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Abstract 

Groups of steel and aluminum scuba tanks were 
subjected to controlled corrosion tests for 100-day pe­
riods. A variety of interior conditions were tested, in­
cluding high and low air pressure, fresh and salt water 
insertion, tank position, and, in the case of a group of 
aluminum cylinders, variations in closure-valve mate­
rial and thread lubrication. 

In general, the aluminum tanks showed much less 
corrosion damage than the steel tanks did, under all 
environmental conditions. Corrosion of the steel 
tanks, which contained sea water and were pumped to 
full pressure, was so rapid that the tanks were in dan­
ger of exploding after the 100-day tests. 

Aluminum corrosion was much less severe but 
produced a destructive galling at the cylinder threads 
which made valve removal impossible without des­
troying the tank in several cases. A test of various 
valve configurations showed that this galling was 
corrosion-produced, and could be reduced and even 
eliminated by using a plastic or other non-brass exten­
der on the tank valve and by minimizing the copper 
content in the tank water. 
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Project History 

The Scuba Safety Project at the University of 
Rhode Island was first funded in 1969 by the Food and 
Drug Administration of the U.S. Public Health Service 
to investigate various aspects of scuba accidents. One 
study begun at that time involved the corrosion and 
subsequent bursting of high pressure scuba tanks. 
Figure 1 shows a corroded steel tank that exploded 
while being charged in a New Jersey dive shop in 1968. 
This shop had fortunately placed a cinderblock wall 
reinforced with steel rods between the shop area and 
the compressor. The 3/8-inch iron water tank holding 
the cylinder blew into several dozen pieces and partly 
pulverized the back wall of the shop. 

There was a study of 40 condemned-in-service 
steel scuba tanks, and an experiment which proved 
that water could enter tanks through single-hose reg­
ulators. Then a seawater internal-corrosion test pro­
gram on six new steel scuba tanks was carried out at 
various pressures and at an elevated temperature for 
100 days. This test, planned and carried out by Lieu­
tenant Richard Peyser of the U .5. Coast Guard, then a 
Master of Science candidate at URI, convincingly 
showed the potential explosion danger of steel tanks 
used in salt water. His work thus gave impetus to a re­
quest to the Department of Transportation (DOT) by 
Lux fer USA, a subsidiary of a European aluminum cyl­
inder manufacturer, to be allowed an exemption to 
DOT regulations; in J 970 these regulations did not al­
low interstate shipment of aluminum high-pressure 
air cylinders (Peyser, 1970). 

Aluminum scuba cylinders have become generally 
available to civilians in this country during the past 
five years, and in 1976 the National Sea Grant Office 
of the Department of Commerce provided assistance 
to URI, in company with Luxfer USA and U.S. Divers 
Co., to do a corrosion study of aluminum cylinders un­
der conditions similar to those used in the study of 
steel cylinders in 1970. The results of this study, which 
includes tests for both general internal corrosion and 
galling of the valve threads in the cylinder neck, are re­
ported in Part [I of this report. 

During the years 1970 to 1975, the Scuba Safety 
Project gathered data on fatal diving accidents in the 
United States as part of a general mission to improve 
scuba safety. Out of 720 scuba-related fatalities, four 
deaths and two serious injuries could be attributed to 
compressed-air explosions or corrosion-produced ac­
cidents. In only one of these six cases did a diving cylin­
der blow up, and this was a U.S. Navy surplus 
90-cubic-foot aluminum cylinder whose history was 
obscure, since these items were never released to the 
civilian market. Two accidents resulted from the fail-
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ure of air-pumping station components-in one case 
an air-storage reservoir exploded, and in the other an 
oil filter on the high-pressu re feed line. A third explo­
sion involved a l 50-psi-rated Hooka tank that was 
connected to a 2400-psi source. The two other 
corrosion-related accidents involved old scuba tanks 
that were so filled with rust and water that, in one 
case, only 3 percent oxygen remained (Schenck and 
McAniff, 1975), while in the other a half-inch of wet 
rust product jammed the regulator. Fortunately, most 
dive shops have a healthy and self-interested scepti­
cism of ba ttered and ancient scuba cylinders. The dan­
ger comes when the outside condition and date stamp 
do not reflect serious internal corrosion. 

f igure 1. Scuba tank that exploded while being charged at the M. & 
E. Marine Supply Co. A roughly C'ircular area at the tank center let 
go, and the crack prop,1g,1led towJ.rd the bai,e .rnd the valve end. 
This c,rn be clearly seen by the slanted teMS in the metal edge. The 
tank shows gener,1\ corrosion, with much greater thinning ,11 the 
point where the crack began. A handful of rust w.1s in 1hc tank. 

