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FOREWORD

This report summarizes research conducted under Contract No. N00014-

69-C-0352 from Ilarch to August 1970. The research was performed by the Columbus

Laboratories of Battelle Memorial Institute under the auspices of the U. S.

Navy Supervisor of Diving, Washington, D.C., with Mr. 0. R. Hansen serving

as project monitor. The principal investigators were W. E. Berry, Associate

Chief; R. J. Eiber, Senior Project Leader; N. C. Henderson, Research Engineer;

and D. W. Frink, Division Chief.
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ABSTRACT

A program was conducted to determine the cause of the corrosion that

was discovered in a rnumber of aluminum scuba cylinders, and to determine whether

the rupture strengzh of the cylinders had been degrade%' by the corrosion. An

examination wa• made of 68 corroded cylinders received from Naval facilities.

Rupture experiments were conducted on new cylinders and on the most severely

corroded cylinders. Detailed analyses were made of corrosion products from

selected aluminum cylinders, an, of corroded and uncorroded material from the

ruptured Lylivders. It was concluded that the corrosion ii, the cylinders examined

had not significantly reduced the rupture strength of the cylinders. Recommenda-

tions were formulated concerning changes in manufacturing specifications, clean-

ing procedures, and inspection prccedures to provide increased assurance that

corrosion will not progress io the point of significantly dcgrading the rupture

strevgth of aluminum scuba cylinders.
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FINAL REPORT

on

PHASE I INVESTIGATION Q'
SCUBA CYLINDER CORROSION

by

N. C. Henderson, W. E. Berry,
R. J. Eiber, and D. W. Frink

INTRODITCTION

During an inspection of aluminum scuba cylinders by Navy personnel at

Indian Head, Maryland, quantities of a gelatinous corrosicrx product were dis-

covered on the internal surfaces of a number of the cylinders. Bccause the air

supply system at the facility had recently been cleaned using a caustic cleanil.g

solution of trisodium phosphate, it was thought that this cleaning Egent had not

been adsquately removed and that minute quantities of the cleaning solution had

been introduced into the scuba cylinders during charging. However, a detailed

enalysis by Battelle-Columbus of the corrosion products from a selected cylinder

indicaLed that fluorine was the corrof'.ent instead of trisodium phosphate.

Because the corrosion of aluminum by fluorine can be a continuing pro-

cess, the Supervisor of Diving requested the visual inspection of all aluminum

scuba cylinders in use by the Navy. As summarized in an interim Navy report(1)*

1336 cylinders had been inspected as of January 28, 1970. Of these, 16 percent

showed evidence of corrosion, and • percent showed severe corrosion. Based on

these results, and on a consideration of cylinder rupture pressures and cleaning

procedures, it was recommended in the interim report that the possible degrada-

tion of cylinder strength by corrosion be determined, that acceptable cleaning

procedures be formulated, and that modified field inspection techniques be developed.

Efforts related to cylinder corrosion were continued by the Navy through

design analysis of the aluminum scuba cylinders, and through consideration of

the implications on cylinder design of a neutral buoyancy requirement. The re-

sults of these efforts are descrioed in a Navy status report(2) dated March 16,

* Numbers in parentheses denote references, listed on page 74.

BATTELLE MEMORIAL INSTITUTE -COLUMBUS LASORATORIES



4,

2

1970. Also described in this report are the results of the visual inspection

survey as of March 16. Of 1623 cylinders inspected, 20.2 percent were judged to

be moderately corroded, while 4.4 percent (72 cylinders) were judged tc be severely

corroded.

To assist with the problems of corrosion in aluminum scuba cylinders,

the Navy initiated a Phase I effort at Battelle-Columbus to investigate the rup-

ture strength of new and corroded cylinders, to analyze the severity and type of

corrosion, and to formulate recommendations concerning manufacturing specifica-

tLuns, cleaning procedures, and field inspection techniques. This report summarizeo

the Phase I activities.

SUMMARY

The rupture strength of new aluminum scuba cylinders was investigated

through the rupture and analysis of three new aluminum scuba cylinders, and through

the review of devclopmentýl test data from the Pressed Steel Tank Company on the.

rupture strength of 29 aluminum scuba cylinders. Additional studies on new

scuba cylinders were conducted in relation to the strength of aluminum cylinder

threads, the buoyancy of aluminum cylinders, and the conformance of aluminum and

steel scuba cylinders with the Department of Transportation (DOT) Specification

3AA requirements.

The rupture strength of corroded aluminum cylinders was investigated

through the rupture and analysis of the three most corroded cylinders of the first 64

cylinders received and examined, and through the calculation and experimental

verification of the critical flaw size that must be developed in aluminum scuba

cylinders for rupture to occur at the maximum operating pressure (3000 psig).

The cause of corrosion in the aluminm scuba cylinders was investigated

ihrough the detailed analysis of corrosion product6 frcm selected aluminum cylin-

der, and through the detailed exumination of typical pitted areas from the selected

cyl inders.

Based on these studies and on a review of the applicable manufacturing

specifications and cleaning procedures; recommendations were formulated concerning

changes i• procedure that will provide increased assurance of manufacturing and

maiiintainiag satisfactory aluminam scuba cylinders.

BATTELLE MEMORIAL INSTITUTE--COLUMBUS LABORATORIES
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CONCLUS IONS

The fo7.lowing conclusions were reached as a result of the Phase I

activities:

(1) Although the rupture strength of aluminum scuba cylinders is not
significantly affected by the type of corrosion observed in the
cylinders received, periodic inspections are required to insure
that an unusually severely corroded area does not progresa to the
point that a cylinder will be perforated or a critical flaw
developed.

(2) The strength of the aluminum scuba cylinder threads is satisfactory.

(3) The buoyancy of aluminum scuba cylinders meets the intent of the
manufacturing specification but consJderaxion oi the effect of the
valve would be desirable.

(4) The aluninmn and steel scuba cylinders that were ruptured and
examined at Battelle-Columbus met the rupture requirement.s of the
DOT Specification 3AA for pressure cylinders.

(5) Selected portions of the manufacturing specifications are not
sufficiently detailed.

(6) The present field cleaning and inspection procedures may not al-
ways prevent the development of excessive corrosion in aluminum
scuba cylinders.

RECOMMENDATIONS

The following reconmiendations are made concerning future activities in

relation to the aluminum scuba cylinders.

(1) The manufacturing specifications should be revised in the areas
indicated in this report.

(2) Field cleaning and inspection procedures should be revised to pre-
vent the development of excessive corrosion in aluminum scuba
cylinders.

BATTELLE MEMORIAL INSTITUTE - COLUMBUS LABORATORIES
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RESEARCH ACTIVITIES

The specific objectives of the Phase I research were to:

(i) Determine the rupture strength of new aluminum scuba cylinders

(2) Determine whether the rupture strength of aluminum scuba cylinders
is degraded by the internal corrosion observed in Navy cylinders

(3) Analyze the corrosion products to determine the cause of corrosion

(4) Formulate recommendations concerning the design of the cylinders,
the materials, the manufacturing methods, and the field inspec-
tion and testing methods.

To assist in the conduct of the program, the Supervisor of Diving re-

quea;ted that several new cylinders and all of the severely corroded cylinders

be forwarded to Battelle-Columbus. During the course of the work, 61 scuba

cylinders were received. These included 10 new or noncorroded aluminum cylinders,

68 corroded aluminum cylinders, and 3 new DOT 3AA 2250 steel cylinders. As each

cylinder was received it was assigned a number, and pertinent information about

the cylinder was recorded. Table 1 shows thie information, as well as comments

denoting the use of each cylinder during the program.

In accordance with the program objectives, Lhe results of the work

are described in four report sections: (1) Determination of the Rupture Strength

of New Aluminum Cylinders, (2) Investigation of Cylinder-Rupture-Strength Deg-

radation by Corrosion, (3) Investigation of the Cause of Cylinder Corrosion,

and (4) Consideration of Manufacturing and Field-Testing Procedures.

Experimental data, critical measurements, etc., are recorded in figures

and tables distributed within these various report sections. Also, to provide

additional clarity, selected information pertinent to the ten cylinder rupture

tests conducted during tiois program are summarized in Appendix A.

Determination of the Rupture
Strength of New Aluminum Cylinders

It was known that a comparison of the rupture pressures of new aluminum

cylinders with the rupture pressures of corroded aluminum cylinders would pro-

vide a gross indication of whether corrosion had degraded the rupture strength

of the corroded cylinders. However, differences in rupture pressures could also

he caused bv differences in material properties and differences in the cylinder

BATTELLE MEMORIAL INSTITUTE - COLUMBUS LABORATORIES
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dimensions. Therefore, it was highly desirable that these parameters be in-

cluded in the comparison of the rupture strength of new cylinders with the rup-

ture strength of corroded cylinders.

The ultimate strength of the basic cylinder materials could be determined

using tensile specimens made from new and corroded cylinders after rupture. The

rupture strength of the materials in these cylinders could be calculated using

the measured rupture pressures and selected cylinder dimensions. By comparing the

ratios of the rupture stressei to the ultimate tensile stresses for the new cylin-

ders with the ratios of the rupture and ultimate tensile stresses for the corroded

cylinders, it was believed that a more accurate measure could be obtained of the

effect of corrosion on cylinder rupture strength.

The ultimate stress in a given cylinder at the point of rupture is de-

termined basically by the internal pressure and by certain dimensions at the time

of rupture, i.e., the diameter of the cylinder and the wall thickness. The inter-

nal pressure can be accurately measured, but the elastic and plastic yielding of

the cylinder material causes a continuing change in the cylinder diameter and wall

thickness from the time of initial pressurization until the time of rupture. Further-

more, these dimensions change differently for each cylinder because of differences

in material properties (such as the yield strength) and differences in cylinder di..

mensions (such as the concentricity of the inside diameter with the outside diameter).

Because of these variables, it is difficult to make an accurate calcula-

tion of the stress at the instant of rupture in a cylinder. One approach is the

selection of an equation which will approximate the rupture stress when the rup-

ture pressure and the initial dimensions of the cylinder are used. Another approach

is the use of calculation procedures which provide for an estimate of the elastic

cr elastic-plastic deformation of the cylinder. The following steps were used for

selecting the method for calculating the rupture stresses in aluminum cylinders:

(1) select new cylinders representative of the design, (2) measure the critical di-

mensions of each cylinder, (3) conduct rupture tests of the selected cylinders,

(4) determine the tensile strength of the cylinder materials, and (5) compare the

rupture stresses calculated for the cylinders with the ultimpte tensile stresses

calculated from the tensile test results.

In addition to the work on rupture stresses, brief studies were also

made on: (1) analysis of the ruptured aluminum cylinders for conformance with

the requirements of DOT Specification 3AA cylinders, (2) determination of the

BATTELLE MEMORIAL INSTITUTE- COLUMBUS LASORATORIES
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strength of aluminum cylinder threads, (3) determination of the conformance of

aluminum scuba cylinders with buoyancy requirements, and (4) analysis of 3 steel

cylinders for conformance with the requirements of DOT Specification 3AA

cylinders. These studies are described in a report section titled Additional

Invest igat ions.

Selection of Representative New Cylinders

After a brief examination of the new and noncorroded aluminum scuba

cylinders submitted to Battelle-Columbus, Cylinders 11, 12, and 13 were selected

for the rupture tests. To determine that these cylinders were representative of

the desig•i under consideration, selected values from the cylinders (see Table 2)

were checked against the manufacturing specification, i.e., MIL-C-24316 (SHIPS).

A copy of this specification is included as Appendix B. As is noted in Table 2,

some of the cylinder values were obtained after the rupture tests. Table 2 also

shows similar information for other aluminum cylinders tested during the program.

TABLE 2. SELECTED COMPARISON OF NEW AND CORR')DED TEST CYLINDERS
WITH T, REQUIREMENTS OF MIL-C-24316 (SHIPS)

Specification Cylinder Number
Requirement il 12 13 17 34 57 64

internal volume(a) not not
670 to 730 in. 3  699.0 707.0 700.0 704.0 707.0 given given

Wall hicknes (b) 0.587 av 0.580 av 0.548 av 0.594 0.567 av 0.547 av 0.549 av
0.540 in., min 0.544r min 0.548 min 0.545 min 0.555 min 0.515 min 0.528 min

Yield strength(b)
35.0 ksi, min 39.5 39.5 41.3 43.2 51.8 48.8 47,5

L: I t ima ttc (b)

Strengthb, 38.0 47.4 47.2 47.7 48.8 55.0 53.0 52.2
ks i , rain

\ot. Cexp. at

5000(a) ps:', 58 62.4 62.2 63.0 62.0 63.2 not not
Lo 72 in. -_ given given

(a)[ eternmined from information stamped on the cylinders.
i, IetL, rmincd by measurement after the rupture test.

