Rejection due to background energy (BE) and background energy oscillation (BEO)

The cylinder shall be rejected if the background energy (BE) moving average increases and exceeds
Ugg =2 M; (Uyg), where Uy is the quiescent BE. A value of M; = 2 shall be used unless test data or
calculation demonstrates that a larger (less conservative) value is appropriate to the type of material
and vessel under inspection. If oscillations in the BE greater than M, (difference between the maxima
and minima values of BE from neighbouring cycles) occur at any time during the test, the vessel shall be
depressurized immediately and the cylinder rejected. A value of M, = 2 shall be used unless test data or
calculation demonstrates that a larger (less conservative) value is appropriate to the type of material
and vessel under inspection.
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To establish allowance factors, physical testing on cylinders of nominal design need to be subjected
to compromising situations (impact, notch tolerance, etc.) to identify cylinders that exhibit
performance degradation which results in compromising the minimum design burst pressure. See
Tables B.1, B.2 and B.3 for representative values of allowance factors.

12 Test report

Areportshall be generated for each cylinder examined by MAE. The test report applies to both Method A
and Method B and shall include the following information:

— cylinder design specification;

— name(s) of owner(s) of cylinders;

— MAE technician’s name and certification level;

— seriallnumbers and manufacturer name(s) of cylinders;
— MAE test method used (A or B);

— MAE test pressure;

— sensofr configuration;

— attenyiation data derived from 9.2.4;

— pressjirization medium;

— cylinder design test pressure (cylinder marked test préessure);

— cylinder water capacity;

— event|energies exceeding the fibre bundle fracfure criteria described in 11.2.2 (accept/reject);
— event|energies exceeding the single event\energy criteria described in 11.2.3 (accept/reject);
— allowpnce factor values (F;, F,, My,ahd M,);

— BErige, if applicable (accept/reject);

— BEO gressure, if applicablé (accept/reject);

— date qf MAE test and.facility where test was performed;

— visual inspection.results (accept/reject); and

— previpus examination date and previous test pressure.

13 Reie tion and rnndpring rylindprc unserviceable

The decision to reject a cylinder may be taken at any stage during the periodic inspection and testing
procedure. If it is not possible to recover a rejected cylinder, the testing facility shall, at the discretion of
the owner, condemn the cylinder by rendering it unserviceable for holding gas under pressure so that it
cannot be reissued into service.

One of the following methods shall be used to render the cylinder unserviceable:
— crushing the cylinder using mechanical means;
— cutting the neck off the cylinder; or

— cutting the cylinder in two or more irregular pieces.
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Annex A
(normative)

MAE testing equipment specification

A.f—General

The MAE system shall have adjustable memory depth (wave window length) and adjustablg sampling
rafe for the high-speed A/D converter. They shall be set accordingly for the MAE test réquirements as
follows.

The memory depth (wave window length) and sampling speed are dictated by the test reqnhirements
anfl calculated as shown in Formulae (A.1) and (A.2). Use C; = 5 080 m/s artd)C = 1 270 m/s @s a guide.
Thie actual dispersion curves for the material shall be used if available.

L/Cg=t, (A1)

L/Cq=t, (A.2)

Formula (A.3) is the minimum waveform window timesand allows for pre-trigger time:

(t;-t) x 1,5 (A.3)

Th[ sampling rate, or sampling speed, shall be'such that aliasing does not occur.

Th recording shall be quiescent before the front end of the E wave arrives. This is called a dlean front
endl (see 10.2.6).

In prder to determine if fibre bundle breakage has occurred during the MAE test, the frequengy spectra
of the direct E and F waves shall be analysed by software that performs such analysis and thg energies
in fertain frequency ranges as'given below shall be computed.

U 1langes are defined as:

kHz
Uy| 50-400
U;[ 108=200
U, 250-400

The energies in the different ranges are compared as follows to determine if fibre breaks have occurred
during the test:

Criterion 1: U, ZU?]?FB' the energy in the waveform shall be greater than or equal to the fibre bundle

breakage energy.

U,
(U, +U,)

than or equal to the energy in the intermediate frequency range.

Criterion 2: >15%, the waveform energy contained in the higher frequencies is greater
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U
Criterion 3: —2>10%, which means the energy contained in the higher frequencies is not too small

0

compared with the energy of the whole waveform. This distinguishes delamination and matrix cracking
waveforms from fibre rupture waveforms.

In the above, Ugg is calculated using the average breaking strength found in literature, from the
manufacturer’s data or independent test data. Formula (A.4) shall be used for calculating the average
single fibre break energy:

UFB

If the inef

Upp is cal
ULE as sh

AE _]
UFB 7]

See Anney

A.2 Total single event energy

Friction b
have dela
because if

Even the presence of fibre bundle breakage can be)detected by examining the waveforms produced
acoustic emission (FRAE). Increasing-FRAE intensity throughout a pressure cycle indicafes

frictional
increasing
through
rejection

A.3 BE

During prj
(BEO).Th
be differe
of M; and
sample of

= ——X——XI (A
2 4

fective fibre length is not readily available, four times the fibre diameter shall be.tised.

fulated and subsequently scaled by the rolling ball impact energy conversion to determ

own in Formula (A.5):

mgh
[ B for an example calculation using Formula (A.4).

ptween fracture surfaces plays a very importantrole in understanding MAE in cylinders t
mination growth within their microstructuge. It is an indicator of the presence of damsg
is produced by the frictional rubbing between existing or newly created fracture surfag

' damage. FRAE energies can be‘quite large. An allowance factor (F,) shall be determir
esting of similar cylinders and“input into the software used for the MAE analysis of
riteria.

and BEO

essurization, theZBE of any channel might begin to rise and, at some point, begin to oscill
e multiplicative factor (M) for the quiescent BE rise and the BEO multiplicative factor (M) (
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Annex B
(informative)

Overview of modal acoustic emission (MAE) test metho

mposite fracture mechanisms are numerous but consist primarily of matrix cracking)del
fween layers, fibre breakage, fibre to matrix debonding and fibre pull-out. Acoustic.emiss

vly created fracture surfaces. Experience shows that composite overwrapped pressur
ure is controlled by fibre fracture.

ce it is fibre breakage that primarily controls cylinder strength. It'should be noted that it
it significant fibre breakage will occur at operating pressure unless damage is present. T

en herein for fibre breakage events.

AE event is a mechanical impulse that generates a.wave that propagates in all direct]
source. Such impulses are created by the composite'fracture mechanisms and can be
ng elastodynamic theory. As the impulse propagates through the material, it changes shj3
ve propagation considerations, dispersion and‘attenuation. The mechanical impulse is dg
e or more sensors coupled to the material atisome distance from the source. The detect
waveform, is captured and analysed. Since.there are multiple fracture mechanisms, the
duced by a given fracture mechanism shall be distinguished from all others if thd
chanism is to be uniquely identified.,

aptured AT waveform is distinguished by the wave (mode) shapes, the wave (mode) en¢

wave (mode) frequency spectrum. These quantities are then related to elastodynanm
ess and strain analysis, fracture mechanics and testing of composite materials provide
ight into how to use the-elastodynamic modelling. Using these methods, the waves are a
ermine whether the source is a delamination event, a matrix crack event, a fibre bundle
ent or a frictional eyent.

ures B.1 and B2 demonstrate detection and confirmation of fibre breakage. Figure B.3 is a
BE and BEO.
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