Part I. 
Testing of Steel Scuba Cylinders 

Condemned-in-Service Steel Cylinders 

About 40 old scuba tanks that had failed either 
visual or hydrostatic tests in dive shops were solicited 
from several sources in l970, the bu lk (about 30) com­
ing from the Florida area. Eight out of these 40 were 
selected for study as having the most advanced and/or 
interesting internal-corrosion patterns. Figure 2 
shows sectioned halves of five of these cylinders. The 
internally coated tanks showed a variety of problems 
including uneven coating, local lack of coating, and 
corrosion occurring underneath the coating. Of the 
eight sectioned cylinders, two had relatively drastic 
corrosion. Figure 3 shows various wall sections of a 
tank manufactured in 1961 that had been internally 
coated with some form of epoxy overlay. This coating 
had disappeared in several places, and pits with depths 
of one-third the wall thickness were found as shown, 
some of them hidden under the coating that remained. 

The wall sections in Figure 4 show the worst case 
of pitting in the 40 cylinders. This was an unevenly 
coated cylinder made in 1963, with corrosion damage 
heavy in the lower half. The detected thinning here 
was almost one-half the wall thickness, but deeper pits 
could have been present. Out of the eight sectioned 
cylinders, four had "large amounts" of rust, enough to 
plug or stop an air regulator if the diver maneuvered 
so as to bring the particles down over the regulator 
valve inlet extender. 

Figure 2. Sectioned halves of five condemned in•serv1c:c 

stl'el cylinders. 



 

This cursory study of "cylinders of opportunity" 
suggests a similar picture to that presented by the acci­
dents noted in the previous section. That is, some cyl­
inders may suffer dangerous wall thinning but will 
tend to be spotted before they explode. The valve­
blocking danger from large amounts of loose rust in 
the tank may well be the more serious accident possi­
bility stemming from tank corrosion. 

Water Entry into S teel Cylinders 

It was perfectly evident that some salt water had 
entered a number of the 40 condemned-in-service cyl­
inders. Of course, humid air may leave a small amount 
of fresh water in a tank after charging, but this rela­
tively benign intrusion cannot compare in corrosive 
activity with ordinary sea water. Some scuba repair 
stations queried in 1970 claimed that water would not 
enter a tank through a regulator and that sea water in 
a tank was rare. A simple experiment proved other­
wise. Two single-hose regulators from different man­
ufacturers were attached to empty (that is, open to the 
atmosphere) tanks. These were taken to a 10-foot 
depth in a swimming pool and their purge buttons 
pressed 10 times for about 10 seconds each time. One 
regulator admitted 195 ml of water and the other 211 
ml. This experiment simulates the breathing-down of 
a tank on the surface, a dive to 10 feet, and attempting 
to get air by pushing the purge button. Clearly, a chan-

Figure J. Various wall sections from a tank manufdctured 111 l961. 
Some of these pits extend one-third of the way into the wall. 
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nel for water exists through single-hose regulators 
when the tank pressure, for whatever reason, is less 
than the ambient pressure. As a result of these experi­
ments, we decided to use a 500 ml water sample in the 
test cylinders. 

S teel Cylinder Corrosion Tests 

The question of corrosion rate under controlled 
conditions is obviously central to any study of this 
problem. Six new uncoated cylinders were obtained 
from the same manufacturer and a small underground 
World War II ammunition bunker on the Narragansett 
Bay Campus was refurbished to hold the test cylinders 
in safety. In addition to the 500 ml of water in the test 
cylinder, a test temperature of 105°F was chosen as 
the highest sustainable temperature in the test room 
using electric heating on thermostatic control. Actual 
temperature in the space during all the tests to be 
described did not vary more than three or four degrees 
on either side of the set temperature. One hundred 
days was arbitrarily chosen for the exposure. 