BATTELLE MEMORIAL INSTITUTE- -COLUMBUS LABORATORIES
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Measurement of Critical Cylinder Dimensions

The length of the cylindrical portion of the cylinder configuration was

sufficiently great that rupture was nol expected to be influenced by the end clos-

ures. For this type of rupture, the critical dimensions are the outside or

inside diameter and the wall thickness. The outside circumferences of each cylin-

der were measured at the middles and at the ends of the cylindrical portions.

The circumferences were found to be quite uniform. Table 3 shows the circum-

ferences measured in the middle of each cylinder, and the outside diameters cal-

culated from these circumferences. Also shown are the fracture-edge to fracture-

edge measurements made at the middle of the rupture, and the percent of cylinder

expansion at this location.

TABLE 3. MEASURED OUTSIDE CIRCUMFERENCES AND CALCULATED OUTSIDE
DLIMETERS OF NEW ALUMINUM CYLINDERS

Circumference at Outside Diameter
Cylinder Center at Cylinder Cen- Fracture-Edge

Cylinder before Rupture, ter Before Rup- to Fracture- Percent
No. inches turn, inches Edge, inches Expansion

11 24-3/16 7.70 25-1/16 3.6
12 24-3/16 7.70 25-11/16 6.2
13 24-3/16 7.70 24-13/16 2.9

Accurate measurement of the wall thicknesses before rupture was diffi-

cult because of the small cylinder openings. It was decided that better values

could be obtained if wall-thickness measurements were made after the rupture

tests. To provide an estimate of the wall thic:.,,•z of the cylinders before

rupture, a series of wall-thickness meautrements was made on each ruptured cylin-

der. Since the occurrence of rupture was known to cause thinning of the material

near the rupture, measurements were started 2 inches from the fracture edge.

Additional measurements were made 90 degreez• and 180 degrees ftom the first

measurement. As shown in Table 4, these tyies of measurements were made at 5

equidistant locations along the cylindrical pertion of each cylinder. This was

done to minimize the effect of pcssible thinning of Lhe cylinder walls in the

OATTELLE MEMORIAL INSTITUTE- COLUMBUS LABOqATORIES
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TABLE 4. WALL-THICKNESS MEASUREMENTS FOR ALUMINUM CYLINDERS
11, 12, AND 13 AFTER RUPTURE

Wall-Thickness-Measurement Designation and Location
A

2In. From B D
".iacture 900 From 1800 From At the Fracture

Cylinder Edge. inch A. inch A. inch Edge, inch

Cylinder 11

Neck end
1 0.578 0.609 0.607 0.560
2 0.555 0.598 0.600 0.503
3 0.554 0.595 0.597 0.487
4 0.554 0.595 0.598 0.520
5 0.564 0.606 0.601 0.553

Closed end Average of A, B, C = 0.587

Cylinder 12

Neck end
1 0.586 0.596 0.594 0.572
2 0.561 0.579 0.603 0.552
3 0.550 0.570 0.597 0.517

4 0.548 0.578 0.600 0.530
5 u.564 0.590 0,59C 0.564

Closed end Average of A, 3, C 0.580

Cylinder 13

Neck end
1 0.572 0.600 0.600 0.547
2 0.553 0.595 0.596 0.541
3 0.545 0.593 0.595 0.526

4 0.552 0.594 0.601 0.530

5 0.566 0.599 0.602 0.561

Clostd end Average of A, B, C - 0.584

Note: The measurements were made in the cylindrical portion of the cylinder at
5 equally spaced locaticns.
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middle of the cylinder. The average of the 15 dimensions made for each cylinder

was used to estimate the average wall thickness of each cylinder before rupture.

Because the degree of thinning at the fracture edge was of possible

future interest, wall-thickness measurements were also made at the edge of each

fracture. These are also shown in Table 4.

Rupture Tests of New Aluminum Cylinders

Cylinders 11, 12, and 13 were pressurized with water at approximately

80 F to rupture using the system shown schematically in Figure 1. The pressures

were recorded to the nearest 5 psi using a dead-weight pressure gage. The volume

of water pumped into the system for each cylinder was measured with a standpipe.

Th-ý cylinders were pressurized at the approximate rate of 150 psi per minute in

the elastic region. The time required to rupture each cylinder waa approximately

75 minutes. Pressure volume plots for each of these cylinders are presented in

Appendix C. The rupture pressures for Cylinders 11, 12, and 13 were 7255, 7025,

and 7740 psig, respectively.

/ 10,000-psi pressure gage

Dead-weight
pressure gage
(accuracy
±1 psi)

Test cylinder

Sprague 8800-pai
pressure pump

FIGURE 1. CYLINDBR-PRESSURIZING SYSTEM
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Figure 2 is a photograph of the cylinders after rupture. The numbers

written on the cylinders are the circumferences measured before the test, and

fracture-edge to fracture-edge dimensions measured after the test. In general,

the fractures originated two inches from the midpoint of the straight cylin-

drical section ins direction toward the neck of the cylinder.

The rupture pressures for these cylinders were compared to the rupture

pressures of 29 cylinders tested during the initial cylinder development to evalu-

ate the raage of rupture pressures to be expected. According to data supplied by

the Pressed Steel Tank Company, 51 cylinders had been included in the initial

development of the aluminmnn scuba cylinders. Twenty-nine of those had met the

requirements of MIL-C-24316 (SHIPS) and did not appear to have received any

damage as a result of cyclic pressure tests to which they had been subjected.

A histogram of the rupture pressures for the 29 cylinders was developed as

shown in Figure 3. The locations of Cylinders 11, 12, and 13 are also shown in

Figure 3. It was judged from these comparisons that the rupture pressures of

Cyjinders 11, 12, and 13 were representative of the rupture pressures obtained

by the Pressed Steel Tank Company for the cylinder design.

Tensile Strength of Cylinder Material

The yield and ultimate tensile strengths of the materials in the new

aluminum cylinders were obtained from uniaxial tensile tests conducted with 0.312-

inch-diameter tensile specimens prepared from the ruptured ylinder walls. Thhe
specimens, which were 1800 from the points of rupture, were taken in the longi-

tudinal direction because this was tha only direction in which relatively large

cross-section specimens could be obtained. The yieli and ultimate tensile-strength

results for Cylinders 11, 12, and 13 are shown in Table 5.

EATTELLE MEMORIAL INSTITUTE -COLUMBUS LABORATORIES
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FIGURE 2. RUPTURED NEW ALUMINUM CYLINDERS
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60 -Cylinders 11 (7255 psig
12 (7025 psig)
64 (7225 psig.

50

p 40
40

0 30 Cylinder 57 (7455 psig)
U Cylinder 13

S20 (7740 psig)20 | / Cylinder 34

(7950 psig)

I I S Io o 0 0

Rupture Pressures, psig

Data from Pressed Steel Tank Report Test Summary Sheet,
Report Index No. S-F011-06-03, dated February 15, 1963

FIGURE 3. FREQUENCY HISTOGRAM OF 29 ALUMINUM SCUBA CYLINDER
RUPTURE TESTS
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TABLE 5. LONGITIMINAL TENSILE TEST DATA
FROM RUPTURED NEW ALUMINUM CYLINDERS

Yield Stres:, Uitimate Stress Elongation
Cylinder S , 0.2 Percent Su, in 2 Inches,

No, Ypffset, psi psi percent

11 39,500 47,400 18.0
12 39,500 47,200 17.5
13 41,300 47,700 16.5

Comparison of Cylinder Rupcure Strength
to '.jtimate Tensile Strength

The wall thicknesses of the selected new cylinders averaged about 15

percent of the out3ide radius. Although this was too thick to be considered a

thin-wall cylinder, it was also much thinner than many thick-wall cylinders.

Fortunately considerable work has recently been done by Battelle-Columbus for

the AEC on tne problem of calculating the maximum pressure stress attained in a

pressure cylin~ier. To quote from a section of the "Survey Rep3rt on Structural

Design of Piping Systems and Components" that will be published in the near

future:

"The maximum pressure capacity of cylindrical shells has been a matter

of practical significance for many years; considerable experimental data exist in

the literature. The earliest known tests were published by Cook and Robertson(3)*

in 1911. Additional data are given in References (4) through (16). These tests

cover a wide range of OD/ID ratios from 1.07 to 12. These tests were used, in

part, to evaluate the accuracy of theoretical methods of calculating the 'in-

stability pressure' of thick-wall cylinders. A practical observation, noted by

several of the authors and discussors, is that the test data correspond about

as well with the mean diameter formula as with any of the theoretical equations.

' The references from the quotation have been renumbered for inclusion in
this report.

** While the test data cover a wide variety of materials, they do not cover
"brittle" materials. For such materials, particularly in thick-wall cylinders,
Equation (1) may be unconserv-tive, (Note: 6061-T6 aluminum is not generally
considered to be a brittle material.)

BATTELL0K MEMORIAL INSTITUTE - COLUMBUS LABORATORIES
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The mean diameter formula is simply:

Pu = 2 Su tl m,()

where Pu = ultimate pressure capacity, psi

Su a nominal tensile strength of the material, psi

t - wall thickness, in.

Dm = mean (average of inside and outside) diameter.

"With one exception, all of the data in References (4) through (16)

are on seamless cylindrical shells. . . . No quantitative data on the effect

of out-of-roundness on maximum pressure capacity of pipe is available .

Because of the broad applicability of Equation (1), it was used with

the measured rupture pressures and the dimensions from Tables 3 and 4 to calcu-

late the rupture stresses of the materials in the ruptured cylinders. Table 6

shows a comparison of these values with the ultimate tensile stresses of the

cylinder materials as determined by the tensile-specimen testi.

TABLE 6. COMPARISON OF RUPTURE STRESSES AND TENSILE STRESSES
FOR RUPTURED NEW ALUMINUM CYLINDER MATERIALS

Ultimate Tensile Cylinder Rup- Ratio of Rup-
Stress From Ten- ture* Stress, Difference, ture to Ten-

Cylinder sile Test, S u, ksi s ksi ksi sile StressNo. u

11 47.4 43.9 -3.5 0.927
12 47.2 43.1 -4.1 0903
13 47.7 47.2 -0.5 0.980

Using Equation (1).

The comparison of the cylinder rupture 3tresses with the ultimate

tensile stresses from tensile tests indicates that the cylinder rupture stress

ranges from 91.3 to 98.9 percent of the ultimate tensile stress. This is a

reasonable agreement for this type of comparison with the formula. Published

information(17) indicates that this formula can be expected to calculate rup-

i.ure stre:ses that are between 92 and 110 percent of the tensile stress.

BATTELLE MEMORIAL INSTITUTE-COLUMBUS LABORATORIES
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Additional Investigations

As explained previously, 4 brief studies were conducted in addition

to those needed for comparing the rupture strengths of new and corroded cylinders.

Since these studies were related to the design of new cylindert, they are described

in the following parts.

Analysis for DOT 3AA Specification Requirements. Cylinders 11, 12, and

13 were analyzed to determine if they met the general requirements of DOT Speci-

fication 3AA cylinders. The requirement for steel cylinders is that the

wall stress calculated by Equation (2) shall not exceed 67 percent of the mini-

mum tensile strength as determined from phjsical tests of the material.

2 2S P(l.3D + 0.4d2)
2 .2 (2)
D -d

where S = wall stress, psi

P = minimum test pressure = 5/3 maximum operating pressure, psi

D = outside diameter, in.

d = inside diameter, in.

Because Equation (2) was developed for steel materials, the equation

was modified for aluminum materials by changing Poisson's ratio to 0.333(2) This

resulted in Equation (3).

s = P(l.333D2 + 0.333d 2) (3)
D2 2 d2

The S values calculated from Equation (3) for Cylinders 11, 12, and

13 at a 5000-pai test pressure were 28,000 psi, 28,200 psi, and 28,000 psi,

respectively. A comparison of the S values to 67 percent of the measured tensile

strengths of the cylinier materials (31,800 psi, 31,600 psi, and 32,000 psi, res-

pectively for Cylindero 11, 12, and 13) showed that the three cylinders met the

intent of the DOT 3AA requirements.
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Strength oi Aluminum Cylinder Threads. Scuba Cylinder 16, an unused

cylinder, was used to check the shear strength of the 3/4-14 straight pipe threads

used to fasten the valve to t'ie cylinder. Since standard scuba cylinder valves

were used for the aluminum scuba cylinders, the thread configuration was the

same as originally designed for steel cylinders. With the strength of 6061-

T6 aluminum being lower than that of 4130 steel, it was deemed advisable to

check the strength of these threads to determine if a potential personnel hazard

existed.

