——

53712815

FINAL RIPORT

on

PHASE I INVESTIGATION OF
SCUBA CYLINDER CORROSION

to

U.S, NAVY SUPERVISOR OF DIVING
NAVAL SHIP SYSIEMS COMMAND

by

N. ¢, Hendersou, W. E, Berry,
Ro J. Eiber; alld Do w. Frink

feptember, 1970

BATTELLE MEMORIAL INSTITUTE
Columbus Laboratories
505 King Aveiue
Coiumbus, Ohic 3201

P A L

i

e i ol ARSI

g s e B e T

O 2

i




DDC AVAILABILITY NOTICE

Qualified requestors may obtain copies of the repcrt from the

Defense Documentation Center. Orders will te expedited if placed
through the Librarian or other person designated to request documents
from the Defense Documentation Center,

Disclaimer

The findings of this report are not to be construed as an official
Department of the Navy position, unless so designated by other
authorized documents.

The citation of trade names and names of wmanufacturers in this
report is no: to be construed as official Government endorsement
or approval of commercial products or serwvices rendered.

s — - s




RUR]

PRI

SLiAL

DDC_AVAILABILITY NOTICE

Qualified requestors may obtain copies of the report from the
Defense Documentation Center. Orders will be expedited if placed
through the Librarian or other person designated to request documents
from the Defense Documentation Center,

Disclaimer

The findings of this report are not to be construed as an official
Department of the Navy position, unless so designated by other
authorized documents,

The citation of trade names and names of manufacturers in this
report is not to be construed as official Govermment endorsement
or approval of commercial products or services rendered.




FINAL REPORT

on

PHASE I INVESTIGATION OF SCUBA CYLINDER CORROGION

by

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

Detald of Mustrations in
this document may te better
studied on microfiche

BATTELLE MEMORIAL INSTITUTE - COLUMBUS LABORATORIES




FOREWORD

This report summarizes resecarch conducted under Contract No. N0OOl4~
69-C=0352 from March 2o August 1970, The vesearch was performed by the Columbus
Laboratocies of Battelle Memorial Institute under the auspices of the U, S.

Navy Supervisor of Diving, Washington, D,C., with Mr. O, R. Hansen serving
a8 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.

ii

BATTELLE MASMORIAL INSTITUTE - COLUMBUS LABORATOAIES




ABSTRACT

A program was conducted to determine the cause of the corrosion that
was discouvered in a riumber of aluminum scuba cylinders, and to determine whether
the rupture strengih of the cylinders had been degraded by the corrosion., An
examination was made of 68 corroded cylinders received from Naval facilities.,
Rupture experiments were conducted on new cyliaders and on the most severely
corroded cylinders., Detailed analyses were made of corrosion products from
selected aluminum cylinders, anu of corroded and uncorroded material from the
ruptured c¢ylinders. It was concluded that the corrosion i the cylinders examined
had not significantly reduced the rupture strengrh of the cylinders. Recommenda~
tions were formulated concerning changes in manufasturing specificaticns, clean-
ing procedures, and inspection prccedures to provide increased assurance that

corrosion will not progress to the point of significantly degrading the rupture
strength of aluminum scuba cylinders,
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FINAL REPORT
on

PHASE I INVESTIGATION lv¢
SCUBA CYLINDER CORROSION

by

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

INTRODVICTION

During an inspection of aluminum scuba cylinders by Navy personnel at
Indian Head, Maryland, quantities of a gelatinous corrosicn product were dis-
covered or the internal surfaces of a number of the cylinders. Reccause the air
supply system at the facility had recently been cleaned using a caustic cleaniig
solution of trisodium phosphate, it was thought that this cleaning &5ent had not
been adaquately removed and that minute quantitiss of the cleaning solution had
been introduced into the scuba cylinders during charging. However, a detailed
anrlysis by Rattelle-Columbus of the corrosion products from a selected cylinder

indicaied that fluorine was the corrodent 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(l)*,
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 neutra' buoyancy requirement, The re-

sults of these etforts are descrivned in a Navy status report(z) dated March 16,

* Numbers in parentheses denote references, listed on page 74.
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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 werc 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 scubs 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 formuiate recommendations concerning manufacturing specifica-
tions, cleaning procedures, and field inspection techniques., This report summarizes

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 developmentsl 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

3JAA requirements,

The rupture strength of corroded aluminum cylinders was investigated
through the rupture and analysis of the three most corroded cyiinders 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 aluminnm scuba cylinders was investigated
ihrough the detailed analysis of corrosion products frem selected aluminum cylin-
ders, and through the detailed exumination of typical pitted areas from the selected

cylinders,

Based oa these studies and cn a review of the applicable manufacturing
specifications and cleaning procedures,; recommendations were formulated concerning
changes in procedure that will provide increased assurance of manufacturing and

maintainiag satisfectory aluminum scuba cylinders,
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CONCLUS IONS

The Zollowing conclucsions 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 progress to the
point that a cylinder wili be perforated or a critical flaw
developed.

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

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

(4) The aluminum and steel scuba cylinders that were ruptured and
examined at Battelle-Columbus met the rupture requiremen: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 recommendations are made concerning future activities in

relation to the alumirum 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,
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RESEARCH ACTIVITIES

The specific objectives of the Phase I research were to:
(1) Determine the rupture strength of new aluminum scuba cylinders

(2) Determine whether the rupture strength of aluminum scuba cylinders
is degraded by the inteirnal corrosion obaerved 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=-
quested that several new cylinders and all of the severely corroded cylinders
be forwarded to Battelle-Columbus. During the course of the work, §1 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, the results of the work
are described in four report sections: (1) Determination of the Rupture Strength
of New Alumirum 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 tiris program are summarized in Appendix A,

Determination of the Rupture
Strength of New Aluminum Cylindexs

It was known that a comparison of the rupture pressures of new aluminum
cylinders with the rupture nressures of corroded aluminum cylinders would pro-
vide a gross indication of whether corrosion had degraded the rupture stremgth
of the corroded cylinders. However, differences in rupture pressures could also

he caused by differences in material propertiec and differences in the cylinder
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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 stressen 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 cculd 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 zach 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 1s 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 cf 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 streagth of the cylinder materials, and (5) compare the
rupture stresses calculated for the cylinders with the ultimate 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 2AA cylinders, (2) determination of the
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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

Investigations,

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 desigu 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 CORRZDED TEST CYLINDERS
WITH T.  REQUIREMENTS OF MIL-C-24316 (SHIPS)

e —— = — ==
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
Wwall 'hickness®) 0.587 av 0.580 av 0.548 av 0.594 0,567 av 0.547 av 0,549 av
0.540 in,, min 0,544 min 0.548 min 0,545 min 0.555 min 0.515 min 0.528 min
Yield strcngth(b>

35,0 ksi, min 39.5 39.5 41.3 43,2 51.8 48.8 47.5
VlLimuLcAb\

Scrcnth( ", 38,0 47.4 47.2 47.7 48.8 55.0 53.0 52.2
ksi, min

\ol, exp. at

5000¢a) psi, 58 62,4 62,2 63.0 62.0 63.2 not not

to 72 in. given given
() Determined from information stamped on the cylinders,

() Determined by measurement after the rupture test,
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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 nou 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 locatiomn,

TABLE 3, MEASURED OUTSIDE CIRCUMFERENCES AND CALCULATED OUTSIDE
DIAMETERS OF NEW ALUMINUM CYLINDERS

b —— — — e

Circumferznce at Outside Diameter
Cylinder Center at Cylinder Cen~ Fracture-Edge

Cylinder Before Rupture, ter Before Rup- to Tracture- Percent
No. inches ture, 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

e —— ———— — & — ——

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 thiclawceas of the cylinders before
rupture, a series of wall-thickness mea:urements 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 degree: and 180 degrees fiom the first
measurement, As shown in Table &, these types 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 the cylinder walls in the
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TABLE 4,

10

11, 12, AND 13 AFTER RUPTURE

Wall =Thickness-Measurement Designation and Location

WALL ~THICKNESS MEASUREMENTS FOR ALUMINUM CYLINDERS

A
2 In, From B C D
sracture 90° From 180° 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 0.6C0 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, ¢ = 0,587
Cylinder 12
Neck end
1 G.586 0.596 0,59 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 0.564 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 G.594 0.601 0.530
5 0.566 0.599 0.602 0.561

Closed and

Average of A, B, C = 0.584

Note:; The measurements were made in the cylindrical portion of the cylinder at

ST

5 equally spaced locaticns.
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middle of the cylinder, The average of the 15 dimensions made for each cylinder

was used tc 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.
Tha cylinders were pressurized at the approximate rate of 150 psi per minute in
the elastic region., The time required to rupture each cylinder was 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) ‘ *\\
Standpipe 'C:::::: /