The six tanks were constructed of 4130 steel, as 
specified by DOT regulations for 3AA high-pressure 
cylinders. All tanks were equipped with chromed­
brass K-valves and were purchased pumped to full 
pressure. When bled and examined internally with a 
borescope, it was evident that small patches of superfi­
cial corrosion already existed inside the tanks. While 

Figure 4. Various wall sections from a tank manufactured in 1963 
that was unevenly coated. These were the deepest and most serious 
pits found in the condemned-in-service cylinders. 
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this was in no way a safety problem, it may have ac­
counted for the corrosion differences noted between 
tanks receiving apparently identical treatments. Table 
1 gives the test treatments for each cylinder. The 
manufacturer's numbers suggest that the first four 
tanks may have been made together, o r from similar 
material, while the last two cylinders appear to be 
from a later lot. 

The salt water was an artificial mixture, pur-

Figure 5. Water and filtered prodults from. left to righl, Tanks 
16026, 9535, 8422, 8464, 8390, and 8019. Almost no free water re­

mained Ill 16026. 

Figure 7. Wall sections from Tank I 6026. The heavy product shown 
in Figure 6 was cleaned aw.ly, and this drastic wall thinning was dis­
covered underneath it; up to two-thirds of the wall is gone. These 
deep craters are over one inch across and run the entire length of the 

cylinder. 

chased to insure that future tests would be conducted 
with the same corroding agent. The fresh water was 
Narragansett tap water, a material that proved more 
complex than expected during the later aluminum 
tests. Mounting choice in Table l was really based on 
the typical storage attitudes that might be expected 
with scuba cylinders in stores and homes. Each cylin­
der had thermocouples attached, and the mean tem­
peratures resulted from weekly readings. 

rigure 6. View of L1nk 10020. Drastic corrosion damage occurred 

under seaw,1ter layer lupper hiilf). 

Figure 8. Gener.11 view of T,rnk 8422. Corrnslon ts light except in 
bottom, where an extensive corrosion ring appeared 



 

At the end of the 100-day test, the cylinders were 
bled remotely, from outside the bunker, and the tanks 
carefully emptied. Figure 5 shows the result of 
pouring out what fluid remained in each tank and 
filtering this residue. Tank 16026 was so heavily cor­
roded, Figure 6, that no free water remained, the wa­
ter being entirely retained in the spongy corrosion 
product. Tank 9535, though given the identical treat­
ment, showed both less corrosion and less water re­
tention in the product. 

Because the two freshwater tanks (8390 and 
8464) had such minor corrosion, these were subjected 
to, and passed, a hydrostatic test, each giving less than 
the 10 percent remaining permanent expansion 

Table J. f-.xposureTest I - Initial Conditions of Steel Tanks 
(April 4, 1970-July 13, 1970) 

Cyl111drr At1g. 

No. Wntrr Po:.1tio,i t',r.~:mri· Tmr11emt11,·r 

8019 
500 ml vcrtic.il 

JOO psi 103° F 
Sdlt WJtC'r• upright 

8390 
500 ml verticJI 

2200 psi 102° F 
fre!th w,1ter upright 

84o4 
500 ml 

hori.wnt.,I 2200 psi 104° I 
frc!th wJter 

8422 
500 ml vertir~l 

2200 p!ti 103° F 
salt w,,ter' upright 

9535 
500 ml 

horizontal 2200 psi 105° F 
salt water• 

10026 
500 ml 

horizontal 2200 psi 104° F 
!t,llt water* 

* Artifionl ~M u-atrr: llSTM D. 1141 , .'i2. 

Nvfr: All tanb rated to contain 72 cu ft. of ,1ir ,11 2475 p:,;i. 

Table z. Exposure Test l - Results 

Corrn:;icm 
Cyl111drr N,,_ D"m11gr J ly,lro Tr~IIP1-rm1wr11t Lr111111~10t1 

8019 substantia l no 

8390 minor yes 5.36% 

8464 minor yes 0.39°10 

8422 scvc-re no 

9535 very s€'vere no 

16026 very severe no 
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which, when exceeded, fails the cylinder (Compressed 
Gas Association, 1970). 

As Table 2 shows, the horizontal cylinders with 
full pressure and salt water had by far the most dan­
gerous corrosion. Figure 7, which shows wall thinning 
of two-thirds of the wall thickness, suggests that Tank 
16026 could not have lasted much longer without an 
explosion . Yet Tank 9535, a replicate of 16026 as far as 
treatment is concerned, showed only about half the 
thinning and, as Figure 5 shows, less water absorp­
tion. The only explanation for these differences ap­
pears to lie either in the mild initial corrosion seen in­
side the tanks before the test or in the two tanks being 
somehow different as to steel lot, manufacturing 
methods, or something we did not detect. 