The head (valve end) of the cylinder was c:ut from the main cylinder

body, and was supported by a tapered fixture in a Universal Testing Machine. A

steel tension bar, shown to the left in Figure 4, was mated with the scuba cylin-

der threads. With 0.85 inch of threaded engagement, 54,200 lb of tension were

required to fail the threads.

Since the suriace area of the standard scuba cylinder valve is approxi-

mately 0.785 sq in., the failure load was equivalent to an internal pressure of

approximately 69,000 psi. However, a scuba cylinder valve may engage the cylin-

der threads only to a depth of 0.75 in. For this condition, the corresponding

draw-bar pull and equivalent pressure to fail the threads would be approximately

47,800 lb of tension and 61,000 psi. With a margin of safety (relative to test

pressure) of approximately 12, it was concluded that the standard valve thread

design was adequate.

Buoyancy Determination for New Aluminum Cylinders. Three of the new

aluminum scuba cylinders were utilized to investigate the degree of their con-

formity to the buoyancy criteria defined in MIL-C-24316 (SHIPS) as follows:

"The cylinders shall be neutrally buoyant when charged to 1500 psi". Unfortunately,

the specification does not define whether the cyliaders are to be neutrally buoyant

in fresh water or seawater, nor does it say Aether the valve should be considered

as part of the cylinder weight. Therefore, both fresh- and salt-water buoyansies

were calculated for the cylinders, with and without a standard scuba cylinder

valve.

It was originally pioposed thaL the displacement would be measured by

wekivhing the overflow of water from the tank into which 3 scuba cylinders wore

sucLesCivcly submerged. The resulting displacement measurements combined with

SATTELLE MEMORIAL INSTITUTE - COLUMBUS LASORATORIES
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FIGURE 4. TENSION BAR AND CYLINDER HEAD AFTER THREAD STRENGTH 'TEST
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the respective dry weights of the cylinders as measured plus the theoretical

weight of the air in each cylinder when charged to 1500 psig would indicate if
the buoyancy criteria had been met. A 55-gal drum was fitted with a spout and

filled with water. New Cylinders 14, 15, and 16 were successively placed in

Lhe 55-gal drum. The amount of water displaced out of the spout for each cylinder

was weighed and its volume measured. The resulting data, however, were

found to be in error greater than could be tolerated.

A more direct approach was selected which consisted of fitting each of

the three cylinders with a valve and charging ti~zn with air to 1500 psig.

Each cylinder was then suspended from a hand-held springscale, with the cylinder

completely submerged in fresh water. The fresh-water buoyancy for each cylinder

(with 1500-psig air and a valve) was then measured directly. The buoyancy of the

valve alone was also measured dire..tly using the same springscale experiment. The

arithmetic difference between these two buoyancy measurements resulted in a fresh-

water buoyancy of the cylinder and air only. This fresh-water direct buoyancy

measurement combined with the measured cylinder and valve weip'ht permitted calcu-

lation of the salt-water buoyancy of the cylinder and air only. Both the measured

and calculated buoyancy data relative to this experiment are r,,amarized in Table

7.

Rupture Experiments 4ith DOT 3AA 2250 Cylinders. Rupture experiments

were conducted with 3 steel cylinders fabricated by the Pressed Steel Tank

Company to meet DOT 3AA 2250 requirements. Appendix D contains the manufacturer's

certification of the cylinders. The cylinders had a measured outside diameter

of 6.88 inches.

The cylinders (assigned ýIuzbers 78, 79, and 80) were pressurized

to rupture using the same procedures described previously for the new altuminum

cylinders. As shown by the pressure-vol.me plots in Appendix C, the rupture

pressures were 5435 psig, 5280 psig, and 5330 psig for Cylinders 78, 79, and 83,

respectively. Figure 5 shows the thre,! ruptured cylinders. The origin of the

tractuie in ali three cylinders was approximately 3 in. flam the transition to

the head. Wall-thickness measurements were made on the ruptured cylinders as

listed in table 8. It is apparent trmn the thickness measurements that there was a

VA!TELLE MEMORIAL INSTITUTE - ý.CLUMULJS LABORATORIES
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FIGURE 5. RUPTURED STEEL DOT 3AA 2250 CYIANDERS
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TABLE 7. BUOYANCY DATA AND CALCULATIONS

Cylinder No.
14 15 16

Measured cylinder and valve weight (wit!'•ut
150 0 -psig air), lb 36.10 36.56 36.13

Measured internal volume, cu in, 709 714 713

Calcul&ted weigpt of air at 1500 psig,
70 F, lb 3.21 3.23 3.23

Calculated weight of cylinder, valve,
,nd 1500-psig aix, lb 39.31 39.79 39.36

Measurea tresh-water buoyancy of cylinder, 0.4 0.7 9.6
valve, and air, lb (nag) (neg) (neg)

Measured fresh-water buoyancy of valve 1.25 1.25 1.25
only, lb (neg) (neg) (neg)

Calculated fresh-water buoyancy of cylinder 0.9 0.6 0.7
and 1500-psi air onl, (without valve), lb ýpos) (pos) (pos)

Calculated wetght of fresh water displaced
by cylinder and valve, lb 38.91 39.09 38.76

Calculated volume of cylinder and valve, cu in. 1076 1082 1072

Calculated weight of salt water displAced
by cylinder and "alve, lb 39.90 40.20 39.70

Calculate' saIL-water buoyancy of cylinder, 0.6 0.4 0.3
valve, and 1 5 0 0 -psL air, lb (pos) (pos) (pos)

Measured cylinder weight, lb 34.33 34.80 34.37

Calculated weight of cylinder and 1500-pai
air only (without valve), lb 37.54 38.03 37.60

CalcL11atLd utight of fresh water displaced
by valve only, lb 0.52 0.52 0.52

Calculated volume of valve only, cu in. 14 14 1A

ra:lcuLa~ed volume of cylinder only, cu in. 1062 1068 105.

Calculated weight of salt ware: displaced by
cylinder only, lb 39.35 39.60 39.20

Calcilated salt-water buoyancy of cylliadur and 1.8 1.6 1.6
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TABLE 8. WALL-THICKNESS MEASUREMENTS FOR DOT 3AA 2250
STEEL CYLINDERS

Wall-Thickness-
Measurement Designation and Location

A B
900 From 1800 From

Cylinder Fracture, inch A. inch

Cylinder 78

Neck end
1 0.173 0.160
2 0.170 0.162
3 0.167 0.168
4 0.169 0.173

Closed end Average, A and B 0.168

Cylinder 79

Neck end
1 0.158 0.161
2 0.161 0.162
3 0.164 0.165
4 0.164 0.171

Closed end Average, A and B f 0.163

Cylinder 80

Neck end
1 0.163 0.157
2 0.166 0.164
3 0.170 0.165
4 0.169 0.167

Closed end Average, A and B * 0.165
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slight taper in the cylinders, with the thinnest region generally occurring near

the top. It appeared that this variation in wall thickness caused the frac-

tures to occur near the top of the cylinders.

The cylinders were checked for compliance with the DOT 3AA 2250 require-

ments using Equation (2). The calculated stress values were 64,700 psi, 66,600

psi, and 66,600 psi respect 4 vely, for Cylinders 78, 79, and 80. The maximum per-

missible stresses, which are 67 percent of ultimate, were 68,400 psi, 69,300 psi,

and 69,000 psi, res--ctively, for Cylinders 78, 79, and 80. Thus the three cylin-

ders met the DOC 3AA 2250 strength requirements.

An interesting comparison was the ratio of the rupture pressures to the

operating pressures for tha steel and the aluminum. cylinders. For the steel

cylinders, the ratios were 2.41, 2.35, and 2.37. For the new aluminum cylinders

the ratios were 2.42, 2.34, and 2.56, while for the corroded aluminum cylinders

the ratios were 2.65, 2.48, and 2.41. From this it appeared that there was not

a significant difference between the steel cylinders and the aluminum scuba cylin-

ders from the viewpoint of the margin of safety.

Investigation of Cylinder-Rupture-
Strength Degradation by Corrosion

This report section describes the investigation to determine whether

corrosion had degraded the rupture strengch of the aluminum scuba cylinders.

Cnp arison of New-Cylinder Rupture Strength
with Cocroded-Cylinder Rupture Strength

The previous report section describes the investigation of the rupture

strength of new aluminum cylinders. This report section describes the investiga-

tion of the rupture strength of corroded cylinders and tht determination of the

degradation of cylinder rupture strength by corrosion. 1hi-, was undertaken in

the following steps: (1) select cylinders to represent the worst corrosion con-

ditions; (2) measure ihe critical dimensions of the selected corroded cylinders;

(3) conduct rupture tests of the selected cylinders; (4) determine the basic

strengths of the cylinder materials using tensile specimenr from the ruptured
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corroded cylinders; (5) using the initial cylinder dimensions and the measured

rupture pressures, calculate the rupture stresses in the corroded cylinders; and

(6) compare the ratios of the calculated rupture stresses to the tensile test

ultimate stresses for the corroded cylinders with the ratios of the calculated

rupture stresses to the tensile test ultimate stresses for the new cylinders to

determine whether the rupture strengths of the corroded cylinders had been

measurably reduced by the corrosion.

Selection of Corroded Cylind(ers. The corroded aluminum cylinders shipped

to Battelle were judged by the respective Navy facilities to be representative

of the most severely corroded cylinders in their possession. A brief survey of

the 64 cylinders received at the time that tests were begun, however, showed

that they varied significantly in the severity of corrosion. Siace it was impor-

*ant to select the most severely corroded cylinders of those received for the

rupture tests, it was considered advantageous to provide a photographic record

of each cylinder's interior. Utilizing a "fisheye" lens placed in the neck of a

cylinder with interior illumination, photographs were made of the interior Lur-

faces. Unfortunately, the photographs were in focus only for a depth of about

I to 2 inches and, therefore, were considered inadequate for selection purposes.

In another inspection technique, attempts were made to use a borescope

which was designed and fabricated specifically for these cylinders. This borescope

was found to be useful for the inspection of relatively small areas, but it was

not applicable to a general survey of the interior of the cylinders.

The most successful inspection procedure consisted of placing a small

automobile lightbulb inside each cylinder, and conducting a systematic naked-eye

inspection of the cylinder interior. Using this procedure, Cylinders 34, 57,

and 64 were judged to be the most severely corroded and they were selected for

the rupture tests.

Measurement of Critical Cylinder Dimensions. The procedures described

previously for measuring the new aluminum cylinders were also used for measuring

the corroded aluminum cylinders. Table 9 gives the measured outside circum-

ferencea and the calculated outside diameters for the corroded cylinders. Table
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10 gives the wall thickness measurements made a*'ter rupture to make possible an

estimate of the wall thicknesses of the cylinders before rupture.

TABLE 9. MEASURED OUTSIDE CIRCUMFERENCES AND CALCULATED
OUTSIDE DIAMETERS OF CORRODED ALUMINUM CYLINDERS

Circumference at Oztside Diameter at
Cylinder Center Cylinder Center Be- Fracture Edge to

Cylinder Before Rupture, fore Rupture, Fracture Edge, Percent
No. inches inches inches Expansion

34 24-1/8 7.68 24-7/8 3.1
57 24 7.64 24-5/8 2.6

64 24-3/16 7.70 25-1/4 4.4

Rupture Tests of Corroded Aluminum Cylinders. Cylinders 34, 57, and

64 were pressurized to rupture using the same procedure as that described pre-

viously for the new aluminum cylinders. Pressure-volume plots for each cylinder

are contained in Appendix C. The rupture pressures for Cylinders 34, 57, and 64

were 7950 psig, 7455 psig, and 7225 psig, respectively. As shown in Figure 3,

these values were well within the frequency histogram for the rupture pressures of

new cylinders.

Figure 6 is a photograph of the corroded cylinders after rupture. The

ruptures were similar to those experienced in Cylinders 11, 12, and 13.

Tensile Strengths of Corroded Cylinder Material. The yield and ulti-

mate tensile strengths or the materials in the corroded aluminum cylinders were

attained in the same manner as were the yield and ultimate tensile strengths for

che new aluminum cylinders, described previously. Table 11 shows the longitudinal
tensile test data fol the corroded cylindeý.s.