Test cylinder

S —

Sprague 8800-psi
pressure pump

FIGURE 1. CYLINDER-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
fracturg-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 in adirection 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 aluminum 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 alsc shown in
Figure 3., It was judged from these comparisons that the rupture pressures of
Cylinders 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-
inchediameter tensile specimens prepared from the ruptured . ylinder walls, The
specimens, which were 180° 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 yield and ultimate tensile-strength

results for Cylinders 11, 12, and 13 are shown in Table 35,

BATTELLE MEMORIAL INSTITUTE - COLUMBUS LABORATORIES
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48860

FIGUKE 2. RUPTURED NEW ALUMINUM CYLINDERS
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60 F =Cylinders 11 (7255 psig)
12 (7025 psig)
64 (7225 psig)
50 P
[
P
Lo ]
o
& 40
9
2 Cylinder 57 (7455 psig)
5 30 | /'
o Cylinder 13
A 20 + (7740 psig)
Cylinder 34
(7950 psig)
10 ¢
0

6500-6899
6900~7299
7300-7699
7700-8099

Rupture Pressures, psig

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

N—

FIGURE 3. FREQUENCY HISTOGRAM OF 29 ALUMINUM SCUBA CYLINDER
RUPTURE TESTS
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TABLE 5., LONGITIM™INAL TENSILE TLST DATA
FROM RUPTURED NEW ALUMINUM CYLINDERS

— o - - ]
Yield Strees, Ultimate Stress [Elongation
Cylinder S_, 0.2 Percent 5,9 in 2 Inches,
No, Yoffset, 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 Rupcture Strength
to ultimate Tensile Strength

The well thickresses of the selected new cylinders averaged about 15
percent of the outside radius., Although this was too thick to be consida-ed a
thin-wall cylinder, it was alsc much thinner than many thick-wall cylinders. .
Fortunately considerable work has recently been done by Battelle-Columbus for
the AEC on tie problem of calvulating the maximum pressure stress attained in a
pressure cylin.er. To quote frum a section of the '"Survey Report 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 unconservative, (Note: 6061=T6 aluminum is not generally
considered to be a brittle material,)

BATTELLFE MEMORIAL INSTITUTE - COLUMBUS LABORATORIES



16

The mean diameter formula is simply:

P, =258, t/D, L
|
where Pu = ultimate pressure capacity, psi
S, nominal tensile strength of the material, psi

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 datia on the effect

of out-of-roundness on maximum pressure capacity of pipe is aviilable. . , ."

Because of the broad applicability of Equation (l), it was used with
the measured rupture pressures and the dimensions from Tables 3 and 4 to calcu=
late the rupture strssses of the materials in the ruptured cylinders, Table 6
shows a comparison of these values with the ultimate tensile strzsses of the

cylinder materials as determined by the tensile~specimen tests,

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

Ultimate Tensile Cylinder Rup- Ratio of Rup=-
Cvlinder Stress From Ten-  ture* Stress, Difference, ture to Ten-
yiinde sile Test, S , ksi s ksi ksi sile Stress
No, u u
11 47.4 43.9 -3.,5 0.927
12 47.2 43,1 -4,1 0.943
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 21.3 to 98.9 percent of the ultimate tensile stress. This is a
reasonable agreement for this type c¢f comparison with the formula. Published

(17)

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

ture stresses that are between 92 and 110 percent of the tensile stress,
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Additional! Investigations

As explained previously, 4 brief studies were conducted in addition
to those needed for ccmparing the rupture strengths of new and corroded cylinders.
Since these studies were related to the design of new cylinders, they are described

in the following parts,

Analysis for DOT 3AA Specificction 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 pefcent of the mini-
mum tensile strength as determined from phssical tests of the material,

_ P(1.30% + 0.4d2)

S R (2)
pr - 4

where wall stress, psi

minimun test pressure = 5/3 maximum operating pressure, psi

S
P
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).

_ P(1.3330% + 0,333d%) (3)

D2 - d2

S

The S values calculated from Equation (3) for Cylinders 11, 12, and
13 at a 5000-p3i 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 cylirdier materials (31,800 psi, 31,600 psi, and 32,000 psi, res=
pectively for Cylindera 11, 12, and 13) showed that the three cylinders met the
intent of the DOT 3AA requirements,
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Strength ot 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"e 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 perscnnel lLazard
existed,

The head (valve end) of the cylinder was cut 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 surface 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 apprcximately
47,800 1b of tension and 61,000 psi, With a margin of gsafety (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) us follows:
"The cylinders shall be neutrally buoyant when charged to 1500 psi". Unfortunately,
the specification does not define whether the cyliuders are to be neutrally buoyant
in fresh water or seawater, nor does it say vhether the valve should be considered
as part of the cylinder weight, Thevefore, both fresk- and salt-water buoyancies
were calculated for the cylinders, with and without a standard scuba cylinder
valve,

It was originally pioposed that the displacement would be measurad by
weiching the overflow of water from the tank into which 3 scuba cylinders ware

successively submerged., The resulting displacement measurements combined with
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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

the 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 tucm 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 directly 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 diract buoyancy
measurement combined with the measured cylinder and valve weight 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 s.mmarized in Table
7.

Rupture Experiments With DOT 3AA 2250 Cylinders. Rupture experiments

were conducted with 3 steel cylindcrs 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 Mumbers 78, 79, and 80) were pressurized
to rupture using the same procedures described previously for the new aluminum
cylinders. As shown by the pressure-vol.me plots in Appendix C, the rupture
pressures were 5435 psig, 5280 psig, and 533J psig for Cylincers 78, 79, and 89,
respectively., Figure 5 shows the thres ruptured cyliaders. The origin of the
tracture in all three cylinders was approximately 3 in, fiom the transitiop to
the head. Wall-thickness measurements were made on the ruptured cylinders as

listed in Table 8, 1t is upparent trom the thickness measurements that there was a
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FIGURE 5. RUPTURED STEEL DOT 3AA 2250 CYLINDERS
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TABLE 7. BUOYANCY DATA AND CALCULATIONS

Cvlinder No.

14 15 16
Measured cylinder and valve weight (wit':»ut
1500-psig air), 1b 36,10 36.56 36,13
Measured internal volume, cu in, 709 714 713
Calculsted weight of air at 1500 psig,
70 F, b 3.21 3.23 3.23
Calculated weisht of cylinder, valve,
~and 1500-psig air, 1lb 39,31 39.79 39,36
Measuraa fresh-water bucyancy of cylinder, 0.4 0.7 9.6
valve, and air, 1b (neg) (neg) (neg)
Measured fresh.water buoyancy of valve 1.25 1.25 1.25
only, 1b (neg) (neg) (neg)
Calculated fresh-water bucyancy of cylinder 0.9 0.6 0.7
and 1500-psi air only (without valve), 1b ‘pos) (pos) \pos)
Calculated weight of fresh water displaced
by cylinder and valve, 1b 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 -ralve, 1b 39.90 40,20 39.70
Calculate’ salt-water buoyancy of cylinder, 0.6 0.4 0.3
valve, and 1500-psi air, 1b (pos) (pos) (pos)
Measured cylinder weight, 1b 34,33 34.80 34,37
Calculatad weight of cylinder and 1500-psi
air only (without valve), 1b 37.54 38,03 37.60
Calcuiated waight of fresh water displaced
by valve only, 1ib 0.52 0.52 0.52
Calculated volume of valve ealy, cu in. 14 14 1a
Calculaled volume of cylinder only, cu in, 1062 1068 1050
Calculated weight of salt water displacad by
cylinder onty, 1b 39,35 39.60 39,20
Caivulated salt-water buovancy of cyliader and 1.8 1.6 1.6
air only (without valve), lb. (pos) (pos) (pos)
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TABLE 8. WALL-THICKNESS MEASUREMENTS FOR DOY1 3AA 2250
STEEL CYLINDERS

" Wall-Thickness=
Measurement Designation and Location
A B
90° From 180° 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 0.154 0.165
4 0.164 0.171
Closed end Average, A and B = 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 LOT 3AA 2250 require-
ments using Equation (2), The calculated stress values were 64,700 psi, 66,600
psi, and 66,600 psi respectively, for Cylinders 78, 79, and 80, The maximum per-
miesible stresses, which are &7 percent of ultimate, were 68,400 psi, 69,300 psi,
and 69,000 psi, ressectively, 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 thie 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,

Comparison of New-Cylinder Rupture Strength
with Corroded-Cylinder Rupture Stremgth

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 the determination of the
degradation of cylinder rupture strength by corrosion, 7This was undertaken in
the following steps: (1) select cylinders to represent the worst corrosion con-
ditions; (2) measure the critical dimensions of the selected corroded cylinders;
(3) conduct rupture tests of the selected cylinders; {4) determine the basic

strengths of the cylinder materiais using tensile specimenr from the ruptured

BATTELLE MEMOR!AL INSTITUTE - COLUMBUS LABORATORIES




25

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 Cylindcrs. 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-
+24t 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, phctographs were made of the interior sur-
faces, Unfortunately, the photographs were in focus only for a depth of about

1 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 corrcded aluminum cylinders, Table 9 gives the measured outside circum-

ferences and the calculated outside diameters for the corroded cylinders. Table
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10 gives the wall thickness measurements made arter 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

AR AR . S A R T2

Circum’erence at Ontside 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 oxr the materials in the corroded aluminum cylinders were
attained in the same manner as were the yield and ultimate tensile strengths for

the new aluminum cylinders, described previously, Table 11 shows the longitudinal

tensile test data for the corroded cylindeus,

Calculation of Cylinder Rupture Strzss, Equation (1) was used to cal-

culate the rupture stresses in corroded Cylinders 34, 57, and 64, These values

were 49,800 psi, 2,300 psi, and 47,000 psi, respectively, for these cylinders.