Because water surface area obviously has a large 
effect in the rate at which this attack proceeds, Tank 
8422, Figure 8, showed less wall thinning, although a 
complete and complex corrosion ring formed at the 
water surface to steel interface. The section, Figure 9, 
shows how the ring grows by depleting the parent 
metal beneath. 

Tables 1 and 2 reveal the following: (a) corrosion 
is accelerated greatly under increased oxygen partial 
pressure; (b) corrosion is accelerated even more by the 
presence of sea, as opposed to fresh, water; and (c) any 
tank position that spreads the interior water into a 
large area will show much greater corrosion. 

We can say, then, that s teel scuba tanks shou ld be: 
(a) s tored with only enough excess interior pressure to 
keep out water and contaminants (say, 50 psi); (b) 
when opened for inspection, they should be washed 
internally with fresh water and dried; and (c) stored, if 
there is a choice, in a vertical, upright position. Re­
moval of fresh water contamination by compressor 
filtering is far less important than keeping salt water 
out, or removing it after it gets in. 

APg. Wafl Min. Wa/J M/11. •1 ,,of 

1/m!,m,~ After At•g. Wafl 

Srdioned :\11/'tbUYl'I{ lr~l lw.l r hirk11r1-~ 

yes .217' .202' 93.1% 

yes (not recorded) 

yes (nol recorded) 

y('s .21 7" .181" 88°10 

yes .179" .096" 53.b'}0 

yes 179" .055" 2s.1ci,.:, 
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Part II. 
first Test of Aluminum Scuba Cylinders 

Selection of Test Treatments 

In 1969 it was noted by U.S. Navy personnel at In­
dian Head, Maryland, that a luminum scuba cylinders, 
used because of their desirable m,1gnetic properties, 
contained quantities of gelatinous corrosion products. 
An ensuing study by Bat telle Memorial Institu te and 
the Navy (I lenderson et al., 1970) revealed the fo llow­
ing: 

a) By March l970, 1623 ,1lumanum cylinders had 
been inspected at naval diving faci li ties. Of these, 20.2 
percent were considered to be moderately corroded 
and 4.4 percent severely corroded. 

b) An,1lysis of the corrosion products showed an 
abnormally high level of fl uorine, about .3 percent in 
some cases, which was sufficient to account for the ob­
served corrosion. 

c) Battelle estimated that the rupture strength 
had been reduced by 4 pe rcent in the corroded cylin­
ders and that they did not constitute an immediate 
personnel hazard. 

These N,,vy tanks were made of a slightly differ­
ent alloy (60bl T6) than those now used in civilian 
scuba tanks (6351 T6). The composition and proper­
ties of these alloys are shown in T,,ble 3. 

The B,1ttelle findings, which ,1ppeared to pl,1ce the 
blame for aluminum cylinder corrosion on the hydro­
fluoric acid that is sometimes used to cle,rn aluminum, 
did not seem to pose s,1fety problems for the sport­
diving industry. By 1975, however, a problem involv­
ing neck galling that is, the lock up and destruction 
of aluminum neck threads when valve remova l was 
attempted had appeared. Thus, a study of aluminum 
corrosion similar to that undertaken with steel 

seemed advisable to establish just what kinds and rates 
of corrosion were possible. 

Because o f the new problem with neck corrosion 
<1nd the known problems when ,1luminum and brass 
are immersed in an electrolyte, it was evident that 
some inverted tests would be necessa ry to place the 
water, brass valve extender, ,111d aluminum neck in 
proximity When the tank was inverted, however, it 
was noted that 500 ccof water covered the in.ide valve 
extender completely. To test for any area or surface ef­
fects, one tank was tested inverted and with 250 cc of 
water. The other inverted tanks had plastic extender 
tubes added which covered the upperone-quuter inch 
of bras>, air-inlet, extender tubing, and prevented wa­
ter Jos. when the tank valves were remotely opened to 
check tank pressure. Other conditions are shown in 
Table 4 

All of these test cylinders were sealed with stan­
dard chrome-plated br,1ss K-valves, to whilh the man­
ufacturer had applied ,1 light coating of Molycote 557, 
a silicone lubricant. The brass extender tubes, which 
reached inches into the bottle, were not chromed but 
had a natur,11 brass finish. The s,,lt water was the same 
artificial mixture noted in Table I and the fresh water, 
again, was Narrag,rnsett tap water All of the alumi­
num cylinders were rated tocont,1in 72 cub1t feet of air 
,, t 3000 psi. 