Calculation of Cylinder Rupture Stress. Equation (1) was used to cal-

culate the rupture stresses in corroded Cylinders 34, 57, and 64. These values
were 49,800 psi, 48,300 psi, and 47,000 psi, respectively, for these cylinders.
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FIGURE 6. RUPTURED CORRODED ALUMINUM CYLI,*i)hHS
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TABLE 10. WALL-THICKNESS MEASUREIENTS FOR CORRODED ALUMINUM
CYLINDERS 34, 57, AND 64

Wall-Thickness-Measurement Designation and Location
A B C D

Approximately 600 to 900 From 1800 From At the Fractitre
Cylinder the Fracture. inch AEdge inch

Cylinder 34

Neck end
1 0.581 0.580 0.580 0.570
2 0.568 0.565 0.563 0.539
3 0.555 0.563 0.561 0, 11
4 0.559 0.562 0.561 0.547
5 0.571 0.570 0.571 0.550

Closed end Average of A, B, C, = 0.567 inch

Cylinder 57

Neck end
1 0.519 0.558 0.561 0.525
2 0.529 0.556 0.562 0.503
3 0.515 0.553 0.560 0.480
4 0.520 0.551 0.561 0.495
5 0.527 0.555 0.561 0.511

Closed end Average of A, B, C f 0.547 inch

Cylinder 64

(pen end
1 0.570 0.554 0.561 0.550
2 0.558 0.542 0.548 0.514
3 0.550 0.528 0.541 0.473
4 0.540 0.529 0.541 0.507
5 0.557 0.555 0.559 0.520

Closed ýýnd Average of A, B, C - 0.549 inch

Note: The measurements were made in the cylindrical portion of the cylinder at
5 equally spaced locations.
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TABLE 11. LONGITUDINAL TENSILE TEST DATA FROM CORRODED
RUPTURED ALUMINUM CYLINDERS

Cylinder Yield Stress, Ultimate Stress, Elongation in 2
No. S$, psi Su, psi inches, Percent

34 51,800 55,000 15.0
57 48,800 53,000 16.0
64 47,500 52,200 14.0

DeterminatLon of Cylinder Degradation. Columns C and D of Table 12

contain the tensile and rupture stresses for the new and corroded aluminum cylin-

ders that have been described previously. Table 12 also contains the yield

stresses of the test cylinder materials as determined from the tensile test data

(Column A), and yield stresses of the test cylinders as calculated using the mea-

sured internal pressure at cylinder yielding (Column B). An examination of

Columns A, B, C, and D shows that good agreement was obtained between the tensile

and cylinder test values for the yield stresses, while only fair agreement was ob-

tained between the measured ultimate tensile stresses and the calculated cylinder

rupture stresses.

Comparing the ratio of the cylinder test rupture stress (Column D) to

the tensile test ultimate stress (Column C) it can be noted that the average

value for the three new cyiinders is 0.943 and for the corroded cylinders is

0.905. Thus these results indicate that corrosion of the type found in Cylin-

ders 34, 57, and 64 reduced the rupture stress of the aluminum cylinders 4.0

percent on the average from the tensile ultimate stress. It should be pointed

out that limited data were available in this investigation, and that experimental

results under closely controlled conditions will generally exhibit scatter in the

range of about 5 percent. Furthermore, even if the 4.0 percent is approximately

correct, this amount of strength reduction is not balieved to be significant

because of the margin of safety that must be provided in the _ylinder design

for other, larger variables.
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TABLE 12. RUPTURE-STRENGTH COMPARISON OF NEW AND CORRODED CYLINDERS

A B (a) C D(b)
Tensile Test, Cylinder Test, Tensile Test, Cylinder Test, Ratio Col

Cylinder S , ksl S , ksi S , k!i S , ksi D/Col C
No, y U

11 39.5 40.0 47.4 43.9 0.926
(new)

12 39.5 37.7 47.2 43.1 0.913
(new)

13 41.3 44.3 47.7 47.2 0.990
(new)

34 51.8 Yield pres- 55.0 49.8 0.905
(Corrode") sure noL

available

57 48.8 46.0 53.0 48.3 0.911
(corroded)

64 47.5 45.1 52.2 47.0 0.900
(corroded)
(a) Calculated using Equation (1) and measured internal pressure at yield.
(b) Calculated using Equation (1) and measured rupture pressure.

Analysis fur DOT Requirements. Wall thickness measurements from the

ruptured corroded cylinders were used with Equation (3) to determine whether the

corroded cylinders met (before rupture) the intent of the DOT 3AA requirements.

The calculated stresses for Cylinders 34, 57, and 64 with an internal pressure

of 5000 psig were 28,800 psi, 30,000 psi, and 29,800 psi, respectively. Sixty-

seven percent of the measured tensile strengths for these cylinders were 36,900

pci, 35,500 psi, and 35,000 psi,respectively. Thus, the corroded cylinders met

the intent of the DOT 3AA specification.

Degradation oi Cylinder Rupiure Strength
by the Development of a Critical Flaw

During the initial examination of the corroded aluminum cylinders, a

few instances were found in which the majority :.' the corrosion had occurred in

a narrow strip parallel with the cylinder axis. It appeared that these few cylin-

,hIrs had bete placed horizontally in storage and that moisture had accumulated at
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the corroded area. A study was made to determine whether this or a similar cor-

rosion mechanism might produce a sufficiently weakened strip of material that a

critical fl-a' would be dcveloped, resulting in cylinder rupture.

The potential hazard of a critical flaw was investigated in two ways.

First, calculations were made to estimate the length of a critical flaw for the

aluminum scuba cylinders and a test was conducted with an artificially flawed new

cylinder to check the calculation. Second, the corrosion and ruptures in Cylinders

34, 57, and 64 were examined to determine the character of the cylinder corrosion.

Rupture Test of Flawed Cylinder. Consideration of the critical flaw

test led to the decision to use pneumatic pressure to rupture the cylinder. By

doing this, it was possible to accomplish the following objectives: (1) deter-

mine the flaw size required to produce rupture at the operating pressure, (2)

determine the nature of the rupture when the cylindei is filled with air, and (3)

calculate the maximum flaw size that will leak without causing cylinder rupture.

Cylinder 17, a new cylinder, was selected for this experiment. An

estimate of the flaw size for failure at 3000 psig was calculated, based on sur-

face flaw equations developed on other programs(18) and ultrasonic wall-thick-

ness measurements made on this cylinder. Equation (4), below, was the mathematical

relationship used:

a a* t/d -1 (4)
oh =ot/d - l/M

where ah = nominal hoop stress at failure, psi

a* = flow stress of the material, psi - taken as the estimated yield
stress for the calculation of the flaw size

t - wall thickness at the flaw, in.

d - depth of flaw, in.

M - stress magnification factor (18) which is a function of flaw
length, vessel radius, and thickness.

A flaw size of the shape and dimensions shown in Figure 7 was placed

in the cylinder in an axial direction. The width of the flaw was uniform at

1/16 inch, and the bottom of the flaw contained a 600 included angle which had a

root radius of 0.0015 inch.
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6.74 in. .-

2-in. radius

0 594 in.

FIGURE 7. ARTIFICIAL FLAW DIMENSIONS FOR CYLINDER 17

Cylinder 17 was pressurized internally with nitrogen iuntil rupture. The

rupture pressure was 3430 psig. The difference noted between the estimated and

actual failure pressure was partially due to the inaccuracy of the ultrasonic

wall-thickness measurement. This measurement, which in part detej:iined the dimen-

sions of the flaw to be created, showed a wall thickness of 0.582 inch, while the

actual wall thickness measured after the experiment was found to be 0.594 inch.

Figure 8 is a photograph of Cylinder 17 after rupture. It can be

observed that the energy stored in the pneumatically pressurized cylinder caused

the cylinder to split in half and almost fracture into three pieces. Longitudinal

tensile tests utilizing specimens from the ruptured cylinder showed that the

yield stress of the material was 43,200 psi. The calculated flow stress after

the experiment was 36,300 psi, or 84 percent of the yield stress.

This experiwent confirmed that a ruptured, pneumatically pressurized

scuba cylinder represents a serious potential personnel hazard, However, the

experiment also showed that it would take a large flaw to produce rupture at the

3000-psig operating pressure of the cylinder. Based or, this experiment, it was

calculated that flaw lengths less than 3.0 in. would leak at 3000 psig but would

not be expected Lo cause rupture of the cylinder. This estimate was based on

the minimum yield strength of material specified in MIL-C-24316(SHIPS), and on a

minikum wall thickness of 0.540 in.

Characterization of Corrosion in Ruptured Cylinders. Figures 9, 10,

and 11 show the corrosion on the inside of Cylinders 34, 57, and 64 following
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FG'\!* 9. CO~RROS ION IN~ CYLINDER 14
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FIGURE 10. CORROSION IN CYLI~DLR 57
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F R1'1. CORRO(SION IN CYLINDER 64
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the rupture tests. In Cylinder 34, the most severely corroded area was roughly

90 degrees from the fracture. In Cylinder 57, the corrosion was generally all

over the inside surface. In Cylinder 64, the inside was generally corroded, and

a line of corrosion existed approximately 180 degrees from the fracture.

Figures 12 and 13 show closeups of the inside surfaces of Cylinders

57 and 64, respectively, in tne origin region of the fracture. In Cylinder 57,

the inside edge of the fracture was jagged and appeared to have progressed from

one corrosion pit to another. In Cylinder 64, there was no indication that the

fracture followed or was affected by the corrosion pits because the inside edge

of the fracture was a smooth, essentially straight line. Thus it appeared that

the corrosion pits may have guided the fracture in the origin area of Cylinder

57, but not in the other two cylinders.

Metallographic sections were prepared of the fracture origin regions

in the three corroded cylinders. Figures 14, 15, and 16 show micrographs of

matching sections Pt the origins of the fracture in Cylinders 34, 57, and 64,

respectively. In r..ine of these sections were the corrosion pits believed to be

deep enough to have had a significant effect on the fracture.

In addition to the fracture origin sections, 13 additional sections were

taken through corrosion pits remote from the origin to characterize the pits.

Table 13 summarizes the length and depth of the selected pits. Also presented

in Table 13 are thickness measurements and Rockwell E hardness values measured

on the sections. Micrographs of three of the sections through the deepest pits

are shown in Figures 17, 18, and 19. In Figures 17 and 19 (from Cylinders 34

and 64, respectively) the corrosion appeared to have progressed into the wall

thickness and also parallel tc the surZace, producing a flat bottom in the

corrosion pit. This type of pit appeared to be representative of most of the

pits sectioned. Figure 18 shows the only corrosion pit sectioned which appeared

to corýtain a relatively sharp tip at the bottom. This pit was also the largest

pit sectioned and yet it existed approximately 900 from the fracture ortgIn.

Conclusions. Based on the examination of the 68 corroded aluminum

scuba cylinders that were received at Battelle-Colunbus, on the rupture test of an

intentionally flawed aluminum cylinder, and on a detailed examination of the three
most corroded cylinders, it was concluded that corrosion apparently did not

constitute an i-uiediate personnel hazard. Because the exact nature of the
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FiGURE 13. CLOS)E-UP OF CORRODED CYI.INDFR ~
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1I 4!. SECTION THROUGH FRACTURE ORIGIN IN CvLINDER 34
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SE541

FIGURE 15. SECTION THROUGH -FRACTURE ORIGIN IN CYLINDER 57
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8E539

FI ;1 L i, I. SECTION THRO.CUGH FRACTURE ORIGIN IN CYLINDER V4
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~ý

25X As Ground8E3
Pit Depth 0.040"
Pit Length 0.125"

FIGURE 17. DEEPEST PIT IN CYLTNDER 34 (SECTION 34-1)

25X As Ground 8E538
Pit Depth 0.047"
Pit Length 0.39"

FIGURE 18. DEEPEST PIT IN CYLINDER 57 (SECTION 57-5)

25X As Ground 8E535
Pit Depth 0.032"
Pit Length 0.250"

FIGURE 19, DEEPEST PIT IN CYLINDER 64 (SECTION 64-4)
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TABLE 13. RESULT OF METALLOGRAPHIC SECTIONS OF SELECTED
CORROSION PITS

Maximum Pit Pit Length, Wall Thick- Rockwell E Hard-
Cylinder Dpth, inch , nch ness, inch ness Value

Cylinder 34
Section 34-1 0.040 0.125 0.580 97.

34-2 0.036 0.312 0.584 96.
34-3 0.031 0.282 0.585 96.3
34-4 0.030 0.312 0.593 95.