TN T ST e et gy
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FIGURE 6. RUPTURED CORRODED ALUMINUM CYL1.'BERS
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TABLE 10, WALL-THICKNESS MEASUREMENTS FOR CORRODED ALUMINUM
CYLINDERS 34, 57, AND 64
Wall-Thickness-Measurement Designation and Location
A B C D
Approximately 60° to 90° From 180° From At the Fracture
Cylinder the Fracture, igch A, inch A, inch _Edge, 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 0.5€1 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 0.5219 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 0.551 0.511
Closed end Average of A, B, C = 0,547 inch
Cylinder 64
Npen 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 =nd 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,

I e N
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TABLE 11, LONGITUDINAL TENSILE TEST DATA FROM CORRODED
RUPTURED ALUMINUM CYLINDERS

Cylinder Yield Stress, Ultimate Stress, Elongation in 2
No. Sy, psi Su, psi inches, Percent
34 51,800 55,000 15.0
57 48,800 53,000 16.0
0

64 47,500 52,200 14,

Determination 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
(C2'umn 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 obtzined 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 cylinders 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 frowm 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 cylinder design

for other, larger variables.
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TABLE 12, RUPTURE~3TRENGTH COMPARISON OF NEW AND CORRODED CYLINDERS

P R O R R R O R ik

A B (a) c p(d) g
Cvlind Tensili.Test, Cylindei Test, Tensile Test, Cylinder Test, Ratio Col
ylinder si i e
No. Sy, Sy, 8 Su, kel Su’ ksi D/Col C
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
{corroded) sure not
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 rupturz pressure,

Analysis for 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
poi, 35,50C psi, and 35,000 psi,respectively., Thus, the corrocded cylinders met
the intent of the DOT 3AA specification,

Degradation oif Cylinder Rupture 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 i the corrosion had occurred in
4 narvow strip parallel with the cylinder axis, It appeared that these few cylin-

ders had been 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 flaw 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 criticsl 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-

(18) and ultrasonic wall-thick=

face flaw equations developed on other programs
ness measurements made on this cylinder, Equation (4), below, was the mathematical

relacionship used:

_ t/d -1
% = t/d - 1/M ? (4)

where = nominal heop stress at failure, psi

o

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

t = wall thickness at the fiaw, in,
d = depth of flaw, in,

M = stress magnification factor(ls) 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 bottoﬁ of the flaw contained a 60° included aagle which had a
roo: radius of 0,0015 inch,
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FIGURE 7, ARTIFICIAL FLAW DIMENSIONS FOR CYLINDER 17

Cylinder 17 was pressurized internally with nitrogen until 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 deteiniined the dimen-
sions of the flaw to be created, showad 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 26,300 psi, or 84 percent of the yield stress,

This experimeat confirmed that a ruptured, pneumatically pressurized
scuba cylinder represents a serious potential personnel hazerd., However, the
experiment also showec that it would take a lurge flaw to produce rupture at the
3000-psig operating pressure of the cylinder, Based on this experiment, it was
calculated that flaw lengths less than 3,0 in, would leak at 3000 psig but would
not be expected to cause rupture of the cylinder, This estimate was tased con
the minimum yield strength of material specified in MIL-C-24316(SHIPS), and on a

minimum wall thickness of 0,540 in.

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

and i)} show the corrosion on the inside of Cylinders 34, 57, and 64 following
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FiGURE 8. PNEUMATICALLY RUPTURED CYLINTFR 17
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FICURE 9. CORROSION TN CVLINDER 34
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FIGURE 11, CORROSION 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 {t 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 »+ the origins of the fracture in Cylinders 34, 57, and 64,
respectively, In rune of these sections were the corronsion 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 15, 1In 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 suriace, producing a flat bottom in the
corrosion pit, This type of pit appeared to be represantative of most of the
pits sectioned, Figure 18 shows the only corrosion pit sectioned which appeared
to contain a relatively sharp tip at the bottom, This pit was also the largest

pit sectiored and yet it existed approximately 90° from the fracture origin,

Conclusions. Basad on the examination of the 68 corroded aluminum
scuba cylinders that were received at Battelle-Columbus, on the rupture test of an
intentionally flawed aluminum cylinder, and on a detailed examination of the three
moat corroded cylinders, it was concluded that corrcsion apparently did not

constitute an immediate personnel hazard, Because the exact nature of the
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FIGURE 14, SECTION THROUGH FRACTURE ORIGIN IN CVYLINDER 34
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FIGURE 15. SECTION THROUGH FRACTURE

CRIGIN IN CYLINDER 57
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FIGUKE. 16. SECTION THROUGH FRACTURE ORIGIN IN CYLINDER v4
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'f‘! X 3 % - t‘ : . .‘t"-. i e AT .. . ' '-\lh:";;;% -: .
25X As Ground

Fit Depth 0,040"

Pit Length 0,125"

FIGURE 17. DEEPEST PIT IN CYLTNDER 34 (SECTION 34-1)
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25X As Ground 8E538
Pit Depth 0.047"

Pit Length 0.39"

FIGURE 18. DEEPEST PIT IN CYLINDER 57 (SECTICN 57-5)
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25X As Ground
Pit Depth 0.032"
Pit Length 0.25Q0"

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 Depth, inch inch 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.
343 0.031 0.282 0.585 96.3
34-4 0,030 0.312 0.593 95.
Cylinder 357
Section 57-1 0,026 0.266 0.520 98.6
57-2 0,922 0.312 0.532 94,
57«3 0,012 0.360 0,518 96. ;
57-4  0.020 0.297 0.522 93.7 g
57=5 0.047 0.390 0.525 97.0 E

Cylinder 54 ;

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 3
64-4 0,032 0.250 0.561 95.3
R P SR

corrosion remains in doubt, however (see below), it is possible that an

active plc 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
hazard, Although less likely, it is also possible that a number of pits, oriented
in a lipne nearly parallel to the cylinder axis, cculd approach the critical flaw
size, resulting in a potentially hazardous situation. Thus some schedule of

cylinder examination is mandatory,
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Investigation of the Cauge
of Cylinder Corrosion

Prior to the initietion of this program, an aluminum scuba cylinder
was received and examined at Battelle-Columbus to determine whether a caustic
cleaning solution, trisodium phosphate, had ceused corrosion of the cylinder.

As received, the cylinder contained 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 about 0.is 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 seen. This type of intergranular pitting attack is often
associated with cilorides 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 chown in Table 14,

TABLE 14, QUALITATIVE OPTICAL EMISSION SPECTROGRAPHIC ANALYSIS
CF CORROSION DEPOSIT IN PREPROGRAM CYLINDER

Relative Amount

Element Found
B Low
Na Low
Mg Low
Al Ma jor
Si Low
Ca Low
Ti Trace
Cr Trace
Mn Trace
Fe Low
Ni Trace
Cu Low
Zn Trace
Ga Trace
Sr Trace
Sn Trace

BATTELLE MEMORIAL INSTITUTE - COLUMBUS LABORATOR!ES

i EaE e e i e S 1T




46

WYHD0Md 4HL Ol ¥OI¥d QANIWVXA ¥HANI'TAD 40 NO1SOd¥0D

‘07 NOLI

INSTITUTE ~ COLUMBUS LABORATORIES

BATTELLE MEMORIAL

AR wy




Entire Crcss Secticn of Fit

ey
8, 4 gf s

P A}

Enlarged Area Showing Attack at Grain Boundaries

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

Etchant: 3.5 parts HNO3 - 1.5 parts HF - balance
water.

