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Abstract:

The first commercial model of the acoustic emission Halon Bottle Tester has been in opera-

tion at the American Airlines Maintenance Facility, Tulsa OK for about two years.  A data set of

649 bottle tests was reanalyzed with a FORTRAN program including all recent tester program

modifications.  Thirty-four bottles, 5.2%, failed the test. The analysis showed no reasons to

modify the pass-fail criteria given in DOT-E 11850.  Metallographic studies of some of the failed

American bottles showed that the detected acoustic emission attributed to corrosion came from

corroded regions on the interior of the bottles.  The cause of the corrosion appears to be the dete-

rioration of Halon 1301 in the presence of small amounts of water.

1. Introduction:

An acoustic emission (AE) tester for airline Halon 1301 (CBrF3) fire extinguisher bottles was

developed at Sandia National Laboratory under the sponsorship of the Federal Aviation Admini-

stration (FAA) and the Air Transport Association (ATA).  After extensive testing at two bottle

manufacturers’ testing and repair facilities, an exemption to allow its use on commercial aviation

bottles was given to the ATA by the Department of Transportation.  Physical Acoustics Corpo-

ration (PAC) produced a commercial version of the tester and sold the first machine to American

Airlines, which had it installed in its Tulsa Maintenance Facility.  This machine has been in op-

eration for about two years and, despite several unexpected problems characteristic of new tech-

nology, has tested almost 500 Halon bottles to date.  The original pass–fail criteria built into the

tester and the DOT Exemption were based upon a data set of 208 bottle tests.  To this original

data set, the tests of about 475 bottles by American Airlines were added.  This combined data set

was then examined and slightly culled to arrive at a data set covering 649 tests.

The Halon Bottle Tester writes a data file for each test containing the raw data before any

analysis by the AE system.  All of these files are stored on compact disks.  This allows post-test

analysis using any desired methodology.  During the commercialization of the test system, a se-

ries of minor modifications to the original Halon Bottle test program have been made.  To assure

that all data was treated equally, an analysis program was written in FORTRAN, which included

a series of small changes incorporated in recent commercial version of the tester program.  This

FORTRAN program was used to analyze all data sets.  Because of this accumulation of minor

program changes during the commercialization of the tester, the classification of three of the

bottles, whose test results placed them right at the pass-fail boundary, changed, one from pass to

fail and two from fail to pass.  Such a discrepancy can be expected any time arbitrary criteria are

used.  The original criteria were set at a level where it was expected that all bad bottles would

fail and a few good bottles would be rejected.  All indications are that these expectations have

been met.
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2. Test System

The AE Halon Bottle test system has been described in some detail
 
[1]. It is based on a PAC

six-channel Mistras AE system.  The program is unique to the Halon tester.  It controls the load-

ing, collects and analyzes the AE data and evaluates the results, giving a pass or fail grade to the

bottle at the end of the test. The test load is applied to the bottle by heating it in an industrial

oven up to a surface temperature of 65.6°C.  This temperature produces a pressure, which is

roughly twice the fill pressure and is more than 140% of the pressure at a maximum expected

operating temperature of 43.5°C.  After the oven heaters and fan are shut off, the bottles are held

for five minutes to allow the temperature of the contained Halon to reach equilibrium with the

bottle surface.  The final temperature of the Halon is between 64
o
 and 65°C.  At the end of the

test, the system prints a report grading the bottle and giving the locations with respect to the sen-

sor locations of the suspect regions if the bottle has failed the test.

All AE signals during the heating cycle and hold period are detected down to a threshold of

25 dB (18 V from the sensor).  The AE system records the signal arrival time (to an accuracy of

0.25 s) and several signal parameters for each AE signal detected by a sensor.  Each sensor can

detect up to about 500 signals per second, depending upon the signal length.  The waveform of

each emission is also recorded.  The computer program then looks for groupings in time of the

detected signals.  All signals detected within a time period equal to 120% of the time that it takes

for a flexural-mode AE signal to travel half way around the sphere are grouped into an event data

set.  If the data set meets certain criteria, such as each sensor only being excited once and at least

four of the six sensors being excited, a nonlinear least-squares fitting routine attempts to calcu-

late the location of the signal source on the sphere. The use of an over-determined data set