One steel scub,1 cylinder of current manufacture 
was added to the test group for two reasons: we had 
not tried ,111 inverted .teel cylinder 111 the T,1ble 1 treat­
ment group, ,rnd it seemed re,1,11r1,1ble to h,we a steel 
cylinder as a control so as to permit direct and un­
equivocal comparison between steel ,rnd aluminum 
tanks of current manufacture. r1gure IO shows some 

T.1ble 3. Chemical Compo,ition Limih for 0061 and 6351 Aluminum Alloys 

Oll1nt.lrmo1t,;•• -----
,11/,•~· ,;, F, c .. -\111 .\t,, C, /., r, E,1,h li•t,,l ,1/ 

0.40- 0 15 0.80 0.04-
0001 0.80 0.70 0.10 015 120 0.35 0.25 0.15 0 .05 0 .15 n•m<.11nder 

0.70 040 040 
0351 130 0.50 010 0 80 080 0.20 0.15 0.05 0 15 n•m,1ind1•r -----

• 1 hN ilr·~,.~111d1.•1h iNrt' t>tl,1b/1,linl It/ ,1,.:,ml,111,r k 1ttl1 /\,\'SI JI J 'i I 

•· An1il1t,1"' _,l,,i/1 Pl'_..:11/ar/11 b,· n1111li< /,)1 JJ,, l'frmr,,t .. •r111i!rnf in tJ1"' l,1Mr. /I, IH•wn,.-r, /hr 1m• .. 1·11,r ,,t 11/hrr dm,nrh , .. .. 11,1wtd ,,, rndrwtr1l 1111rn1111wh g,fllta tJ111n tl1r 

,rrn!ir,l /11111/ .. , /urtlrn ,m,1f11 .. ,. .. ,l1i1/J /,,. m,1,lr t,1 ,lrhrnrrnr lh,ll llrr,r d1•1t,r11h 101· 1111/ 1rre-.rnl r,11m11,1111h 1t1 n11·,,; 11{ 1f11' )f•e11tir,I l11•11/; , 

.~.•tr Limit._ .U'l' in pen.ent m,tx1mum unit• .. ., -.h,wvn a .. ,l rang(' 

.~•uru· Amn1(,1n Sooety fur lc'!ttill~ \.1,Hert.)l'!t B 221--J ~t,,,:1for,l ~rr,1/1111tw,, fM ·llumu:um .-tlli,'!i filrudrJ B,ir, R,"I., ~li"Jv ,01J lub .. . 1'1 .. ; 

l\muwl B.wJ. 11/ AS. f.M. Sl,1111'1!,,k 1'.1rt O; D1C'-L1st M('t,11-,; Light M,('t.,l~ ,ind Alloys (lndud,ng I IC'drll,11 Condmtor.,). l:a!,tOll . AS. r.M., 1<17.3 
p. 180 



 

of the tanks mounted in the old ammunition bunker 
with remote-valving wires and gas tubing leading to 
pressure gauges outside the space. 

Results of the First Aluminum Tests 

Pressu re was monitored during the 100-day test 
using remote wires to open and close the K-valves and 
remote ga uges a t the end of high-pressure tubing. 
During the 1970 s teel tests, pressures meas ured at the 
end of the test had remained unchanged except for 
Tank 16026 (Tables 1 and 2), which lost only 90 psi of 
pressu re, in spite of its huge amount of corrosion end 
produc t. We suspected, however, especia lly after the 
~ccident involving 3 percent oxygen mentioned in the 
introductory section, that the 1970 readings may have 
been the result of small and insensitive gauges. Unfor­
tunately, we did not have access to air-analysis testing 
in 1970, so the true amount of oxygen left in the Table 
1 tanks remains speculation. 