Cylinder 57
Section 57-1 0.026 0.266 0.520 98.6

57-2 0.322 0.312 0.532 94.
57-3 0.012 0.360 0.518 96.
57-4 0.020 0.291 0.520 93.7
57-5 0.047 0.390 0.525 97.0

Cylinder 64
Section 64-1 0.025 0.125 0.489 96.3
Section 64-2 0.024 0.125 0.520 97.3

64-3 0.032 0.219 0.571 96.6
64-4 0.032 0.250 0.561 95.3

corrosion re.ains in doubt, however (see below), it is possible that an

active pit could penetrate the cylinder wall. With an internal cylinder pres-

sure of 3000 psi, the gas issuing from such a pit could constitute a personnel

haziard, Although less likely, it is also possible that a number of pits, oriented

in a line nearly parallel to the cylinder axis, cculd approach the critical flaw

3ize, resulting in a potentially hazardous situation. Thus some schedule of

cvlinder examination is mandatory.
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Investigation of the Cauee
of Cylinder Corrosion

Prior to the initi• ion of this program, an aluminum scuba cylinder

was received and examined at &ittelle-Columbus to determine whether a caustic

cleaning solution, trisodium phosphate, had caused corrosion of the cylinder.

As received, the cylinder contaioed a gelatinous residue (both solid and liquid).

This was removed and dried. The dried residue was found to consist of white and

black particles corresponding to the physical description found in the Naval

Ordnance Station report, "Residue in Divers' Air Tanks", September 1969.

The cylinder was then slit lengthwise, as shown in Figure 20. The

white areas are the corrosion products. A number of pits were found under these

white corroded areas Several of the pits were probed and found to have a depth

of abz.ut O. i' inch. A metallographic cross section was made through one of the

pits. Figure 21 shows an enlarged photograph of the base of the pit--intergranular

attack can be clEarly 3een. This type of intergranular pitting attack is often

associated with c'ilorides and fluorides.

Chemical analyses were then made of the dried corrosion product.

Initially, an overall survey of the corrosior. product was made using optical-

emission spectrography. The results of this analysis are 'hown in Table 14.

TABLE 14. QUALITATIVE OPTICAL EMISSION SPECTROGRAPHIC ANALYSIS
OF CORROSION DEPOSIT IN PREPROGRAM CYLINDER

Relative Amount
Element Found

B Low
Na Low
Mg Low
Al Major
Si Low
Ca Low
Ti Trace
Cr Trace
Mn Trace
Fe Low
Ni Trace
Cu Low
Zn Trace
Ga Trace
Sr Trace
Sn Trace
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9: C-2935
Entire Cress Sectie-n of fit

+ MWO- IG

'A

BOX C-2936

Enlarged Area Showing Attack at Grain Boundaries

FIGURE 21. PHOTOMICROGRAPHS OF A CROSS SECTION THROUGH ONE PIT
IN THE PREPROGRAM CYLINDER

Etchant: 3.5 parts HNO 3- 1.5 parts hF - balance
water.
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No eignificant amount oL the corrosive agent originally suspected, i.e., phosphorus,

was discovered. A n-rre deti__12d and quantitative aa-lysis was conducted on the

corrosion oroduct and the cylihdci alloy using optical-emission spectrography,

X-ray fluorescence spectrography, and spark-source mass spect-rography. The results

of these analyses are sumarized in Table 15. Again, it was noted that a very

1,.w concentration of phosphoru-: 0.003 percent) was present in the corrosion

product. Fluorine, however, was indicated by spark-source mass spectrograph7 at

0.7 perce.nt in the corrosion product, which was considered abnormally high. The

fluocine content was then measured mote accurately utilizing wet-chemical

analytical procedures, and its concentration was determined to be 0.3 percent--an

amount still considered abnormally high.

It was concluded tiat 0.3 percent fluorine was sufficient to actount

for the pitting observed and was the probable corrodent. Although the source of

the fluorint- was unknown, iluiorine is contained in hydrofluoric cleaning acids

which are sometimes used to clean aluminum. Based on this initial examination,

it was expected that the cortosion products in the cylinders to be examined

during the Phase I program would contain a high fluorine content. Th- e'xami-

nation of the cylinders is discussed in three parts: corrosion examination,

chemical analysis, and conclusions.

Corrosion Liamination

Based on the optical survey of the cnrroded cylinders described previously,

the following five cylinders were selected as being the most severely corrcded of

those remaining after the rupture tests - Cylinders 21, 32, 41, 53, and 63. These

cylinders were slit lengthwise on a large bandsaw with no lubricant. One-inch-

square pieces covered with heavy corrosion product were cut from the most corroded

nalf of each tank to be used for microprobe analyses. The rema *nder of the

sampled half of each cylinder was then descaled in 5 weight percent phosphoric

acid (H3 PO4 ) at room tempe.ature. The pit depths in the descaled halves were

measured, and a maximum and average depth were recorded. Metallographic examina-

tions were made of at least one pit (usually thedeepest one) fo',ind in each cylinder.

The internal surfaces of each cylinder after the slitting operation are

shown in Figure 22. The amount of corrosion product, which was not the same on

each half, appeared to be greatest on Cylinders 21, 32, and 58. The corrosion
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TABLE 15. ANALYSIS OF CORROSION PRODUCTS
IN PREPR)GRAM CYLINDER

-easured Weiht Percent of Corrosion Products
Whitish Residue Cylinder Alloy

Element OES(a) oES(b) SSi(C) OES(d) SSMS(c)

Li .... (.0001* .... 0.0(01*
B 0.1* -- 0.006 .... 0.0002*
F .... 0.7?(e) .... 0.01*
Ne -- -- 0.03 .... 0.03*
Mg 0.3 0.6* :1.0 0.9 0.93* S1.0
A! Major Major Major Major Major Major
Si 0.3* I - .3 1

P.... 0.003* .... 50.003*
C .. 0.02* -- 0.05*(f) 0.6(f)
C1 ... 0.005* ... 0.02*

K 3.3* -- sl.O .... 0.01*
Ca 0.5* -- '1.0 .... 0.2*-0.5*
Ti. 0.01* -- 0..)7 -- 0.04* 50.5
V <01.01 -- 0.01* .... 0.01*
Cr 0.03 0.035* 0.06 0.085* 0.04 0.06
Mn <0.01 -- 0.01* -- 0.016* 0.01
Fe 0.3 0.2* 0.3 0.4* 0.26 0.6
Co .... <0.002* .... <0. 0003*
Ni 0.02 0.024* 0.03 0.01* 0.05 0.008
Cu 0.1* -- 0.3 -- 0.26* I1.0
Zn ... 0.03* -- 0.14* 0.3

Ga -0. 0i 0.03* .... 0. 003*
As "0. 01 -- 50.0002* .... 50.0002*
Sr... 0.03k --... 0.001*
Zr .... 0.002* .... 0.004*
Ag <0.01 -- -0.0004* ... 50.0004*
Cd .... 50.002* .. 50.002*
Sn 0.01 0.01* -- 0.035* -)O.0007
Sb .... 50.0001* 0. 0004*
Ba ... 0.005* .... 0.001*
Hg .... <0.0002* Q.... 0.0002*
Pb <0.01 -- 0.01* -- 0.04* 0.005

Note: Preferred value marked with asterisk.

(a) Optical emission spectrography, approx. accuracy - x factor of 3.0
(b) Optical emission spectrography, ditto x factor of 0.5
(c) Spark source mass spectrography, ! x factor of 3.0

(d) X-ray fluorescence spectrography, ± 5 percent
(e) Wet chemical result = 0.30* percent, " t 5 percent
(f) Apparent SSMS error, rechecked with XRF.
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produc'. ,as white in all cylinders except for three areas in Cylinder 63 which

were a ,-ale yellow. The yellow product in this c.,'inder (see Figure 22) was

located on L"'. threads at the plugged end, and in the two almost vertical light

areas at the bottom left on the left ha.f.

The left half of Cylinders 21, 32, 41, and 63 and the right half Lf

Cylinder 58 as shown in Figure 22 were judged to be the most heavily corroded

halves for each cylinder. The appearance of these halves after removal of the

specimens for microprobe examination and after descaling are shown in Figures

23 through 26. The most extensive attack occurred in Cylinders 32 and 41 as a

row of pits along the length of the cylinders. This suggested that these

cylinders were stored on their sides for a long period of time, and that the

moisture in the cylinders drained to the lowest areas, causing accelerated attack.

The pitting attack was random in Cylinders 21, 58, and 63, and the attack tended

to be filamentary. Photomacrographs of the deeper pirs in Cylinders 32, 41,

and 58 are shown it Figures 27 and 28.

The pit depths were measured with a micrometer depth gage in which the

"feeler" had been machined to 1/64-inch diameter to permit penetration into the

pits. The pit depths as measured by this technique ranged from <D.001 t•r 0.056

inch. The maximum and average pit depths for each of the cylinders are listed
in Table 16. Two cylinders exhibited light pitting, two cylinders exhibited

severe pitting, and the pitting in the fifth cylinder was intermediate.

TABLE 16. MAXIMUM AND AVERAGE PIT DEPTHS
FOR SAMPLE CORRODED CYLINDERS

Maxtaum Pit Depth Average
Cylinder No. Discovered, inch Pit Depth, inch

41 0.053 0.031
32 0.056 0.030
63 0.015 0.010
58 0.001 < 0.001
21 0.002 < 0.002

One of the deeper pits from each cylinder was examined in cross

section perpendicular to the long axis of the cylinder. Photomicrographs of

these pits are shown in Figurcs 29 to 33. The photomicrographs show that the
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lox No. 58 C-3083

FIGURE 28. DEEPESTI PITS IN CYLINDERS 32 AND 58
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90K As Polished c-3084

7.'* 'Z

90X Etched C-3085

FIGURE 29. CROSS SECTION OF' A DEEP Pij? 1N CV-TINDER 21

Note laminar attack.

Etchant: 3.5 pares HNO 3 - 1.5 parts lIF -

balance water.
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20X As Polished C-3086

S• • •-•.• I

.•

?• °1- "'. "£- .. 'it•

!i" +k * • " "'•

,• ..- ., . • • - o.'. , ,'.+ .'. [: .

: •+ T ' " * ; ... ." " " 3 -'0•

m. o90X Etched C-

FIGURE 30. CROSS SEZT!O•I ('F ;. DF"P i •T IN CYLINDER 32

Note laminar attack.

Etchant: 3.• parts HNO3 - 1.5 pa*-s NF-

balance water
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20X As Polished C-3088

% it

90V Etched C-3089

FIGURE 31. CROSS SECTION THROUGH A PIT IN CYLINDER 41

Note the lam~inar attack arA1 uuward move-
ment of metal layers by oxide expansion.

Etchant: 3.5 parts H1N0 3 - ).5 parts HF-

balance water.
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90X As Polished C-3090

J. J

N.te tat thi attac is inega ri

thits inohrcyidr.

90Xant E. atche CN3-315 0ars9l

balance water.
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90X As Polished C-3092

90X As Polished "J093

FIGURE 33. CROSS SECTION THROUGH DEEPEST PITS (TOP) AND LEAD PRODUCI
ON SURFACE (BOTTOM) 1N CYLINDER 63

Note that the pit depth beneath the lead deposit is less
than the maximun. pit depth.
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attack in the oits generally occurred along stringer paths oriented in the

direction of fabrication of the original heavy tubing. This is not uncomnmon

in aluminum alloys, being somewhat analogous to end-grain attack observed in

hip-...rcnqth aluminum alloy forgings. Figure 31 shows the wedging action of

the corrosion oroduct in the pit in Cylinder 41 which forced up layers of

metal previously isolated by the stringer-like attack.

A metallographic examination was also made beneath the yellow corrosion

product found in Cylinder 63. The photomicrograph of this area is also shown

in Figure 33. No accelerating effect was observed ftom a comparison of the depth

of pitting in this area with the maximum depth of attack observed elsewhere in

Cylinder 63.

Chemical Analysie

Corrosion products were obtained from Cylinders 21, 58, and 63 before

they were cut open as described above, and from Cylindera 34, 57, and 64. The six

samples were analyzed with a spark-source mass spectrometer. Particular atten-

tion was given to chiorine, fluorine, sulfur, and phosphorus because the first

two are known pitting agents and the latter two are often found in alkaline

cleaners. The results are summarized in Table 17. The fluorine content was Z200

ppm in all samples but one, and the chlorine content ranged from 50 to 200 ppm.

Lead was extremely high in the samples from Cylinders 63 and 64.