BATTELLE MEMORIAL INSTITUTE - COLUMBUS LABORATORIES

2 Shalldsiitition,




48

No sigunificant amcunt o the ccrrosive ageat originally suspected, i.e., phosphorus,
was discovered. A more det2ilad and quantitative analysis was conducted on the
corrosion vroduct and the cylircer alloy using optical-emission spectrography,
X-ray fluorescence spectrography, and spark-source mass spectrography. The results
of these analyses are summarized in Teble 15. Again, it was noted that a very

1w concentration of phosphoru:s {9.002 percent) was present in the corrosion
product. Fluorine, however, was indicated by spark-source mass spectrography at
0.7 perceut in the corrosion product, wiiich was considered abnormally high. The
fluocine content was then measured more accurately utilizing wet-chemical

analvtical procedures, and its conceatration was determined to be 0.3 percent--an

amount st:ill considarea abnormally high.

It was concluded that 0.3 percent fluorire was sufficient to account
for the pitting observed and was the probable corrodent. Although the source of
the fleorine was unknown, Iluorine is contained in hydrofluoric cleaning acids
which are somerimes used to clean aluminum. Based on this initial examination,
it was expected that the coriosion products in the cylinders to be examined
cduring the Phase 1 program would contain a high fluorine content. 7Thz exami-
nation of the cylinders is Jiscussed in three parts: corrcsion examinatioan,

chemicai analysis, and conclusions.

Corrosion Eaaminati

Based on the optical survey of the corroded cylinders described previoucsly,
the following five cylinders were selected as being the most severelv 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 remainder of the
sampled half of each cylinder was then descaled in 5 weight percent phosphoric
acid(H3P04) 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 afcer 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 corrusion
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ANALYSIS OF CORROSION PRODUCTS
IN PREPRIGRAM CYLINDER
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_lfeasured Weipht Percent of Corrosion Froducts
Whitish Residue Cylirnder Alloy
Element ogs(") cgs(b) §S_!‘§‘c‘) @\b) JLRF(d) ssn_s(c)
1 i -- -- C.0901* -- -- 0.0001*
B 0.1% -- 0.006 -- - 0.0002+
E F -- -- 0.7(e) -- -- 0.01%
!- Ne -- - 0.03 -- -- 0.03*
3 Mg 0.3 0.6* =1.0 0.9 0.93% =1.0
; Al Ma jor Major Major Ma jor Major Ma jor
. Si G.3% - 1.C -- C.43* <1.0
E P -- - 0.003% -- -- =0.003*
5 -- -- C.02* -- 0.05% (f) 0.6(£)
3 Cl -~ -- 0.005% - -- 0.02%
4 K 2.3* -- =1.0 ~e -- 0.01=*
Ca 0.5* - =1.0 -- -- 0,2%-0,5*
o 8 0.01* -- 0.97 - 0.04* =0.5
v <0.01 - 0.01* -- - §.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*
3 Ni 0.02 0.024* 0.03 0.01%* 0.05 0.008
Cu 0.1* - 0.3 -- 0.26% =1.0
Zn -- - 0.03* -- 0.14* 0.3
Ga 0,01 - 0.03* -- -- 0.003*
As 0.01 -- =0.0002* -- -- =0.,0002*
Sr -- -- 0.03% -- -- 0.601*
Zr -- -- 0,002* - -- 0.004*
'; Ag <0.01 - =0.0004* -~ -~ =0.0004*
[ cd -- -- =0,002% -- -- =0,002*
E Sn 0.01 -~ 0.01% - 0.035* =0.0007
| Sb -- -- =0.0061* -- -- 0.0004*%
: Ba -- -- 0.005% -- -- 0.001*
[ Hg - -- <0.0002* -- -- <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) Sperk source mass spectrography, " x factor of 3.0
5 (d) X-ray fluorescence spectrography, " + 5 percent
i (e) Wet chemical res<lt = 0.30% percent, " + 5 percent
(f) Apparent SSMS error, rechecked with XRF,
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nsroduct was white in all cylinders except fur three areas in Cylinder 63 which
were a pale yellow., The yellow product in this c'‘linder (see Figure 22) was
located on t“- threads at the plugged end, and in the two almost vertical light
areas at the bottom left on the .ef: half.

The left half of Cylinders 21, 3z, 41, and 63 and the right half (f
Cylinder S8 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 tenced
to be filamentary. Photomacrographs of the deeper pits in Cylinders 32, 41,
and 58 are shown iu Figures 27 and 28.

The pit depths were measured with a micrometer dz=pth gage in which the
"feeler" had been machined to 1/64-inch diameter to permit pemetration into the
pits. The pit depths as measured by this technique ranged from <0.001 %~ 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

Maxjium Fit 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 Figures 29 to 33, The photomicrographs show that the

BATTELLE MEMORIAL INSTITUTE - COLUMBUS LABORATORIES
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TYPICAL CORRODED ARFAS ON CYLINDERS 21 AND 32 AFTER DESCALING

FIGURE 24,
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C-3081

DEEPEST PITTED AREA IN CYLINDER 41

FIJURE 27.

TYPICAL CORRODED AREA ON CYLINDER 63

AFTER DESCALING

FIGURE 26.
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FIGURE 28. DEEPEST PITS IN CYLINDERS 32 AND 58
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90X As Polished C-3084

,,iv N T ;:4_.- .. i ::.6.« v M ‘o:,.".“... :
90X Etched C-~-3085

FIGURE 29. CROSS SECTION OF A DEEP Pir IN CYLINDER 21
Note laminar attack.

Etchant: 3.5 parcs HNO4 - 1.5 parts HF -
balance water,
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20X As Polished Cc-3086

.\."..': AT C T, -

@ e = s

90X Etched c-3087

FIGURE 30. CRNSS SEUTTCM CF 4 DE'P 14T IN CYLINDER 32
Note laminar attack.

Etchant: 3.5 parts HNO, - 1.5 pa-.s HF -
balance water”
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20X As Polished C-3088

90X Etched C-3089

FIGURE 31. CROSS SECTION THROUGi A PIT IN CYLINDER 41

Note the laminar attack ari upward move-
ment of metal layers by oxide expansion.

Etchant: 3.5 parts HNO, - 1.5 parts HF =~
balance water,
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90X As Polished C-3090

90X o Etched C-3091

FIGURE 32. CROSS SECTION OF A DEEP PIT IN CYLINDER 58
Note that this attack is intergranular in
contrast to the laminar attack observed in
the pits in other cylinders.

Etchant: 3.5 parts HNO3 - 1.5 parts HF -
balance water,

o BATTELLE MEMORIAL INSTITUTE ~ COLUMBUS LABORATORIES




Raducie ot Bul -

61

90X As Polished C-3092

90X As Polished Z-3093

FIGURE 33. CRUSS SECTION THROUGH DEEPEST PITS (TCP) AND LEAD PRODUCY

ON SURFACE (BOTTOM) IN CYLINDER 63

Ncte that the pit depth beneath the lead deposit is less
than the maximum 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 uncommon
in aluminum alloys, being somewhat analogous to end-grain attack observed in
hig - ssreagth 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 1s also shown
in Figure 33. No accelerating effect was observed from a comparison of the depth
of pitting in this area with the maximum depth of attack observed elsewhere in
Cylinder 63.

Chemical Analysis

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

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

samples were analyzad with a spark-source mass spectrometer, Particular atten~
tion was given to chlorine, fluorine, sulfur, and phosphorus because the first
two are known pitting agents and the latter two are often found in alkaliine
cleaners, The results are summarized in Table 17. The fluorine content was =200
ppm in all samples but one, and the chlorine content ranged from 50 to 200 ppm.

Lead was extremely high in the samples from Cylindars 63 and 04,

The lead in the six samples was checked by atomic absorption, while
the fluorine was checked by a fusion~distillation-titration tecnnique. 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: "inder 64, which was lower by an crder 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.ilyses were conducted on the surface
deposits located on the l-iuch-square specimens removed from Cylinders 21,

41, 58, and 53. 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 CYLINDEKS
(Ppm or percent by weight)

Cylinder
Element 21 34 57 58 63 64(8)
F 200 600 60 600 300 4000
P 10 100 6 50 20 50
s 300 80 200 600 500 100
Cl 100 50 100 200 159 70
Pb 200 10 1 80 ~A% ~107

(a) Cylinder 64 had a high hydrocarbon content.