(mathematically only three sensors have to be hit for exact location) results in the calculation of

the most probable location for that set of data. The accuracy of the location is dependent upon

many factors. The two which have the most influence on when the system triggers for each ar-

riving AE signal are the initial amplitude and the physical conditions in the bottle wall along the

shortest paths to each sensor.  Doubler plates, tack welded on the external surface containing at-

tachment fixtures and ports for gas fill or exhaust will distort the waveform of AE signals pass-

ing under or near them.  This can result in the system triggering on different points of the wave-

form at different sensors.  The program uses both the over-determined data set and other features

such as weighting the data points based upon signal characteristics to overcome some of these

problems but there is always some ambiguity in the location accuracy.  On a test specimen with-

out attached surface features, such as a gas cylinder, the location accuracy can routinely be ±1.6

mm, but on Halon Bottles the location accuracy is partially dependent upon the relationship be-

tween the position of the source and that of the surface features.  The accuracy usually falls be-

tween ±6.4 and ±18 mm.  The location routine succeeds in finding a location on the surface of

the sphere for between 70 to 90% of the signal groupings.  The main reason for failing to locate a

source on the surface is triggering at quite different places on the waveform at the different sen-

sors, resulting in either totally wrong arrival times or the determination of arrival times at differ-

ent sensors from different acoustic modes.

 The analysis program is not based on the individual AE signals but on the located AE events.

A basic assumption is that AE signals produced by the same growing flaw will have their sources

all located in the same region on a specimen. Therefore, one should search for a spatial clustering

of the emissions.  In this program, as each event is located, it is checked to determine whether it

is a member of a cluster of events.  A cluster is defined in the program as two or more events lo-

cated within a circle on the surface of the sphere, whose radius is 15° of arc (0.26 times the
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radius of the sphere).  This definition of a cluster removes the influence of sphere size from the

analysis. The program tracks how many events are included in each cluster and the temperature,

at which each event occurred.  The slope of the curve for the number of events as a function of

temperature is monitored for each cluster. The pass-fail criteria are based upon the number of

events contained in a cluster and the behavior of the slope of the events vs. temperature curve for

the cluster.

3. Rejection Criteria

Acoustic emission can be generated by a wide variety of mechanisms.  For aircraft Halon

bottles, the two most likely mechanisms are crack growth and corrosion.  These two mechanisms

show somewhat different patterns in the generation of the emission.  In crack growth a crack tip

advances in discrete jumps when the local stress field exceeds the level necessary for crack ad-

vance.  These jumps are small, usually involving one or two metal grains to start with but they

produce detectable bursts of AE.  In stable crack growth, each jump decreases the local stress

field enough so that the crack arrests until a further increase in the applied load brings the local

stress field back to a level sufficient to produce another crack jump. This behavior appears as an

apparent steady AE event rate as a function of increasing load. As the crack grows, it will reach a

point where each jump not only decreases the local stress field but also decreases the strength of

the surrounding material.  At this point, the jump rate and thus the emission rate starts to increase

in an exponential manner.  This condition is unstable crack growth and will result in fracture of

the specimen if the loading is not reduced or stopped.  If the increase in the external load is slow,

the exponential increase in the AE rate can usually be detected long before failure occurs.  Thus

an AE rate, which is constant with load increase, is indicative of stable crack growth while an

increasing rate with load increase is a sign of unstable crack propagation.

The term corrosion, as one might expect, covers a large variety of conditions. For steel bot-

tles there are at least two different types of corrosion. In alloy steels such as AISI4130, small

patches of corrosion can form on the interior surface of the bottles.  When the bottle wall is

strained by pressure loading, the corrosion product can either fracture or pop off of the surface.

Either process produces large bursts of emission.  A characteristic of this type of corrosion is a

high initial emission rate, which decreases as an increasing percentage of the corrosion products

are affected by the strain.  After a certain load level is reached, all emission will cease.  This type

of corrosion is usually not seen in stainless steels.  However, these steels can be etched by an

acid attack.  If the acid attacks the grains preferentially, either with respect to composition or ori-

entation, one will end up with a rough surface and possible pitting as the acid follows either the

grain surface boundary or the grain itself down into the base metal.  The application of a strain to

such a surface may cause many small fractures at weakened grain boundaries or dissolved pits in

the surface.  These fractures produce detectable AE. Again, the probability of fracture of any de-

fect will depend on the local stress field. The difference between controlled crack growth and the

etching corrosion is the larger number of potential fracture sites produced by the corrosion.  The

emission rate from this type of corrosion will be proportional to the strain and thus the applied

load.  This should produce a roughly constant emission rate for a constant loading rate.  Another

possibility for this surface corrosion is that there may be coalescence of the small surface cracks,

which can lead to unstable crack growth.