At the end of the 1976 tests, the only tank that 
showed a sig nificant pressure loss was 46343, of steel 
(see Table 4), which was down about 80 psi, after cor-

11 

rections were made for bleed-off losses due to periodic 
pressure-monitoring checks. When the ai r in Tanks 
31622, 31700, and 46343 were tes ted by the Rhode Is­
land Department of Hea lth, the air in Ta nks 31622 and 
31700 (a lu minum) showed 20.9 pe rcent oxygen, 3.0 
and 3.5 ppm carbon monoxide, and .03 percent carbon 
dioxide, but the steel tank 46343 showed 15.0 percent 

Table 4. Exposure Test II 
1975 November 5, 1975) 

Init ial Conditions (July 28, Figure 9. Close-up (I I i inches wide) of cross-s("Ct LOn of corrosion 
ring in T,111k 8422. Note that the ring grows by depleting the parent 
w,1\1 metal beneath it. 

Culr,11ln A,,g. 
1'\i\1. t\!11/1'1 Pr~Jtivn Prl',;~1111· li•111111·rnt11rt 

3oq43 500 ml vertical 
JOO psi 105° F 

.iluminum .,,1lt w,1ter inverted 

31173 500 ml vc-rtic.,I 
104° F 

11lum1num s,1lt w.1ter mve.rted 
2200 psi 

31365 250 ml vertic,tl 
2200 psi 104° F 

,1luminurn SJlt W,ller inverted 

31371 soo ml vertical 
2200 psi 105° ~ 

aluminllm s,1h waler upright 

31022 soo ml verticul 1os0 r 
aluminum fresh w,11er invC'rtcd 

2200 psi 

31oq8 500 ml 
hori1ont,1l 2200 psi 104° F 

aluminum salt water 

31700 500 ml 
hori,ont.tl 103° F 

,1l uminum s,111 w,,tt'r 
2200 psi 

46343 500 ml vert1..:al 
2200 psi 105° F 

steel s,1 lt w,1ter inverteJ 

N.Hr: /\II tc!>t cylinder., were sealed with st,111d.1rd throme-platcd 
br,bs K•valvcs, to which t!w m;1nuf,1c:turer had appli(•d ,1 slight co.it 

111g uf Molycote 557, ,1 silicone lubricant The ., lu minum t{>St cylin­
der,;; ,,re r,1led ,,t 72 i.:u ft of <HI" JI 3000 psi, and the steel test cylinder 
is r,,ted <1t 72 cu ft . of ,11r ,1t 2475 psi. 

figure I O. Setup of vertic,:11 I PSt (:ylint.lers 30Q4J, .31 173, 31305, and 
46343 in ..tmmunition bunker. 
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oxygen, 10 ppm carbon monoxide,and .01 percent car­
bon dioxide. On the basis of this reduction of 20.9 per 
cent to 15.0 percent oxygen due to corrosion, 46343 
should have lost about 150 psi 111 tank pressure instead 
of the noted 80 psi, suggesting, ,,gain, that these 
gauges are not accurate at such high pressures and 
that the Table I tanks probably also suffered at least 
this percentage oxygen reduction. As a safety matter, 
the reduction to 15 percent oxygen is not as serious to 
the immediate health of the diver as the mass or heavy 
cor rosion product that could have readily clogged his 
air inlet 

The state of steel cylinder 46343 readily con­
firmed the work or Lieutenant Peyser in 1970. It s 
minimum remaining wall percentage of 4o.4 percent 
(see T,1ble 5) was between the va lues for cylinders 
9535 and 16026 in T,1ble 2. A corrosion ring had com­
pletely covered the neck region, Figure l I, leaving 
only ,1 hole through wh ich the valve extender pro 
truded. The entire interior was heavily attacked with 
la rge sheets of corrosion sc,1le hangmg on the walls. 
Based on the loss of oxygen, a production of about I .5 
pounds of rust was predicted a quite reasonable esti­
mate of the amount actually seen. Since this cylinder 
underwent much heavier attack than the vertical cyl­
inder 8422 in Tables I and 2 (comp.ire Figures 8 and 
11), ,t ,s reasonable to suppose that the brass valve ex­
tender may h,we aided corrosive attack in the water­
covered neck region (although these are not compara-

blc cylinders as to either manuf,1cturer or time of 
manufacture). The valve and its p,1rts underwent no 
major attack, however, and the brass extender mamly 
showed discoloration. 

194 ml of water was recovered from T,rnk 46343, 
which compares with 30 ml for Tank 16026, 110 ml for 
Tank Q535, and 280 ml for T,rnk 8422 in Tables l and 2. 