TABLE 18,

CHEMICAL ANALYSIS OF CORROSION PRODUCTS FOR SELECTED ELEMENTS
(Ppm or percent by weight)
Cylinder _Lead Fluorine
21 100 330
34 (Not enough sample
for analysis)
57 23 175
58 150 430
63 8.7% 220(8)
160(8)
64 12.5%(® 230
5.97(®)

A

A

(a) Sufffcient sample permitted duplicate analyses.
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from Cylinder 21 was checked for fluorine, but rone was detected. One part

of the deposit showed a small concentrated spot of lead and a relatively low
concentration of chlorire. 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 appeax-
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 fouud,

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 in the degree of corrosion attack in the cylinders, and
the variation in the chemical-analysis results for the corrosion products obtained
from intact cyiinders as compared with corrosion products occurring on l-inch-
squave metal specimens indicate chat the corrosion attack and the corrosior pro-
ducts were not homogeneous. On the basis that the corrosion products from the
intact cylinders were more indicative ol the corrodents than the small samples,
it was concluded that the fluorides found in the corrosjion product together
with moisture from the air were the probsble corrosive agents. The concentra-
tions of fluorides in the present study were of the ordar of hundreds of ppm
while those in the previous study were in the thousand-ppm range. However, the
lower level v .8 gtill 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 "“readed bottom plug, did not appear Lo influence the corrosion

of the cylinder., How:ver, lead could be a harmful constituent in the breathing air.
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Consideration of Manufacturing and
Fleld-Testine Prccedures

A further oblective of the program was the consideration of the
exisilng manufacturing specifications 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 inm the following sections.

Manufacturing Specifications

The alumirum scuba cylinders are manufsctured in accordance with
MIL-C-24316 (SHIPS), Cylinder, Compressed Gas, Diver's, Nonmagnetic, Aluminum
(see Appendix B}, This gpecification was prepared in accozdance 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 specificaticn. The
second section--Applicable Documents-~lists all applicable documents which
have been selected to be included in the specification under preparation,
The use of such pest 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 Provisicns-~describes
the manufacturing procedures that are required in order to assure the manufacture
of acceptable components. Section five--Preparation for Dclivery--describeg
different packaging and packing procedures that must he followed, while
the sixth section--Notes--descrides any general comments thst are dasirable

in the interpretation and use of the specificatiors.

Detailed consideration was given to the sections of the specificacion
covaring Requirements and Quality Assurance Provisiong. The other sections of
the evecification were zeviewed briefly. In genearal it was concluded that the
specificaticn f« well written and represents detalled consideration of the
areds covered. Nu :rcoblema were envisioned for the sections on Scope, Applicable

Documents. Preparation fcr Delivery, or Notes.
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However, several poseible problem areas were found to exist with
different parts of the sections on kequirements and Quality Assurance
Provisions. The corraction of the specification to solve these problems
would require effort beyond the scope of this program. However, a brief
degcription of the possible problems is rive- below, For completeness, commeats
are included for each part of the sections on Requirements and Quality Assurance
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 1 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 stremgth 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 elaztic expaunsion and permanent expansion characteristics

of the cylinders.
3.2,1 Material. No change is recommended.

3.2,2 Necked End. A change is recormended because the length of
the neck is not 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 1is recommended because the required weld

is inadequately described, and because the second sentence of 3.2.4 conflicts

BATTELLE MEMORIAL INSTITUTE -~ COLUMBUS LABORATORIES

e e et o i




67

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 that the cylinder
expands relatively uniformly. If the cylinder has a relatively small, weak
gaection, such as might be provided by a tapered cylindrical se:.ion, 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.

35.2.8 Hardness. A 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
conditions 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 charnge is recommended.

3.6 Cleaning. A change is recommended becausz there is no provision
for preventing the use of cleaning agents which could be corrosive to the

cylander.

3.7 Workranship. No change is recommerded.

4.1 Responsibility for Inspection. No change is recommended.
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4.2.1 “ngpection Lot. A change is recommended because the maxiaum
lot size is not specified.

4.2.2 Sampling for Tensile Test ¢f Cylinder Materfal. A change is
recommended because t!.» sampling should include 2 material certifizaticn

requirement.

4,2.3 Sampling for Visual and Dimengional inspection. No change is
recommended.

Record Msintenance. The 4.2 series should include a requirew-ant

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

a record of the ifaspection applied tc each lot™.

4.3 Visual and Dimensional Inspection. No change is recommended.

4.4,1 Tensile Test. A change 1s recommended becauvse the location

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

obtained from ejually spaced portions of tha cylindricsl 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 measurement is in doubt. 7Tt is probable that either the
testing ec ipwent should be more accura :ly specified or the accuracy chould
be changed. The number and location of the measurements should also be

specified. .

4.4,5 Water Volume Test. No change is recommended.

4.4.5 Hardness Test. A change is recommended becz.se the locations

of the hardness impressicns 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 Mcasurement Test. A change is recommended to include the

descriptin of a measurement procedure other than the vclume change for
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determining whether any measurement of the cylinder has permanently increased

a certain percent as a resuit of the hydrostatic test.

Field Inspection and “leaning of Aluminum
Scuba Cvlinders

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 rtermitting 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-ccrd 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,
shielding 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

dlameter,

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
light bulb

I
A 4
o — 3k, iSpu—
— 1 E 12 volts " 1

110 volts R Automobile parking
12-volt step-down :"gm ‘;bc'a;f””
transformer

(Triad F-26X filoment
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 corrodad", 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 maxjimum 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 cyiinder
interior was somewhat misleading and that a reasonably accurate visual cylinder

inspection required a precleaned interior expcsing 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 cleanad 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 cf
phosphoric acid and water and letting it stand for approximately 30 minutes.
This should be followed by a thorough rinsing with fresh water and drying. The

cylinder can then be refinspected.
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Phosphoric acid (H3P04) 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 aluminum for en indefinite
period.] However, 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’s cleaning procedure,

If the extent of the corrosion discovered following the second inspec=-
tion is similar to that disccvered during the researcl. program, it appears that
the cylinder is not an immediate hazard, However, due to the potential hazard
that exists with these cylinders (as well as any pres:cure vessel) a conservative
approach following the cylinder cleaning and inspection procedures is recommended.
Large pits, 1/4 inch in diameter or larger, or a number of pits clusterer to-
gether in one spot may suggest that a 5000-psi hydrostatic pressure tes: should
be conducted to reinstate confidence in the immediste safety of the cylinder,

Any widespread thinning of the wall is, of course, also cause for concern. indi-
cating that a 500G-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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SUMMARY OF INFORMATION PERTINENT TO RUPTURE
TESTS OF TEN CYLINDERS

 me s e -

BATTELLE MEMORIAL INSTITUTE ~ COLUMBUS LABORATORIES




P
<

*siopurid> 19215 MaN (P)

*sI¥puUTTLd wnuiEni® papolio)n (D)

*19puTT4d wnutunie MdU pame]y ATTRISTITIAY  (Q)

*sxapurI£d " uTunie MmN (B)

n
E
x
o
[
<
[+ 4
o}
0°€01 0°16 - - (%39 ocey S91°0 88°9 0/-9 T6LE08 Avvow m
.
9°¢01 €8 - - 08¢sS 0Ly £€91°0 88°9 0L-9 T19L£08 Avvmn o
p=
0°Z01 S°68 - - (3319 084y 891°0 88°9 0L-9 TLLEOB Avvwm M
2
2°¢s (A 0Ly 1°6% szeL 0269 6%6°0 0L°¢L 9¢-01 2292 Aouew m
O
0°¢S 8 8+ £°8Y 0°9% SS9L 00TL L%6°0 Y9°L €9/9 g 2091 Auvnn ]
*lieA®R 30U w
*ad pyatx 0°SS 8°I¢ 8°6y - 0664 - £96°0 89°/ %9-01 200884 sovém W
’ [t
8°8% Ty - - oeve - #6$°0 - {9-6 rol1s AnvN~ -
z
Lty €1y FANA €Yy ovLL 09¢L %8G6°0 oLt 19-6 rL6¢8 Amvmﬂ -
|
[N A/ S 6¢ 1°ey L°Le Sc0L 0ST19 085°0 0L L L9-6 ry148 AmuNa <
x
VANA $T6¢ 6°tY 0°0% (3944 0099 L8G°0 0L°L 89-6 reezs Amvaa m
(7]
SIUBWIO ) 18y ISy “19s 18y 9y 31sd 3TsG your EEDEL ERTE] ‘ON TPIaIag JaqunyN P
fssa11g =330 %LZ°'0 ‘(1) uora €(1) uvo1iz faanssaag ‘3958330 € ssaWNOTYL fis3auwe1q =devynuey §,19In1  I9pUTIL) u
IIBWLITN €583238% -enby Buy -enby Bursn anyieyd D1139uNtoA [1eM 98eiaay aprsIng Jo a3ed -dejnuel paulrssy 4
1831 PIITX ISIL ~S[1 SSOIIE SSIAIS PIITX Jud2I13d %0 ﬂ
SITIsSUdL ISITSUd] aJewIITN po3EINOTE] ¢*sa1g PIAIX |
paienoe) M
a
SYAANITAD NIL 40 SISIL FINIdNY OL INIANITYAd NOILIVWIOINI 4G XJVIHNS °1-V ATIVL
i ) st s it ik




APPENDIX B

MIL-C-24316 (SHIPS),
MILITARY SPECIFICATION,
CYLINDER, COMPRESSED GAS, DIVER'S
NONMAGNETIC, ALUMINUM
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This document is subject to special export controle l
and each transwittal to Foreign governmenta or

foreigr nations may be made only with prior approval
of the Naval Ship Systems Command.