This discussion predicts three types of characteristic emission behavior for three different

sources of the emission.  Small patches of surface corrosion produce an emission rate, which

may be high initially but falls off with an increasing load. Such surface corrosion has little effect
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on the strength of a bottle.  Etching corrosion and controlled crack growth produce an emission

rate linearly proportional to the loading rate.  Small amounts of either are relatively innocuous to

the bottle.  Unstable crack growth will produce an emission rate, which can increase exponen-

tially with respect to the loading rate.  Such a crack will inevitably lead to failure of the bottle if

the load is not reduced or removed.  However, the AE rate usually predicts imminent fracture far

enough in advance to enable a test to be stopped before catastrophic failure occurs.

By locating the source of each burst of emission, the growth rate of the individual flaws can

be estimated.  The decreases in the local stress field with crack advance will often restrict activ-

ity to a single crack in a local region. The amplitude of each emission is related to the volume of

the growing crack.  However, by the time an AE signal reaches a sensor and is detected, the ex-

act waveform is determined by the characteristics of both its source and the details of the path it

travels to the sensor. A study of the characteristics of all waveforms detected by sensors from a

single event can give information about the event but this is not a process easily automated, es-

pecially for a wide variety of waveforms.  Therefore, the information that is used in the grading

of a Halon Bottle in this tester is the existence of located events; whether they form local clusters

with other events; what is the number of events contained in a cluster and what is the event rate

as a function of load for the cluster.  By focusing only on located events, the effect of the fine

details of the waveforms at different sensors is minimized and external noise becomes a nuisance

instead of a severely limiting factor.

Two concepts are used in setting the failure criteria for the Halon Bottle Tester.  First: the

size of a flaw is roughly proportional to the number of emission bursts produced.  Second: the

severity of a flaw is proportional to the rate of increase of the number emission bursts in the

cluster with increase in load.  A simple method is used to determine when the rate of bursts ver-

sus load is increasing as a function of load.  The number of cluster events occurring above 54°C

is divided by the number of events occurring between 43° and 54°C.  If this rate ratio reaches 3.0

or higher, it indicates that the burst rate is undergoing an exponential increase and that uncon-

trolled crack growth is occurring.  By applying these concepts to the original set data set of 208

tests, a failure criterion for growing cracks was set. It is that a cluster of AE events having 18 or

more members and a rate ratio of 3.0 or higher has failed the test.  The failure criterion for con-

trolled crack growth and corrosion is based only on the number of located events in the cluster.

Any cluster containing 35 or more members irrespective of the value of the rate ratio fails the

test.  It must be stressed that these criteria are arbitrary and are based upon the experimental re-

sults from 208 bottle tests by the prototype system.  They were in no way meant to apply to any

other type of test or AE system.  Any major change in the Halon Bottle Tester or its software

would require a new set of pass-fail criteria.

4. Data Sets

Two separate data sets were combined for this study.  The first is the original data obtained

during the development of the system and used in setting the pass-fail criteria quoted in the De-

partment of Transportation exemption DOT E-11850.  The second set is data obtained between

February 2002 and October 2003 from the commercial Halon Bottle system at the American

Airlines Bottle Shop, Tulsa OK.  The original data set was obtained at the Halon Bottle repair

facilities of Walter Kidde Aerospace in Wilson NC and Pacific Scientific Company in Duarte

CA.  These sets were combined and the data then culled in the following manner.  First: a test

had to either complete the full temperature cycle, 66°C plus a five minute hold, or had to con-

tinue until an automatic safety provision stopped the test due to excess emission in a cluster.
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Second: any test, which did not detect a single emission was rejected.  There were only eight

such tests, most in the original data set.  Despite an Automatic Sensor Test, which had to be

passed before any bottle test could start, the absence of any AE raised a question as to whether

the system was working correctly.  Third: only data from steel bottles was included.  Both of the

sets contained data from some titanium bottles.  However, recent testing at American has raised

questions about the results of tests on titanium bottles.  Therefore, only data from bottles made of

various steels was included.