The lead in the six samples was checked by atomic absorption, while

the fluorine was checked by a fusion-distillation-titration techinique. These

results are summarized in Table 18. Reasonably good duplication with the mass-

spectrographic analysis was obtained for all results except the fluorire in

C.Qinder 64, which was lower by an order of magnitude in the wet analysis. How-

ever, there was sufficient sample to permit duplicate analyses for fluorine in

Cylinder 63 and lead in Cylinder 64. The duplication was not good, particularly

with respect to lead, thus suggesting that the corrosion product was non-

homogeneous.

Microprobe examination and a.-lyses were conducted on the surface

deposits located on the l-iý:ih-square specimens removed from Cylinders 21,

41, 58, and $3. A large part of the area of the surface deposit on the sample
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TABLE 17. MASS SPECTROGRAPHIC ANALYSIS OF RESIDUE IN CORRODED CYLINDERS
(Ppm or percent by weight)

Cylinder
Element 21 34 57 58 63 64(a)

F 200 600 60 600 300 4000
P 10 100 6 50 20 50
S 300 80 200 600 500 100
Cl 100 50 100 200 150 70
Pb 200 10 1 80 -4% ,,,0%

(a) Cylinder 64 had a high hydrocarbon content.

TABLE 18. CHEMICAL ANALYSIS OF CORROSION PRODUCTS FOR SELECTED ELEMENTS
(Ppm or percent by weight)

Cyligder Lead Fluorine

21 100 330

34 (Not enough semple
for analysis)

57 23 175

58 150 430

63 8.7% 220(a)
i 160(a)

64 12.5%(a) 230
5.9%(a)

(a) Sufficient sample permitted duplicate analyses.
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from Cylinder 21 was checked for fluorine, but none was detected. One part

of the deposit showed a small concentrated spot of lead and a relatively low

concentration of chlorine. Some low-intensity areas of sulfur were also seen

on the sample. A large portion of the surface area of the sample from Cylinder

58 was checked for fluorine and lead, but neither was detected. Some low-

intensity areas of chlorine and sulfur were detected. The sample from

Cylinder 63 had a relatively thick deposit that was creamy or yellow in appear-

ance. Microprobe analysis of this deposit showed a high concentration of lead.

Low-intensity spots of chlorine were also detected, but no fluorine was detected.

For the sample from Cylinder 41, no lead or fluorine were detected, but some

small spots of low-intensity chlorine and sulfur were found.

The creamy, yellowish deposit noted in Cylinder 63 was analyzed

using optical-emission spectrography and X-ray diffraction techniques. Optical-

emission spectrography indicated extremely high concentrations of lead and

aluminum, low concentrations of sodium, iron, copper, bismuth, and phosphorus,

and trace amounts of chromium, nickel, magnesium, silicon, and calcium.

Utilizing X-ray diffraction techniques, lead carbonate (PbCO3 ) was identified

as the major compound present, with a possible trace of pure lead.

Conclusions

The variation !n the degree of corrosion attack in the cylinders, and

the variation in the chemical-analysis results for the corrosion products obtained

from intact cylinders as compared with corrosion products occurring on 1-inch-

square metal specimens indicate chat the corrosion attack and the corrosion pro-

ducts were not homogeneous. On the basis that the corrosion products from the

intact cylinders were more indicative of the corrodents than the small samples,

iL was concluded that the fluorides found in the corrosion product together

with moisture from the air were the probable corrosive agents. The concentra-

tions of fluorides in the present study were of the order of hundreds of ppm

while those in the pvevious study were in the thousand-ppm range. However, the

lower level % ,s still considered to be sufficiently high to cause pitting attack

of the type noted. The lead, which was probably present as the result of using

pipe "dope" on the Threaded bottom plug, did not appear Lo influence the corrosion

of the cylinder. Ho ver, lead could be a harmful constituent in the breathing air.
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Consideration of-Manufacturing and
Field-Testino Procedures

A further objective of the program was the consideration of the

exisLLng manufacturing 4pecificatLons and field-testing procedures to determine

whether aluminum scuba cylinders can be produced and used with a high degree of

confidence. This work is described in the following sections.

Manufacturin2 Speclfications

The aluminum scuba cylinders are manufstu.Ted in accordanca with

MIL-C-24316(SHIPS), Cylinder, Compressed Gas, Diver's, Nonmagnetic, Aluminum

(see Appendix B). This spcciflcation was prepared in accordance with the

format and standard requirements of similar military specifications.

Military specifications of this type consist of six sections. The

first section--Scope--describes the item covered by the specification. The

second section--Applicabloe Documents--lists all applicable documents which

have been selected to be included in the specification under preparation.

The use of such pcst documents greatly simplifies the writing of the new

document. The third section--Requirements--describes the physical and per-

formance characteristics which are required by any item covered by the

specification. The fourth section--Quality Assurance Provisions--tiescribes

the manufacturing procedures that are required in order to assure the manufacture

of acceptable components. Section five--Preparation for D~livery--describes

different packaging and packing procedures that must he followed, while

the sixth section--Notes--describes any general comwents that are desirable

in the Lnterpretation and use of the specificatiors.

Detailed consideration was given to the sections of the specificacion

covaring Requiremants and Quality Assurance Provisions. The other sections of

the 'oecification were reviewed briefly. In general it was concluded that the

specificati.n 14 well written and represents detailed consideration of the

areas covered. Nt 7rnblema were envisioned for the sections on Scope, Applicable

Document, Preparation fcr 14livery, or Notes.
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However, several poseible problem areas were found to exist with

different parts of the sections on Requirements end Quality Assurance

Provisions. The correction of the specification to solve these problems

would require effort beyond the scope of this program. However, a brief

description of the possible problems is fpivc below. For completeness, comments

are included for each part of the sections on Requirements and Quality Assurarce

Provisions. The numbers of the comments correspond to the associated numbers

in the specification.

3.1 Description. No change is recommended.

3.2 Physical Parameters. A change is recommended because it is

believed that additional dimensions are needed in Figure I of the specification

to prevent the fabrication of an unusual shape which might have a section with

insufficient strength. The three areas of most concern are the curvature of

the base end, the curvature of the neck end, and the length and uniformity of

the cylindrical section.

After conducting the rupture tests on these aluminum scuba cylinders

and comparing the results to those for the DOT 3AA 2250 steel cylinders, it is be-

lieved that the DOT strength requirement [Equation (3), herein] could be included

in this specification as a strength requirement. This would provide greater

assurance of the strength characteristics of the cylinders produced to this

specification. At present, the strength requirements are hidden in other

requirements such as the elaotic expansion and permanent expansion characteristics

of the cylinders.

3.2.1 Material. No change is recommended.

3.2.2 Necked End. A change Is recommended because the length of

the neck is nnt adequately defined. The correction of this would include a

better dimensioning approach than that shown on Figure 1 for the neck length.

3.2.3 Threading. No change is recommended.

3.2.3.1 Protection of Threads. A change is recommended to require

the exclusion of moisture and foreign matter.

3.2.4 Base End. A change is recommended because the required weld

is inadequately described, and because the second sentence of 3.2.4 conflicts
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with the use of a weld. The correction could include the elimination of the

second sentence, and the inclusion in Figure 1 of a blow-up section showing

the type and depth of the weld required.

3.2.5 Interior Surfaces. No change is recommended.

3.2.6 Pressure. No change is recommended.

3.2.7 Expansion Characteristics. A change is recommended because

the permanent expansion value is based on the consideration ti-at the cylinder

expands relatively uniformly. If the cylinder has a relatively small, weak

section, such as might be provided by a tapered cylindrical se. ..1ion, the weak

section could yield excessively while the cverall permanent expansion value

would not be excessive. It is believed that the overall permanent expansion

value should be combined with specific measurements on selected parts of the

cylinder.

3.2.8 Hardness. & change is recommended because of the maximum

hardness value. Either no maximum hardness should be used, or the value should

be higher. The better approach has not yet been selected.

3.2.9 Magnetic Effects. No change is recommended.

3.2.10 Buoyancy and Trim. A change is recommended because the

coaditions and tolerances of buoyancy and trim are not specified. The change

should include a description in the Quality Assurance Provisions section of

adequate test procedures.

3.3 Serial Number. No change is recommended.

3.4 Marking. A change is recommended because there is no provision

against marking on the cylindrical portion of the cylinder,

3.5 Coating. No change is recommended.

3.6 Cleaning. A change is recommended becaus3 there is no provision

for preventing the use of cleaning agents which could be corrosive to the

cylinder.

3.7 Workmanship. No change is recommended.

4.1 Responsibility for Inspection. No change is recommended.
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4.2.1 inspection Lot. A change is recommended because the maximum

lot size is not specified.

4.2.2 Sampling for Tensile Test cf Cylinder Material. A change is

recommended because t-.- sampling should include a material certifitation

requirement.

4.2.3 Sampling for Visual and Dimensional InsRection. No change is

recommended.

Record Maintenance. The 4.2 series should include a requirev-nt

for record maintenance. A possible wording is "The supplier shall maintain

a record of the inspection applied to each lot".

4.3 Visual and Dimensional Inspection. No change is recommended.

4.4.1 Tensile Test. A change is recommended because the location

is not specified fur the tensile test specimens. They probably should be

obtained from equally spaced portions of the cylindrical wall.

4.4,2 Magnetic Test. No change is recommended.

4.4.3 Hydrostatic Test. No change is recommended.

4.4.4 Wall Thickness Test. A change is recommended because the

accuracy of the &easurement is in doubt. It is probable that either the

testing ec ip-sent should be more accuza aly specified or the accuracy should

be changed. The number and location of the measurements should also be

specified.

4.4.5 Water Volume Test. No change is recommended.

4.4.6 Hardness Test. A change is recommended bec'.,se the locations

of thehardness impressions are insufficiently specified. They should probably

be equally spaced around the middle of the cylindrical section of the cylinder.

4.4.7 Inspection of Preparation for Delivery. No change is recommended.

Buoyancy and Trim Test. A change is recommended to include a test

procedure for a buoyancy and trim Lest.

Yield Measurement Test. A change is recommended to include the

descripti n of a measurement procedure other than the volume change for
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determining whether any measurement of the cylinder has permanently increased

a certain percent as a result of the hydrostatic test.

Field Inspection and "leaning of Aluminum
Scuba Cylinders

During the course of this research program, systematic naked-eye

inspections of 72 aluminum scuba cylinders were conducted. As discussed in a

preceding section, the inspection technique found most effective utilized a small

lightbulb which was inserted into the cylinder through the threaded valve hole

following valve removal. This light provided adequate illumination of the cylin-

der interior permitting an overall visual survey of the interior wall surfaces.

Figure 34 saows the insertion of the lightbulb into one of the cylinders.

Basically, the inspection equipment consisted of a 12-volt stepdown

transformer, an automobile lightbulb and socket of the type used for either in-

terior or backup lights, and three or four feet of extension-cord wire connecting

the lightbulb to the transformer. These items are shown in Figure 35.

The transformer used was a Triad F-26X filament transformer and the

lightbulb was a No. 1004. Any 12-volt stepdown transformer, however, may be

used and the lightbulbs and sockets are available at any automotive supply house.

The schematic diagram for this equipment is shown in Figure 36. If the light-

bulb socket purchased is found to have a mounting flange greater than 7/8 inch

in diameter, it must be reduced by grinding to allow passage through the valve

hole.

Protection of the lightbulb is not normally necessary since it is rela-

tively sturdy and quite inexpensive. If, however, for safety or other reasons,

3hielding of the lightbuib is desired, window-screen material can be soldered or

brazed to the socket, allowing it to extend cylindrically about the lightbulb.

Since the inspection light must be able to pass through the valve hole of the

scuba cylinder, any shielding added should not be greater than 7/8 inch in

diameter.

Utilizing the above inspection technique and equipment, the results

of three independent inspections by three different staff members were in very

good agreement. Because of the success of this technique during the program,

it is recommended that the procedure be used during periodic field inspections

of scuba cylinders.
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1004 automobile

t $ l~12 volts '•

110 volts I_ _ Automobile parkinglight or interior
12-volt step-down light socket

transformer

(Triad F-26X filament
transformer or equal)

FIGURE 36. SCHEMATIC OF SCUBA CYLINDER INSPECTION-LIGHT EQUIPMENT

Three of the cylinders which were rated as "severely corroded" during

this inspection were used in rupture experiments and for corrosion examination,

while five additional cylinders, also rated "severely corrodqd", were selected

for an independent corrosion examination. It was interesting to note that

although the corrosion in each of these cylinders had been rated "severe",

the maximum and average pit depths measured following a thorough cleaning of

the interior surfaces varied significantly (see Table 16). It therefore became

apparent that the quantity and deposition of the corrosion product on the cylinder

interior was somewhat misleading and that a reasonably accurate visual cylinder

inspection required a precleaned interior expoging the actual pits to view.