MIL~C~24316 (SH1PS)

AMENDMENT - 1
15 Novembe. 1968

MILITARY SPECIFICATION
CYLINDER, COMPRESSED GAS, DIVER'S,
NONMAGNETIC, ALUM(MUM
1968 This amendment forms a part of Military Specification MIL-C-24316(SHIPS) dated 21 June

Page 2

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

Preparing activity:
Nevy - SH

{Project 4220-N152)
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B-2 MIL-C-24
21 June 1968

MILITARY SPECIFICATION

CYLINDER, COMPRESSED GAS, DIVER'S,

NONMAGNETIC, ALUMINUM
1. 30O

i.1l Thio specificatioa covers s Jumgreseri gas ylisder for atowegs 2f kigh prass.re air fTr oee
1in demand typa, Ielf-contsined mdereiter bLresthi g apparates.

2. APPLICAME J00MEES

2.1 e folloving documants oi the iseue ia effect oa éate of ilavitatios for tids or request for pro-
. posal, form a part of tae specificetion to he extamt specified hereia.

SRCIFICATIONS

b mm-um%m,u.m.mmun.mum

Shayes,
PPR-E-£)5 - Bom, Tidverbaard.
PPP-3-6AC - Boare, Piberbomrd, Corrugated, Trijie Wall.

WIL-P-11€ - Preservetion, Methols of.
MIL-F~1509C - Dsame”. Requijment, Lig™ Sray (Morwzia So. 1M1}
MIL-P-15328 - Srimer. Preireat mt, (Formals Bo. 217 for Tetals).
. MIL-?-1593C - Priser Coatisg, SAizdoard Tixyl - Ziac Chromsts Zoewala K. 120-for ¥
~ L A
L

WIL-#-19595 - "agoetiz Effects Lizits for Nommgne-ic Sgxiwert Desd iz Proximity of
o Wegoetic Inflasese Jrdcance.
PRIRRA..
¥ED-STO-15. - ) » Temt Meldods.

NIL-STI-L05 - Sempling Procelores axd Takles 9T Inspestiom Xy AttrIbcles.
< MIL-STD~-120 - Marking for Suijmert ssd Tiocege-
3 VEL-STD-IAT - Pailetized Tuit lowds 40™ X 38° ‘-way Pertfal aad M-wmy Pullets).
WE-SM-1156 - Cushioming, Anachoring, Fracing, Slockizg aad "htesproofing, Y tA Zperowwriste
Tzt Methods .

Ccples of specifizatizes, standards, drarings, ax! publi:stioes regeired >y auppliass iz occooeetion
vita specific procurement finctioms shcxid de sotalned from the proruring activily o as 2irected by the
sootracting officer. }

2.2 (eher putlicstiocs.- The following Jocuments fors a part o7 tais specification to the extezt
specified herein. Umless othervise indtcated, tae lssue iz effect oo date cf favitalioz for Mde or
v request > propesal shall epply.
NATIORAL URBAT IF SANDARDS
Fandbook I-23 - Screv-Paread-Jtanderds for Fede—! Services.

{Arplications for soples should e addressed to the Superiziesdest of Docaments, Goversweat
Priating Jffice, VWashingtom, J. -. ZOM3R.}

UNIPURM CLASSIZICATIOE COMMITIES
Unifcrm Preight Classification Tules.

Application for fes shouid sddressgd Lo the Classification Committee, 20C Gaioa
Staston PAIER oS R e e P e ot T ’

SC A220
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WIL-C-24316 (SKIPB )
CONPRESSED 3AS ARSOCIATION (CGA;
Pampiilet C-1 - MNethods for Rpirostatic Testing of Cimpressed Cas Cylinders.

‘Application for copiss should he sddressel to the Coupressed Gas Association, Buite 2400-4,
S00-5th Avexuk, New York City, Ney York 1003%6.)

(Iechaical accisty and technical assocation apecifications and standards are gensreliy availadble for
referencs from librariss. Thay are also distributed ancng tecanical groups and using Federal agencies.)

3. RY/REErs

3. . The cylinder is for use as the compressed sir supply in nommegnetic dssand type
self te= bresthing apparstus.

3.2F cal 3- The cylinde> shall de in accordance vith figue 1 and have & nominal over-
all laogth « iaches. It sball have an ioterssl volume of 7002 30 cut:c iaches. The cylinder wall

thiciness shall be such es to sttain the required buoyancy and trim (see 3.2.10), but zhall be not less
thes 0.580 inch thiek.

3.2.1 Material. The cylindar shell be rpun fros alumioum slloy 5061-0 tubing and then treated to
tasger 7-6 of QR-A-200/8.

3.2.2 Bechad eud. I» Pxrwing, sufficient materisl shall be in the neck of the cylinder to
face off & Tiat of sdatwem dissster of 1-5/8 incles [see figure 1).

3.2.3§$. The cylirder neck shal' be configured witk the “G” ring type arrangesant of
figere 1. thresd ahal) te 3/A-10 KPEM (nociified). Afcer machining, there shaull de no evidence of
falde, cyecks, or ovbe= imperfeciisns in the thresded ares.

3.2.3.1 Protection of threads. The neck of the finished cylinder shall be providad vith a plastic
cap 1o protect the thresde, ¥O" rirg groove and finished flat curface.

3.2.0 Base end. The base ezl closwre of the cylinder ahall he msde by means of an alusinmux plug
as showa In figwe 1. If reguired to efrfect s seal, & non-lseded, non-toxic sealing compound shell be
Wi ipad.

3-2.5 Interior sarfaces. There siall be no visible evidencs of foids, cracks, pits, or extremes
wavisess oo the istersal swrikces ;iocluding the ends) of the cylinder.

3.2.6 Pressure. The cylixer is for 3000 pounds per square inch gage (psig) vorking pressure and
shall ‘e yirostatically tested to vithstand 5000 peig.

33.%%. then hydrostatically testad to 5000 pai, the cylindsr shall
exhidit o volusetric exparsdcn of 68 T L cubic centimeters. The permanent expansion (FPE) shall
% cxoead 5 percent of the total volumelric expamsion, the remaindar to de elastic expansiorn (ER).

3.2.8 Sardness. The cylinder stail dave an syerage hardness on the Rockweli "E” scale (RZ) of
90 T k.

3.2.9 Magmetic effects. The magnetic effect of the finished crlioder shall be no greater than
0.05 xillicersteds vhean meesured in accordsnce with 4.4.2.

3.2.20 and tria. The cyiinder shall be neutrally Yuosant vhen charged to 150C pei. The
cylizder's aeutral.

3.3 Seria) =mber. The cylinder shall be marked vitk s serial mumbar (see 3.4). This serisl number
Mhmwsmmnthqumwm,eit.h.rmthcn-elot
ar 2ffered for delivery in the same calendar year, shall dear the same gerial mssder.

3.5 . The cyllader shall be marksd (indepted) vith the followiog informatiue in letters not
leosa tham {ash high, as near to the neck of the cylinder as practicable:

On oot 3ide: Serial samber
.
~3000 peig SFOM)®
"B x*
Governmut ivspector's stamp

BATTELLE MEMORIAL INSTITUTE - COLUMBUS LABORATORIES




YFAANITAD °*T-94 ANOIL

MIL-C-2k316 (SHIPS)
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MIL-C-24316(8HIPS )

On opposite side: "Test 5000 peig"
Month, year of test
"EE XX.X ee”
"FE X.X ec”
"Volume XXX cu in"

3.5 Coating. The cylinder shall be coated as follows:

; The cylinder shall be degreased inside eand out.
The exterior surface (except the flat at the cylinder neck) shall be anodized.
) The outeide 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 vinylezinc 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 i{mpurities which would be detrimental
to use with high partial pressures of oxygen.

(&
(v
{e

3.7 Workmanship. Only first class workmanship will be acceptable. Except where specified ell
surfaces snall be smooth and continvous and there shall be no evidence of gross tool marks; neither shall
there be evidence of puddling of tne coating. All indentations shall be cleer and legible.

k. QUALITY ASSURANCE PROVISIONS

4,1 Responsibility for inspection. Unlees otherwise specified in the contract or purchase order,
the supplier is responsible 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 tne right tc perform any of the inspections set forth in the
specification where such inspections are deemed necessary to acssure suppllies and sarvices conform to
prescribed reguiremerts.