Most Halon bottles are spheres but there are three models of elliptical Halon bottles. They

consist of two hemispheres with a short cylindrical section centered between them.  It had been

determined that the elliptical bottles with a 38-mm-wide center section could be tested success-

fully in the spherical fixture with the spherical program.  Nineteen of these tests are included in

the data set (three of them failed the test).  However, 12 data sets from bottles, which had 76-mm

and 127-mm cylindrical sections, were excluded because they required a different fixture and

program to analyze them. The sizes of the Halon spheres included in the data set ranged from

170 to 356 mm in diameter.  The elliptical bottles had a diameter of 356 mm.  Most of the bottles

were made of Nitronic stainless steel (21-6-9).  Some of the older bottles were made of Almar,

some of 4130 steel and a few bottles of unknown stainless steel.  No significant differences in the

test results were seen between these materials.

No AE testing has been done on new Halon Bottles.  All tested bottles had either been re-

moved from an aircraft or had been warehoused as a spare part for many years.  No attempt was

made to determine the age of these bottles.  The majority of the bottles is currently owned by ei-

ther FedEx or American Airlines but bottles, which were or are owned by other airlines, were

included in the data set.  Most of the bottles were manufactured by either Walter Kidde or Pacific

Scientific but some of the older bottles were made by companies which have been sold or are no

longer in business.

Table 1  Distribution of located events per bottle.

Number of  located

events per bottle

Number of  bottles Percent of total bottles

           0         160          24.7

         1 - 10         345          53.2

       11 – 20           45            6.9

       21 – 30           31            4.8

       31 – 40           11            1.7

       41 +           57            8.8

5. Analysis

The failure criteria are based only on the located events.  Table 1 shows a rough distribution

of the number of events per bottle without considering their location.  Almost one fourth of the

bottles had no locatable events and half the bottles had between one and ten locatable events.

After 30 events per bottle, the distribution drops off to along tail with an upper end at 588 events

for a bottle.  The number of located events per bottle could be used as a simple pass-fail criterion

but with the locations of the sources available, better criteria can be developed.
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Fig. 1  Location of sources on Bottle HTAL0875.

Fig. 2  Number of located events as a function of temperature for HTAI 9828.

When the distribution of the sources over the surface of the bottles is examined, the idea of

grouping these sources in clusters becomes obvious.  Figure 1 shows a location graph of the

sources from a test.  For simplicity of display, the surface of the sphere has been distorted to that

of a cylinder with the poles of the sphere at the top and bottom of the cylinder.  This will show

reasonably accurate relationships for the center band around the equator with extreme distortion

only near the poles.  The sensor positions are shown and numbered with #1 being at the north-

pole (arbitrarily defined on the sphere) and #6 at the south-pole.  This bottle had 15 emission

sources contained in the cluster defined by the circle with the rest of the 63 located sources scat-

tered over much of the bottle.  Figure 2 shows a running sum of all located events as a function
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Fig. 3  Distribution of located events on bottle HTAH1254

Fig. 4  Number of located events vs. temperature for two clusters seen on bottle HTAH1254.

of temperature.  This curve shows the behavior for mild corrosion on the inside of the bottle.  As

the strain in the bottle wall increases, the number of corrosion products left unaffected on the

wall surface decreases and emission rate approaches zero.  This bottle appears to have random

corrosion with only a small amount of localization.  The conclusion is that this amount of corro-

sion has only a minor effect on the integrity of the bottle.

In Fig. 3, a bottle is shown with 217 located emissions.  This bottle has almost all of the

emissions located in two clusters, one containing 85 events and the other, 102.  It appears that the
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bottle has two obvious problems.  The question here is not whether these clusters are serious or

not but, rather, is the bottle in imminent danger of failing during the test.  Figure 4 shows a graph

of the running sum of events in each cluster as a function of bottle temperature.  Both clusters

show a constant rate of emission as a function of temperature.  There is a slight indication of a

rate increase for cluster “a” above 63°C (145 F), but it is not definitive.  The best scenario is that

these both show controlled crack growth.  There is no question that they appear serious but there

is also no indication impending failure.  Under the pass-fail criteria currently in place, the system

declared them as corrosion and failed the bottle.