A simple phosphoric acid cleaning process was used during this program.

The effectiveness of this process can be visualized by referring to Figures 22

and 23 for comparison of the as-received condition and cleaned condition of

the cylinders.

If the initial field inspection shows that corrosion product similar

to that shown in Figure 22 is present, it is recommended that the corrosion

product be removed by filling the cylinder with a 5 weight percent solution vf

phosphoric acid and water and letting it stand for approximately 30 minutes.

This should be followed by a thorough rinstng ':ith fresh water and drying. The

cylinder can then be reinspected.
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Phosphoric acid (H3 P04 ) is supposed to form a stable compound with

aluminum. [This is opposed to hydrofluoric acid (HF), for example, which acts

somewhat like a catalyst, coatinually reacting with aluminura for an indefinite

period.] Howevez, detrimental corrosive side effects due to the use of phos-

phoric acid are a slight possibility, considering the moist, high-pressure environ-

ment to which the internal surfaces of these cylinders are subjected. There-

fore, some tests should be conducted utilizing phosphoric acid on 6061-T6 aluminum

under hyperbaric conditions to verify the apparent nondetrimental character of

the phosphoric acid recommended for th!F cleaning procedure.

If the extent of the corrosion discovered following the second inspec-

tion is similar to that discr.vered during the research program, it appears thaL

the cylinder is not an immediate hazard. However, due to the potential hazard

that exists with these cylinders (as well as any pressure vetsei) a conservative

approach following the cylinder cleaning and inapection procedures is recomended.

Large pits, 1/4 inch in diameter or larger, or a number of pits clustered to-

gether in one spot may suggest that a 5000-psi hydrostatic pressure tesL should

be conducted to reinstate confidence in the imnediete safety of the cylinder.

Any widespread thinning of the wall is, of course, also cause for concern, indi-

cating that a 5000-psi hydrostatic test should be conducted.

Frequent reinspections of previously corroded cylinders are also

recommended since the type of corrosion investigated during this program will

probably continue throughout the life of the cylinder even if the cylinder is

cleaned as outlined above.
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APPENDIX B

MIL-C-24316 (SHIPS),
MILITARY SPECIFICATION,

CYLINDER, COMPRESSED GAS, DIVER'S
NONMAGNETIC, ALUMINUM
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This docurent is subject to special export controls
and each transmittal to Foreign governments or
foreign nations may be made only with prior approval
of the Naval Ship Systems Comand.

MIL-C-24316 (SHIPS)

AI4EDMIENT-1
15 Novembet. 1968

HILITARY SPECIFICATION

CYLINDER, COI4PPGSSED GAS, DIVER'S,

NONMAGNETIC, ALU•W:tU

This amendment forms a part "f Military Specification ,IL-C-24316(SHIPS) dated 21 June
1969.

Page 2

3.2.7, line 2: Delete "68+4" and substitute "6...+7".

Preparing activity:
Nravy - SH

(Project 4220-N152)
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-CP jM A190CW X (COA;

P"Pl" C-i - 4netakla for %Ayoetatie Testing of amrsuzsae 48 O'acylil"er.

Awlieatica for copies ahild be adresele to the Compressed Gas Associations Suite 24W-06,
500-5th Avemi. New York C' ty, new York Z0036.)

(Titecheil society sod technical aasocatica specifications and standardis are generalo available for
refgorm f-rm libraries. Tba ane ilo distributed mof techaical groups and using Federal agencies.)

3. OW11110

3-1 The cylindr is for wme as the compressed sir supply in nommgnstio demand type
te~breathing apparatus

3.2 1hor - The q~liv~e shell be In accordanoa with figwre 1 and baye a nominal over-
anl iteth c -oIhe.it shell have an internal volume of 700 t 30 cuti - inches. TMe cylinder wall
thi-emwas sdil be saka to stftal the required buoyancy and trim (asa 3.2.10), but oball be not lose
the 0.540 lack thick.

3-2.1 Notarial. 7M eY~iw sdell be rupm frW alUimn a6loW 6061-0 tubins and them treated to

3.2.2 111mhat a"A. Is fwduag, sufficient material alall be wrmiard In the moack of the cylinder to
face off a FE- -liu diamter of 1-5/8 inctils 2'0* figure 1).7

3.2.3 Urdur 7he cylialer seek sahlk be configured vith the 0V "in type arrangumnt of
fiame 1. Us shell be V4-14l& (mamiftle). After meacining, there obill be Do evidence of
faale, crecek, or otbme lmprftcýýi In the throaied area.

3.2.3.1 Protectica of threads- The neek of the finliawaA cylinder shell be provided vith a plastic
cap to protect the tbroe, 'V ring grooma and finished flat cumwface.

3.2.11 Ds end. Th bane ont closr of the cylinder shell h- aumad by mensan of an al'miaaux plug
so skoef in r;I-i if required to effect a mes, a nam-ldeed, ama-toxic sealing compound shall be
2t±Undo.

3.2.5 Interiwor rhese. 2e sahll. be no visible evidence of foldn, craeks, pit@, or extrme
wvim mo the iimrml wnhaco amcndin the ends) or the cylinder.

3.2.6 Plemozze- The cylinder Is fohr 3M0 pomnds Wa square Inch gaW (psiLg) m.,rking pressure and
shaUel ha 6Iu GUcll7 tonted to vitboteami 5M0 poll.

3-e.?-7 a cebrecteristins. Wbes hydrostatically tested to 5000 psi, t~he cylindar shall
W~ibt a t~obaImalsoltri exparois. of 68! Z k cuic centimeters. The permanent expansion (PC) shall
mAn 4me 5 parcow of the total voluerric expasmion, the riwnbidr to be elastic expennion (ZZ).

3.2.8 11azano. The cylinder shail have an average hardness on the PlckwelU "Z scale (12) of
90!14.

3-2.9 Nafioic effects. fte m*4Wtic effect of the finished cy-linfer shall be no greater then
0.05 aillia terutn Vm~ mewe in accordance with ?.41.2.

3.2.10 an Um The cylindkez shall be noutrallyloupjant vws chargesd to 150C psi. The
cylindler's nrnmhllas e utral.

3.3 SerTa znbr- The cylinde shell be inrbed with a aerial number (see 3.11). ftin serial number
*ball be aslae b aufihectuwr so that no twO cylimies manufactured by hi., eithe in the same lot
or offered flor delivery In the sam calendr year, shell bear the soem seria~l ="br.

3.11 tsrhi. Mhe cylidor shell be marked ýAikwted) with the following informatio.M in letters not
laws thi1/ Ilot~h high, asnear to the neck of the cylinder as practicable:

On ama side: Seial a~mb
3-MLW

'3= paig 'S )

Goverinme ispectorsD stom

2
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On opposite side: "Test 5000 psig"
Month, year of test
"113 XX.X cc"
"FE X.X cc"
"Volume XXX ca in"

3.5 Costing. The cylinder shall be coated as follows:

(aý The cylinder shall be degreased inside end out.
(b The exterior surface (except the flat at the cylinder neck) shall be anodized.
(a) The outside surface (except the flat at the cylinder neck) shall be coated with:

(1) One coat of pretreatment primer in accordance with MIL-P-15328, followed by:
(2) One coat of vinyl-zinc chromate primer in accordance with MIL-P-15930, followed by:
(3) Two coats of enamel in accordance with MIL-P-15090, class 2.

3.6 Cleaning. The finished cylinder shall be cleaned of any impurities which would be detrimental
to use with high partial pressures of oxygen.

3.7 Workmanship. Only first class workmanship will be acceptable. Except where specified all
surfaces all smooth and continuous and there shall bo no evidence of gross tool marks; neither shall
there be evidence of puddling of the coating. All indentations shall be clear and legible.

4. quALITY ASSURANCE PROVISIONS

4.1 Responsibility for inspection. Unless otherwise specified in the contract or purchase order,
the supplier is resepnsible for the performance of all inspection requirements as specified herein.
Except as otherwise specified in the contract or order, the supplier may use his own or any other
facilities suitable for the performance of the inspection requirments specified herein, unless disapproved
by the Government. The Government reserves the right tc perform any of the inspections set forth in the
specification where such inbpections are deemed necessary to assure supplies and services conform to
prescribed requiremerts.

4.2 Sampling.

4.2.1 Inspectio ot. A lot shall consist of all cylinders made from the same run of tubing,
fabricated a t t the same time.

4.2.2 Sampling for tensile test of cylinder material. One finished cylinder shall be selected at
random from each lot for tensile test bar specimens (see 4.4.1).

4.2.3 Sampling for visual and dimensional inspection. Cylinders shall be selet ted in accordance

with MIL-STD-105, General Inspection Level II, for the inspection of 4.3. The Acceptable Quality Level
(AQL) shall be 1.5 percent.

4.3 Visual and dimenio n e ction. Cylinders selected in accordance with 4.2.3 shall be
examined and measured Lt;versiy conformance to all of the requirements of this specification which do uot
involve tests. Threads shall be checked by means of "GO" and "NO-GO" gages as specified in H-28.

4.4 Test procedures.

4.4.1 Tensile test. Test bars shall be tested according to FED-STD-151 to comply with the
properties of 60b1 T-6 aluminuir set out in QQ-A-200/8. A lot failing to pass this test shall not be
offered for delivery.

4.4.2 •ngp tst. Each cylinder in the lot shall be tested to meet the requirements of 3.2.9.
This test shal bein accordance with MIL-M-19595 except that readings of magnetic effects that are
taken while the cylinder is in motion shall not be considered. Cylinders that fail to pass this test
shall be rejected.

4.4.3 H•ydrostatic test. Each cylinder in tVe lot shall be hydrostatically tested to 5000 psi by the
water jacket method of OGA Pamphlet C-l. The total volumetric, elastic and permanent expansions shall be
determined in accordance with 3.2.7. Cylinders that 2eak or fail to meet these requirements shall be
rejected.

4.4.4 Wall thickness test. The wall thickness of each cylinder in the lot shall be determined by
ultra-conic irith the pulse-echo type equipment calibrated to &a- accuracy of 3 percen' Cylinders that
fail to meet the wall thickness requirements of 3.2 shall be rejected.

4.1.5 Water volume test. The water volume of each cylinder in the lot shall be determined to the
nearest cubic inch. Cylinders that fail to meet the requirements of 3.2 shall be rejected.

A4
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4.4.6 Iardness test. The average hardness of each cylinder in the lot shall be determined in
accordance with the requirements of 3.2.8 by averaging at least three values taken by impressions around
its girth. No impression shall indicate hardness less than 86 Rockwell "E". Cylinders that fail to
pass the hardness test shall be rejected.

•.4.7 Insection of prejiaraon n for delivery. The packaging, packing, and marking of the cylinder

shall be in~pected to determine compliance with the requirements of section 5.

5. PRZPARATION FOR DLIVERY

(The preparation for delivery requirements specified herein apply only for direct Government
procurements. Preparation for delivery requirements of referenced documents listed in Section 2 do not
apply unless specifically stated in the contract or order. Preparation for delivery requirements for
products procured by contrrntors shall be specified in the individual order.)

5.1 Packaging. Cylinders, cleaned. and capped in accordance with 3.2.3.1 and 3.6, shall be packaged
In accordance with Level A or C as specified (see 6.2).

5.1.1 Level A. Cylinders shall be cushioned, blocked or braced in accordance with MIL-STD-1186 and
individually pac.aged in accordance with the requirements of MIL-P-116.

5.1.2 Level C. Packaging shall be sufficient to afford adequate protection against corrosion,
deterioration, contamination (both magnetic and chemical), and physical damage from the supply source to
the using activity for immediate use. When it ceets these requirements, the supplier's commercial pracice
may be utilized.

5.2 Packing. Packing shall be in accordance with Level A, B, or C, as specified (see 6.2).

5.2.1 Level A. Cylinders, packaged in accordance with 5.1, shall be individually packed in box×s
conforming to any one of the following specifications at the option of the contractor:

Specifications Class or type

PPP-B-636 Class weather-resistant
PPP-B-64o Class 2

,3ushioning, blocking, and bracing in accordance with MIL-STD-1186 shall be required. All center and edge
seams and the manufacturer's joint shall be sealed and waterproofed with pressure-sensitive tape in
accordance with the applicable box specification or appendix thereto. Shipping containers shal be closed
end reinforced in accordance with the applicable box specification or appendix thereto, except that
reinforcement shall be accomplished using filament-reinforced, pressure-sensitive tape in accordance with
the appendix to the box specification.