4.2 Sampling.

4.2.1 Inspection lot. A lot shall consist of all cylinders made from the same run of tubing,
fabricated treated at the same time,

L.2.2 Sampling for tensile test of cylinder material. One finished cylinder shall be selected at
random from sach lot for tensile test bar specimens (see L4.k.1).

L.2.3 T?ﬁ%mg visual and dimensional inspection. Cylinders shall be sele« ted in accordance
with MIL-STD-105, General Inspection lLevel II, for the inspection of 4.3, The Acceptable Quality Level
(AQL) shall be 1.5 percent.

4.3 Visual and dimensional inspection. Cylinders selected in accordance witr 4,2.3 shall be
examined and measured to verify conformance to all of the requirements of this specification which do uot
involve tests. Thresds shall be checked by means of "GO" and "NO-GO" gages as specified in H-28.

4.4 Test procedures.

L.4.1 Tersile test. Test bars shall be tested according to FED-STD-151 to comply with the
properties of G061 T-6 aluminur set out in QQ-A-200/8. A lot failing to pase this test shall not be
offered for delivery.

b.b.2 Magnetic test. Each cylinder iu the lot shall be tested to meet the requirements of 3.2.9.
This test shall be in accordance with MIL-M-19595 except thut readinge 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.

b.b.3 Hydrostatic test. Each cylinder in tae lot shall be hydrostatically tested to 5000 psi by the
water Jacket method of CCA Pamphlet C-1. The total volumetric, elastic and permanent expansions shall be
determined in accordance with 3.2.7. Cylinders that l=ak or fail to meet these requirements shall be
rejected.

b.b.b Wall thickness test. The wall thickness of each cylinder in the lot shall be determined by
ultra-conic rith the pulse-echo type) equipment calibrated to an accuracy of 3 percen’ Cylinders that
fail to meet the wall thickness requirements of 3.2 shall be rejected.

. 4.5 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 requirenents of 3.2 shall be rejected.

BATTELLE MEMORIAL INSTITUTE = COLUMBUS LABORATORIES
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MIL-C-24316(SHIPS)

4.4,6 Hardness test. The average hardness of each cylinder in the lot shall be determined in
accordance vith the requiremeants of 3.2.8 by averaging at least three vaiues taken by impressions around
its girth. No impression shall indicate hardnese less than 86 Rockwell "E". Cylinders that fail to
pass the hardness test shall be rejected.

4.4,7 Inspection of preparation for delivery. The packaging, packing, and marking of the cyiinder
shall be incpected to determine compliance with the requirements ol section 5.

5. PREPARATION FOR DELIVERY

(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 contrcztors 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 pacsaged in accordance with the requirements of MIL-P-116.

5.1.2 level C. Packaging shall ve 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. Whern it reets these requirements, the supplier's commerclal 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 voxes
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-6L0 Clags 2

Sushioning, 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 pressurc-sensitive tape 1o
necordance with the applicable box specification or appendix thereto. Shipping containers sha'l 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
ronforming to any one of the following specifications at the option of the contractor:

Specifications Class or type
FPPP-B~636 (lass domestic
PPP-B-64O Class 1

Cr.shioning, blocking, and bracing in accordance with MIL-STD-1186 shall be required. Shipping conteiners
sasll 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 ianstallation. The shipping contsiners
or method of packing shail conform to the Uniform Freight Classification Rules and Regulations or other
carrier regulations applicable to the mode of t-ansportation. When it meets thesé requirements, the
manufacturer's commercial practice may be utilized.

5.3 Use of rolystyrene loose-fill) material.

5.3.1 For domestic shipment and early equipment inatallation and level C packaging and packino.
Unless othervise approved by the procuring activity 'see 6.2), use of polystyrene . loose-fill)] material
for domestic shipment and early equipment installation and level C pecksging and packing applications
such as cushloning, filler and duinege is prohibited. When approved, unit packages and containers
‘i{nterior and exterior) shall be 'marked and labelled as follows:

BATTELLE MEMORIAL INST!TUTE - COLUMBUS LABORATORIES
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MIL~C-24316(SHIPS)
"CAUTION

Contents cushioned etc with polystyrene (loosc-fill) material.

Not to be taken aboard ship.

Remove and discard loose-rill material before shipboard storage.

If required, recushion with cellu.cic mate,ial bound fiber, fiberbvoard or
transparent flexible cellular material.”

5.3.2 For level A Ecaigg and level A and B packing. Use of polystyrene {loose~fill) material 1is i
prohibited for level A pac ng avel A packing applications such as cushioning, filler and
dunnage .

5.4 Palletization. When specified (see 6.2), shipping containers shall be palletized for shipment
in accordance with MIL-STD-147.

5.5 Marking. In addition to any special marking required by the contract or order /see 6.2), unit

peckages, intermeiiate packages, shipping containers and palletized loads shall be marked in accordance
with MIL-8TD-129.

6. NOTES

6.1 Intended use. The cylinders covered by this specification are intended for use in demand type,
self-contained undervater breathiing apparatus.

6.2 Ordering data. Procurement documents should specify the following:

(a) Title, numbcr and date of this specification.

(b) Lavel of psckaging (see 5.1).

2c Level of packirg (see 5.2).

d) If use of polystyrene is permitted /see 5.3.1).

(e) Palletizetion for shirment, when required (see 5.k).
(£; Special markirgs, whea required (see 5.5).

Preparing activity:
Navy - BH
(Project 4220-N126)
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SPECIFICATION ANALYSIS SHEET Budget Tare. .A:l;‘l;o."ﬁ 9-RO04

This sheet is to be filled out rsonnel either Government of congrycter, invelv M
ification '}n procurement of products fg; u.t;utg use by the Bup.ruunt o BeYense. "nul. n::;‘,: ;::v:j.jhb:l’:g
taining an orntion on the uge of this specification which will insure that sujteble products can he procyred with
jnisum emount of dsley m? at the lealt cqst. &mmnu and the return of this fory nﬁ :o lppncuua,. Fola o
,lnu on reverse side, staple in corner, und send to preparing sctivity (ar indiceted on reverss hereof).

E
]
)

(SNEANTIATION (0f subnitter) CITY AND STATE
[CONTNACY WO, QUANTTIVY OF TTEMS FROCURED BOLTAR AMOURY
)
1AL URED UNDER A
- 0 oinecy sovERNMENT CONTRACT CJ suscontrace
T~ TiAS ANY PARY OF THE SPECIFICATION CREATED PROBLEMS OR REQUIRED INTERPRETATION TN PROCUREMENT USET

A, O1 VE PARAGRAPH NUMBER AND WOPDING,

8. RECOMMENDATIONS FOR CORRECTING THE DEFICIENCILES.

3. COMMENTS ON ANY SPECIFICATION REQUIREMENT CONSTDERLD YOO RIGID

3. 1S THE SPECIFICATION RESTRICTIVE?

Q) ves O o 1F "vES®, 1N wHAT wAYY

4. REMARKS (Attach .nygtrtinmt datawhichmay be ofuse in.iaproving this specification, If there are addi-
tionel papers, attach to forn andplace both in an envelope addressed to preparingactivity)

SUBMITTED BY (Printed or typed naae and activity) DATE

DD, jom 1426 REPLACES NAVSHIPS FORM 4863, WHICH IS OBSOLETE sigses
1V APK 6 (NAVSHIPS OVPRT 13-66)
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PRESSURE-VOLUME PLOTS FQR RUPTURED
TEST CYLINDERS

BATTELLE MEMORIAL IN3STITUTE - COLUMBUS LABORATORIES

NP -

e -,

oot i DY £, S et e




™

PRESSURE-VOLUME PLOTS FOR RUFTURED

TEST CYLINDERS

Figures C-1 through C-9 show tne plots of pressure versus the amount of
water added to the pressurizing water for the ruptured test cylinders. The rup-

ture pressures for each cylinder are shown on the plots.

To provide irstrumentatior and adequste safety for tha test personrel,
it was necessary to have a considerable length of piping in the system. Because
of the piping anc because of the compreesibility of water, the volume of water
added was not a measure of the expausion of each cylinder. However, the :mits
of water added were carefully measured, and the plots are believed to show the
yield and rupture pressures of the cylianders witii good accuracy. The yield
pressures, also shown, were fcund by determining the 0.4 percent volumetric off-
set for each glot*, 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 becausc this corresponds roughly to

a 0.2 percent yield stress in a uniaxial tensile test as shown in pages C-11 to
C"13.