The next bottle test to be presented is show in Fig. 5.  This bottle did not just fail the test, it

ruptured a burst disk inside the oven at a temperature of 65°C (one degree before the computer

would have turned off the fan and heater).  The result was spectacular although the resulting

damage was rather easily repaired.  Two tight clusters are seen in the figure.  There is no ques-

tion that these are the exit ports containing the burst disks.

Fig. 5  Located events on bottle HTAI6427

Fig. 6  Number of events vs. temperature for two clusters on bottle HTAI6427.
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The spacing between the clusters on the graph is about an inch less than the actual spacing on

the bottle.  A discrepancy could be expected as the events occurred on the top of the ports and

the acoustic waves had to travel about two inches down the ports before they reached the surface

of the sphere.  Figure 6 shows the number of events as a function of temperature for the two

clusters.  The shows that the burst disk on “b” was the disk, which fractured. The last emission

from “a” occurred about one minute and 0.8°C before the last event seen on “b”.  However, from

these curves, it is apparent that both disks were well on their way to fracture.  The curves indi-

cate that the transition to uncontrolled crack growth occurred at about 56°C (130 F) for “a” and

58°C (137 F) for “b”.  This is in contrast to Fig. 3 where the first indication of an upturn in the

rate was at 63°C.  These curves also illustrate that the growth of each crack depends strictly on

local conditions.  With several cracks growing on a structure, it is impossible to predict which

one will result in failure of the structure.

Fig. 7  Located events on bottle HTAI9828.

The data from this unexpected failure made several important points.  First the significance

of the increasing slope of the AE versus load curves is quite real.  Second, the choice of the

number of events in a serious cluster is certainly realistic and is of the correct order of magni-

tude.  Third, the safety criteria for shutting down the system before a failure occurs needs to be

reviewed and revised.

The question of whether corrosion was producing some of the emission or not, was resolved

when American
 
[2] sectioned and examined the inside of several of the bottles, which had failed

the corrosion criteria.  All of the sectioned bottles showed corrosion stains at the apparent low

point, during storage, of the spheres.  These stains were between 51 and 63.5 mm diameter cir-

cles.  Micrographs showed corrosion and wall thickness measurements revealed thinning up to

25% of the wall thickness. Figure 7 shows the emission locations seen during the test of bottle

HTAI9828, one of the sectioned bottles.  The emission rates, seen in Fig. 8, suggested unstable

crack growth for cluster “a” and stable crack growth for cluster “b”.  A micrograph of a stained

region on the interior wall is shown in Fig. 9.  The etching of the surface is clearly visible as are

tool marks that remain on the original portions of the surface.
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Fig. 8  Number of events as a function of temperature for clusters on bottle HTAI9828.

Fig. 9  Corrosion on inside of bottle HTAI9828. Magnification 31x.

Thirty-four of the bottles in the data set of 649 bottles failed the AE test.  Eighteen, 2.8%,

failed the test based on the unstable crack growth criterion and 16, 2.5%, failed the test based

upon the corrosion or stable crack growth criterion.  Of the 16, 11 had curves characteristic of

stable crack growth, some with hints of transition to unstable crack growth near the end of the

test and five were more characteristic of corrosion with the emission rate slowing down near the

end of the test.  One of the failures in the original data from Walter Kidde was due to a replaced

pressure switch protective housing, which was mounted with screws instead of being welded.
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This test is included as the system definitely failed the bottle although there was probably noth-

ing wrong with the actual structure of the bottle

6. Discussion

The pass-fail criteria established for the prototype Halon Bottle Tester have held up remarka-

bly well for this expanded data set.  Changing the required number of events in a cluster neces-

sary to fail the test due to unstable crack growth would have only minor effect on the number of

bottles failed. Decreasing the number from 18 to 15 would have failed one more bottle while in-

creasing it to 30 would have passed four more bottles.  However, two of those bottles had identi-

fied flaws.  The definition of the critical number for the ratio test of 3.0 is supported by cata-

strophic failure of Bottle HTAI6247.  The final ratios of the two clusters at failure were 10.8 for

the burst disk that appears to have survived and 4.63 for the burst disk that failed.  Lowering the

ratio to 2.5 would have failed two more bottles while raising it to 4.0 would come close to miss-

ing the unstable crack, which caused the failure of HTAI6247.  The best compromise is ap-

proximately the original pass-fail ratio and there appears little reason to change it.