5.2.2 Level B. Cylinders, packaged in accordance with 5.1 shall be individually packed in boxes
,:onforming to any one of the following specifications at the option of the contractor:

Specitications Class or tylpe

PPP-B-636 (lass domestic
PPP-B-64O Class 1

Cishioning, blocking, and bracing in accordance with MIL-STD-1186 shall be required. Shipping containers
saall be closed in accordance with the applicable box specification.

5.2.3 Level C. Packing shall be accomplished in a manner which will insure acceptance by common
carrier, at lowest rate, and will afford protection against physical or mechanical damage during direct
shipment from the supply source to the using activity for early installation. The shipping containers
or method of racking shall conform to the Uniform Freight Classification Rules and Regulations or other
carrier regulations applicable to the mode of t-ansportation. When it meets these requirements, the
manufacturer's commercial practice may be utilized.

5.3 Use of polystyrene loose-fill) material.

5.3.1 For domestic shipment and early equi ment installation and level C packaging and packi--.
Unless otherwise approved by the procuring activity •see 6.2), use of polystyrene loose-fill) material
for domestic shipment and early -'quipment installation and level C peckaging and packing applications
such as cushioning. filler and duneae is prohibited. When approved, unit packages and containers
interior and exterior) shall be iarked and labelled as follows:

BATTELLE MEMORIAL INST!TUTE- COLUMBUS LABORATORIES
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"CAUTIVOI

Contents cushioned etc with polystyrene (loos,-fill) material.
Not to be taken aboard ship.
Remove and discard loose-ftill materAal before shipboard storage.
If required, recushion with cellu: :ic mateial bound fiber, fiberboard or
transparent flexible cellular material."

5.3.2 For level A packaing and level % and B packing. Use of polystyrene (loose-fill) material is
prohibited for level A Packaging a le A and nb pavl applications such as cushioning, filler and
dunnage.

5.4 ralletization. When specified (see 6.2), shipping containers shall be palletized for shipment
in accord4nce with MIL-STD-4•7.

5.5 Mark . In addition to any special marking required by theo contract or order (see 6.2), unit
packages, intermediate packages, shipping containers and palletized loads shall be marked in accordance
with MIL-S&-129.

6. No08

6.1 Intended use. The cylinders covered by this specification are intended for use In demand type,
self-ontains underwater b.-eathing apparatus.

6.2 Ordering data. Procurement documents should specify the following:

(a) Title, numbe.r and date 01r this specification.
(b Level of packaging (see 5.1).

c Level of packirg (see 5.2).
dIf use of polystyrene is permitted (see 5.3.1).

Palletizstion for shipment, when required (see 5.4).
(f) Special markings, wheni required (see 5.5).

Preparing activity:

Navy - SH
(Project .22o-Nl26)
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APPENDIX C

PRESSURE-VOLUME PLOTS FOR RUPTURED
TEST CYLINDERS

Figures C-1 through C-9 show the plots of pressure versus the amount of

water added to the pressurizing water for the ruptured test cylinders. The rup-

ture preqsures for each cylinder are shown on the plots.

To provide instrumentation and adequate safety for the test personnel,

it was necessary to have a considerable length of piping in the system. Because

of the piping and because of the compressibility of water, the volume of water

added was not a measure of the expansion of each cylinder. However, the -mitr

of water added were carefully measured, and the plots are believed to shov the

yield and rupture pressures of the cyli.ders witih good accuracy. The yield

pressures, also shown, were found by determining the 0.4 percent voluetric off-

set for each plot*. These yield pressures were used to calculate the apparent

yield stress for each cylinder using Equation (1) (see Table 12). The 0.4 per-

cent volumetric offset yield stress was used because thIs corresponds roughly to

a 0.2 percent yield stress in a uniaxial tensile test as shown in pages C-l1 to

C-13.

The total mount of water added to each cylinder was useful for indi-

cating '-he relative amounts of total expansion experienced by the cylinders.

Thus, an intermediate amount of water was added to Cylinder 11, the most water

was added to Cylinder 12, and the least water was added to Cylinder 13. These

values were in general agreement with the circumferential expansion of the cylin-

ders at rupture as determined by the fracture-edge to fracture-edge measurements.

For Cylinders 11, 12, and 13, these expansions were 3.6 2ercent, 6.2 percent,

and 2.8 percent, respectively,

* Note: a leak in the pressurizing system prevented determination of the yield

pressure for Cylinder 34.

I.
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Relationship _etween Volm Chae and
Circumferential Strain for a Pressure Vessel

Cio = inside original circumference, in. - Znrio

rio M inside original radium

C -= inside final circumference, in. =2nri= C. (lI€c)

1
C = circumferential strain =-1 (c - 'oC)c E c L

1
cL = longitudinal strain - (a -v

LEKL c

ac - Circuferential stress, psic

aL = longitudinal stress, psi

S0 original vol., in. 3  
- final leng-- (1 + in.

" final V~i., n 3  L a original length, in.

" "f

L•rif)Lf -rio oj (assuming the increase in volume (1)

due to decrease in wall thick-
ness is negligible)

and Cif Cio(I + c

rr r.). 1C(2)

Tif c
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Also

Lf = to (I L) .

since

Pr 1i pr
a C 112 becaw~e a-

L c c ,L 2t

a 516'c
g (C 1/3 4--

c c 2c

Sa1/6a

(7 1E O C ) - _,

V, 16 or - 0.20 S
11l6 L

Xhus (I = ( 0.20 e (3)

Substituting (2.' and (3) into (1)

r 2 - 2

Expcanding terns

V=1 r,02 4o ( 2.20 cc + 1.40 c +0.2 ]

Since _ - 2

0 10 0

3 2<<e

C C C

:.e Zugher oruer terms can be neglected.
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Therefore, V c

According to the abova analysis, a circumferential strain of 0.2 per-
AVcent is equal to a -- of (2.20)(0.20) =0.44. Thus a 0.2 percent offset yield

stress in a tensile test is voughly equivalent to 0.4 percent volunetric oafser

yield stress.
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MANUFACrURING CERTIFICATIONt FOR TH"EE

DOT 3A-. 2250 STEEL SCUBA CYLINDERS

II
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JI
P.S.T. Order o 87187 Milwauekee, Wis. 53214 70
STEEL GAS CYLINDERS JUl7 39,7

Manufactured for Battelle Memorial Institute
Columbus Labohratoreies

Location at Col~ubuuh ohio J#Kill
Manufactured by Pressed Steel Tank Co.. Inc.

Location at Mitwaukee, Wis. 53214

Gonsigned to Battelle Memorial Xnatitute
Columbzus Laboratories

Location a! Col~ubusil, Ohio 1330).
QuantIi Iy 3 size 6 .81l Inchi"1utside diameter by 25 Inches long.

Markis stamped into the shoulder of the cylinder are7 (Rep. 7'23 cu. In.)

Specifications DOT 3WA250
OTHER MARKS

Ser ialI Nos& 803M3 t o 803771,e mI .
Inspectors mark

Identifying symbol (registered) S

Test date 6-70+
izre weights (yes a. no) No

ý.ylinders marked with a plus (+) sign signify compliance with paragraphs 173.302(c)(2). (3) 9 (4) of the Depart
mnet rI Transportation Regulations. (!itle 40 of the Code of Federal Regulations.) Thus, they can be cheuged to a
pressure 10 percent In escess of their merked service pressure. This excess charging Is permissible only if the gee
cantaii,6d 14 not liquefied, dissolved, poisonous. or flammable. Cylinders having this excess charge must be equipped
with frangible disc safety relief devices (without fusible metal backing) having a bursting presstire not esceeding the
minimum prescritied test I.;essurs.

TP-ose cylinders were made by process of hot and cold cupping and cold drawing to a seamless shell, the open end
of wehich Is necked by spinning.

The materiel used was identified by the following heat numbers 9v 31 3 o su 1

The material used was verified as to chemical snaltsis and record thereof as attached hereto. The heat numbers
i-ere marked on the material.

All material, such as plates, billets and seamless tubing. was inspected and each cylinder was Inspected both
before and alte( closing in the ends: All that was accepted was found free frnm seam cracks, laminations, and other
defects which might prove injurious t.' the strength of the cylinder. The procasses of manufacture and heat treatment
of cylinders were supervised and found to be aft iciant and satisfactory.

The cylinder wails were measured and the minimum thickness noted wes 0.156 Inch. The outside diameter
determined by a close approximat ion fo be 6.81-2 Inches. The wall stress was calculeted to be 6972,5
pounds per square Inch under an Inteinal pressure of 3Mft pounds per squaro Inch.

H yd ,ostatic tests, flattening tests, tensile teats of material, and other tests as prescribed in specification
No. 3A" were made In the pilisenca of the Inspector and all material and cyifnders accepted were found to be in
compliance with the requirement of that specification. Records thereof are attached hereto.

I hereby certify that all of these cylinders proved satisfactory In every way and comply with the requirements
of the DEPARTMENT OF TRANSPORTATION SPECIFICATIONS ND. 3A lixscapt as noted.

EXCEPT IONS: D. 0, T. Inspectioti made by
PRESSE* .~k ., . AT. H. Cochrane Laboratories

Byt MllwCi

SAT rELLIE IMýEM6OR AL INSTiTUTE - C.LLiMU .................
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Mi-l aR , uke e, Wis. 53 2 1 4 .... ..... ... ...... ,

RECORD OF CHEMICAL ANALYSIS OF STEEL FOR CYLINDERS

Niirn e re . , 8 375L ............. To..ý ...................... inclusive.6.81 'n'ee by ............... 25,. o,6. .. .. .. ches OLIut$,;V uli.n.er by . . ........ ch.. long.

Made by Pressed Steel Tank Co., Inc., Milwakee, Wis. 53214

Battelle Memorial Institute, Columbus Laboratories, Columbus, Ohio 43201

CYLINDERS C H EM I C AL A N A L Y S I S
HFAT NUMBER REPRESENTED

tSERIAL NUMBERS) C ,oi MN S9 CR MO CB CU NI .L8

30E80375i -"803t77L130 f.019-039 e419 s29 .88 *.18
.0E29 .01 021 .~ 25 .8T .19

41E :32 .019.02 55 .251.001.181
J12E 30 :0022......l Al1 2581 1

S31 .009.022 .5 29 .91 .17

.. . .. .- -- '• -- : " -- •OLf The orginals ol Ihe ceslified -
C e rt,ft ed by ................................... ......................... f f e

MILL TEST REPORTS a:e . lthe " a'es of lhe man"lact rer.
ChemCal Analyses 0ere Made by Ihe steel manufAct arer.

RECORD OF PHYSICAL TESTS OF MATERIAL FOR CYLINDERS 4" 24T
!ES CYLINDR YIELD POPINT -TEINSIBLSE STEGRT. ELONGATION I REDUCTION* W E L D T E S T FATNN

:EST REPRESENTED IN LBS. PER IN LBS. PER PER CENT OF AREA FLATTENING
NO BY TEST SQUARE INCH SQUARE INCH IN INCHES PER CENT TENSILE BEND TEST

147660 '80375L - 80377L 97,610 111,670 16.0 63.3 OK
98,890 112,11440 114.0 61.6

!eeat treated by a process of quench41I and temper1hg.

D. O. T. TN pec•tion ms& S'y
T1. I I. (:och: lml. Imi;l,,riL•_'is

Sign by.....-•....-..-- .. .
BATTELLE MEMOPIAL INSTITUTE - COLUMBUS LABORATORIES '4 '
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RECORD OF HYDROSTATIC TESTS OF CYLINDERS MIIWAUXFw, WIS 53214 3JU ... I 79

8o375 to 8O37n INCtUSIVE

,,It INCHES OUTSIDE DIAMETER 5 INCHES IONG

MAr•E PBY rtD STEEL TANK CO., INC., MILWAUKEE, WIS. 53214
Mw , tttelle Memorial Institute, Columbus Laboratories, Columbus# Ohio 4W01

TOALPEFRANANNT PE CENT I TAPE WIG(HT VOLUMETEIC
CY IADER TUOESTE PE XANINRMANENT O I NOT WITH 11ALVR CAPACITY

CBS PE• SQ INCH CC C. C JTOTAt 1EPANSION CU INCHES.. . .. . .. ..... . . __.. .. _........-- .. - - - B -UTICH-

80VSL 0:0 Obo 2=l 716
809% 0:0 OIDO 2980377L 0:0 oID 27%o

I0 T I -5c6

s.ign. (_y 1:T.•E, I I.I)h)+jtorieS
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