The total amount of water added teo 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 cxpansions were 3.6 percent, 6.2 percent,

and 2.8 percent, respectively,

* Note: a leak in the pressurizing system prevented determination of the yield
pressure for Cylinder 34.
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Relationship Between Volume Change and

Circumferential Strain for a Pressure Vessel

= inside origiual circumference, in. = Zﬂtio

inside original radium

inside final circumference, in. = 2Wr

if io <

1
circumferential strain = 5 (Oc - ‘UL)

1
1 i t = = (g -
ongitudinal strain £ ( L Yo )

= Circuaferential stress, psi

longitudinal stress, psi

= original vol., in.3 Lf = final leng:: = l'c a+ GL), in.
= final vii., in.3 Lo = original length, in.

The volume change is:

and

a4V

=V %

2
= T { =
L(rif) £ (rio) Lo_; (asswming the increase in volume
due o decrease in wall thick-
ness is negligible}

r = = = rio (1 -_&sc)
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Also
= +
Lf Lo (1 cL) .
since
Pri Pti
GLSG,’Z becanseccx——-: . cLz—t
G 5/6¢
1 [
€ E (¢ 173 z) '
1 ac IIGUC
== (= - 1/2c  —
L= )
*c _ 506
:,._: = l,’ﬁ or QL = 0.20 sC -
Yhus L,=4 (140,20} ,
Subhstituting (2) and (3) irzo (1)
[ 2 2. ) 2 1
iwwerzlr irey < (L ~0.20 ec) - Lo %
pL0
Expanding terms
P 3
AV = ) 1. 2, $2.20 ¢ +1.40€2+0-20g )
i o c c <
Since 2
vV =1r. 4
o io o
and
< 3 <<¢ 2<<e >
C C C
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c-13

Therefore, Av_\l = 2,20 ‘c .

According to the abovz analysis, a circumaferential strain of 0.2 per-
cent is equal to a %! of (2.20)(0.20) = 0.44. Thus a 0.2 percent offset yield
stress in a tensile test is roughly equivalent to 0.4 percent volumetric offset

yield stress,
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APPENDIX D

MANUFACTIURING CERTIFiCATION FOR THREE
DOT 3AA 2250 STEEL SCUBA CYLINDEKS
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F-4HP
P.S.T. Order No. Nilwaukes, Wis, 53214 ~
SitEL ois criingens 07187 res. T July 3, ° 70

Manufactured for Battelle Memorial mt’.t\lt.
Columbus Laboratories
Location at Columbus, Ohio 43201

Manutfactured by Prassed Steel Tank Co., Inc.

Location at Mitwoukee, Wis, 53214

tenyigned to Battelle Memorial Institute
N Colunbus Laborstories
Location at col‘.bu.. Ohio uml
Quantity 3  size 6.81 Inches™Butside diametar by 25 tnches long,
Marks stamped into the shoulder of the cytinder are: (Rep. TR3 cu. in.)

Specitications DOY 3AA225%0

OTHER MARKS

Serial Nos. 80375!. te 8037TL incl.
Inspectors mark <b>

Identitying symbo! (registered) m
Test date 6.70-0-
Tare weights (yes oi no) '0

Sylinders marked with 8 plus (4) sign signify compliance with paragraphs 173,.202(¢)(2). (3) & (4) of the Depart:
ment ¢! Transportation Reguiations., (Yitie 40 of the Code of Federa! Reguiations.) Thus, they can be charged to a
nressure 10 percent in excess of their marked sarvice pressura, This excess charging is parmissible only if the gas
containad i< not liquefied, dissolved, poisonous, or fiammable, Cylinders having this excess charge must bes equipped
with frangible disc safety relief devices (without fusible metal backing) having a bursting pressiure not exceeding the

minimum prescribed test L assurs,

Trose cylinders were made by process of hot and cold cupping and cotd drawing to & seamless shall, the open end
of #hich is necked by spinning.

The material used was identifiead by the following heat numbers m 30! 33: KOB uln na

- The material used was verified as to chemical analssis and roéovd thersof is attached hereto. The heat numbers
rers marked on the material,

ALl material, such as plates, billsts and sesmless tubing. was inspectod and each cylindsr was inspected both
before and aftesr closing in the ends: Afl that was acccplu{ was found free from seam cracks, Isminations, and other
defects which might prove injurious t~ the strength of the cylinder. The processes of manufacture and heat treatment
of cylinders were supervised and found to be afficient and satisfactory.

The cylinder walls ware measured and the minimum thickness noted was .156 tnch. The outside dismeter
determined by a close approximation 1o be 6.812 Inches. The wall stress was calculeted to be Gms
pounds per square Inch under an inteinal pressure of 3750 pounds per squaro inch,

Hydrostatic tests, fisttening tests, tensile tests of matarisl wund other tests as prescribed in specilication
No. 3‘A ware made In the piasence of the inspector snd all matsrial and cylinders accepted were found to bo in
compliance with the raquirement of that specification. Rocords thersol sre attachcd heroto,

| hereby certify that all of these cylinders provad satisfactory in every way and comply with the requirements
of the DEPARTMENT OF TRANSPORTATION SPECIFICATIONS NO. w €xcspt as noted,

EXCEPTIONS: ~— D.O.T. Inspection made by

—? T. H. Cochrane Laboratorics
PRES K CO., ANC. Mlee. Wis.
Sign, bY——-'-—-'—-w—Q— NP R
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F.84R Milwaukee, Wis, 53214,... ..... July3, ......... ‘970
RECORD OF CHEMICAL ANALYSIS OF STEEL FOR CYLINDERS
Numbrered, 80?751‘ ...................... 10...&93 . . i .. ‘ . ] ........................ Inclusive
Sole 6.81 .................... Inches outs:.ie /m.mnu L3 25 .............. tnches long.
wade by Pressed Steel Tank Co.. :nc.‘ Milwa kee, Wis. 53214
o Battelle Namorial Instituto, Columbus Ladoratories, 001umbus, Ohio 43201
T CYLINDERS CHEMICAL ANALYSIS
WEAT NUMBER REPRESENTED
. ar Bl o i aral | e Lo fe fe o
30E 80375L - 80377L|.30|.018.019| .49(.29 (.88 | .18
EO3E «29.017,.020 .2(2> «25 |87 | .19
E ' 030 .°1 0025 . 029 ..ﬂ '.20 ,
; .32 .Ol 0021 055 0251000 o18 3 !
hZE :30 008,022 051 025 o81 019 i 1 l
99D .311,009.022| .54 |,29 |,91 !,17 | i ,
| ‘ i
| | | L
} ! { | g ; SO
; ;
i
L
T et wy.......... . TTAsMmreontonic T T T T The originals of tne certified
MILL TEST REPORTS are sn the tiles of the manufacturer.
Chemical Analyses were made hy the steel manufacturer,
RECORD OF PHYSICAL TESTS OF MATERIAL FOR CYLINDERS 4" 2k o
st j ailké's“s’s#én TuCLBs oen | h LB, SJSJ"' FE A B SELLLE ELLL L. VL T
BY TEST SQUARE INCH | SQUARE INCH IN INCHES| PER CENT TENSILE BEND
147660 180375L - 8037TL 9g ,610 111,670 |16.0 63.2 oK
‘ 112, MO 14,0 61.

|

i;leat treated by ia process of quenching and tempering.

H. Cochy me Laboy: lli)rics

i [() T. Ingpection made by
T.

e T e e ITITTEIINI T LTI Mrhcmloe~Wis. o
/"l A - £ -M

Sign by. Ll e -
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RECORD OF HYDROSTATIC TESTS OF CYLINDERS wwaocie ws s July 3, ., 70
Taummu goﬁsx' 10 803m INCLUSIVE
A7t INCHES OUTSIDE DIAMETER INCHES LONG
wo o PRESSED STEEL TANK CO., INC., MILWAUKEE WIS. 53214 32
" Battells l(emorh.l Institute, Columbus Laboratories, Columbus, Ohio 43201

TUARCWAUTEST T T T TTTTIGTAL T T T T T T pERMANENT PER CENT TAPE WEIGHT ] T VOtUMETRIC
”Ez’l’::&‘;’rﬁi?[g' PRESSURE ' EXPANSION EXPANSION Al OF o NOT WITH VALVE CAPACITY
) _IBS PER SQ INCH cC | cc TOIAL EXPANSION 185 i CU. INCHES
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i t
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corroded cylinders. Detailed analyses were made of corrosion products from
selected aluminum cylinders, and of corroded and uncorroded material from the
ruptured cylinders. It was concluded that the corrosion in the cylinders
examined had not significantly reduced the rupture strength of the cylinders,
Recommendat ions were formulated concerning changes in manufacturing specifica-
tions, clecaning procedures, and inspection procedures to provide increased
assurance that corrosion will not progress to the pcint of significantly de-
grading the rupture strength cf aluminum scuba cylinders,

A program was conducted to determine the cause of the corrosion tha*® wag---
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