When the original pass-fail criteria were being developed, the primary problem was thought

to be unstable crack growth.  Then several bottles appeared that had clusters containing large

numbers of locatable events but a constant emission rate as the pressure increased so another

mechanism was suspected.  Experience had shown that a corroded piece of metal, when strained,

produced emission, whose rate decreased as the finite supply of corrosion products was used up.

When several bottles showed clusters with either steady or decreasing emission rates as the tem-

perature increased, it was recognized that while failure of the bottle was not imminent, the larger

clusters did indicate a problem with the bottles.  Corrosion was thought to be the most likely

cause and thus it was labeled.  This was confirmed by corrosion stains with accompanying wall

thinning, found when American sectioned some of the bottles, which had failed the corrosion

criteria.  However, it is not clear that many of the bottles contain brittle corrosion products in the

stained areas. Only 5 bottles show the decreasing emission rate characteristic of fracturing corro-

sion byproducts. Most bottles that failed the corrosion criteria had a constant emission rate and a

few even had a noticeable rate increase above 60°C.  Some of the micrographs show pitting in

the corroded area but few flakes of corrosion byproducts are seen.  What is postulated as a

mechanism for generating the AE is the formation of microcracks associated with the pits.  As

the load is increased, not only do more fractures occur but some propagate into the surface.

Some of these microcracks may coalesce into larger cracks and eventually start to show unstable

crack growth. This scenario would tend to produce the emission curves seen in these bottles.

This explanation leaves one problem. Halon 1301 is supposed to be stable. However, in the

presence of water, fluorocarbons can react very slowly with water.  Products of such a reaction

for Halon 1301 (CBrF3) will include hydrogen fluoride HF and hydrogen bromide HBr. Water

and Halon 1301 are not miscible with Halon being the denser liquid (the density is 1.57). Any

free water would float on top of the liquid Halon.  Most but not all of the corrosion stains in the

examined bottles appear to be positioned at the bottom of the bottle as it is mounted in the air-

craft. HF and HBr appear to be able to dissolve in Halon and sink to the bottom, where they pro-

duce the observed puddle shaped corrosion stains.  These puddles are between 38 and 64 mm in

diameter.  The sizes of these puddles agree with the sizes of the AE clusters shown in Figs. 3 and

7.  Both micrographs and wall thickness measurements show that these stains are corrosion pud-

dles.  A wall thinning of 27% has been measured at the low point of one of the puddles.
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The sectioning studies of the failed bottles show that the corrosion puddles found by AE may

have a significant effect on the integrity of the Halon bottles and justifies the inclusion of the

corrosion criteria in the original Halon bottle test program. Examination of the cluster curves for

all 30 bottles with 20 or more events per cluster and rate ratios less than 3.0 shows that 6 have

corrosion-type curves and the rest have emission rates, which are relatively constant and inde-

pendent of the temperature.  Sixteen failed the current criteria with 2 bottles having between 35

and 40 events in the cluster.  Five more bottles had between 30 and 34 events.  None of these 5

showed any indication of unstable crack growth at the higher temperatures. Changing the current

corrosion criterion to 40 events per cluster would have passed two more bottles, while the crite-

rion of 30 or more events would have failed five more bottles.  The bottles that failed the corro-

sion criteria averaged 64 ± 20 events in the largest cluster.  Because of the reported wall thinning

in several of the sectioned bottles, the corrosion criteria should not be raised very far and there

seems no compelling reason to lower it.  Therefore, it is recommended that neither failure criteria

should be changed from the current values.

7. Conclusions

The original pass-fail criteria for the AE Halon Bottle Tester were based upon 208 bottle

tests. The addition of another 475 bottle tests from the American Airlines Halon Bottle Tester in

its Tulsa Bottle shop gave no reason to change these criteria.  The combined data set of 649 bot-

tles included 34 bottles, which failed the criteria.  Metallographic studies of some of the failed

bottles at American showed that the AE tester detected the corrosion on the interior of the bottle.

This corrosion included significant wall thinning. The cause of the corrosion is thought to be the

decomposition of Halon 1301 in the presence of water.  The most likely decomposition products

are HF and HBr.
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