Seawater corrosion studies never lack for sur­
prises, but the results of the seven aluminum t,rnk 
tre,1tments shown in Table 5 seemed especially b,1f­
fling. Three aspects stand out: 

(])Two tanks, 31173 and 31374, had their valve 
threads l<Xk tight, with valve rcmov,11 only possible by 
stripping the threads completely out with a pipe 
wrench. Yet these two t,111ks underwent negligible 
corrosive and pitting attack compared with Tanks 
3 1365 and 31622. Furthermore, Tanks 31698 ,rnd 
31700, which should certainly have showed effects 
similar to the upright tank, 31374, did not suffer the 
problem. A study of the valve th reads on the severa l 
alummum t,rnks revealed that 30943, 31098, and 
31700 showed small ,,mounts of corrosion products 111 

the threads. Cylinders 31173, 31365, 31374, and 
31o22 all showed consider,1ble white corn>sion prod­
ucts either covering the thre,1ds or partly covering the 
lower threads. Although the fact that Tanks 31365 
and 3 1622 did not 1,1111 their valves seems anomalous, 
this ,1luminum-tank-gall1ng result clearly identified an 
important consu mer problem, since we had succeeded 

Please substitute this corrected table for table on page 12. 

Table S Exposure Test II - Results 

Mat" Wu// 
Corro.s,on lhdro ft1l Pfnetra I'll \fin ~1,•011 \t,n It ,,II 

C\lmdrr \'o Dumu~ Prrmun,.,u t,punoon S#l11ontd uon N O.p<h ~•) Th1< Im,:., (,n J R,-mu,mn.e r-1 

l094l negl1g1bl(' ~-<~s I S4'1, no 1\0 pi1, 467 100 

ll17l nrghg1bh.•· 110 \OS no pm, 467 100 

31l6S substdnl ,al no 1r, 14 S8 084 467 100 

}1374 ntghg1ble' no \(•\ no J>ll'l 467 100 

31622 5.UIJ::ttdnllcll no \'5 7 12 0-17 467 100 

}1698 nl'ghg1blt> \e5 148" 110 no JJIIS 467 100 

,noo ntgl1g1blt> 1es 0 J2' no 20 (ma• J 020(md\) 467 100 

46143 
Sl('('! 

H'f\l )CV<'f(' 110 ,{•:, 58 6 099 151 46 4 

\"or, (~Spllf" 1he negl1g1bll' c·o,ros1,,t dlldl I,. lh(•w t\l11Mlr,., h,ul lht•1r \.,tl\('"I lot kt•d Ill t>ldll' dut• to ,1 l1Jfll\dllOll ol lOTfOSIOll 1mkluc l'l ht·l~t•t-n 

the llliltmg thrf',Hb fh1s 1>roblrm. dr-llned ,1\ ,t form of ~,1llin)t, h•tl 10 !ht• lhml t'\l)(l\lirt' tt'~I 

.1£,o 111 dll lt',t qhndrr1 1he d\N.tgt' \,,,II thu \...rn•,, 1, ,uh,1,u111,III\ l(H'dlN th,1n lht· m11um11m ,,llm,,thlt> ~,.tll thid,nf',, llwn•lortt. 11 1.., 

J>O''i1hlr tor d pll to IX'llf"lf.tlC" c.-1 J)("llt'llld!W of tilt' \\,Ill 11114 lm•-... .uul lt·,t\t' l(W), ul lht· rnrn11num ~,.1IJ rnn,t1111ng 



 

in jamming a quarter of our sample by a single, saltwa­
ter exposure. Further, there can be little doubt that the 
locking o r galling was corrosion- related and not, as 
some had suggested, the result of thread distortion or 
temperature effects. This result led to a third test, 
which is discussed in Part III. 

(2) The worst attack was suffered by 31365, the 
tank with the least water (250 ml). At first glance un­
usual, this result is readily explained. This tank had 

Figure I 1. C lose• t1p of the neck section of test cylinder 46343. Note 
the large corrosion ring. The hole in its center was caused by the 
plc1stic valve extender which protruded through the water-gas in­

terface 

Figure 12. V.ilve of test cylinder 31305. Note the accumulation of 
corrosion products on the brass extender and within the threads. 
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the brass valve stem, water surface, and high-pressure 
oxygen in direct contact. In the case of Tanks 30943, 
31173, and 31622, oxygen would have to diffuse 
through about 1.25 inches of water to reach the brass 
extender, whereas the attack on 31365 was immediate 
and continuous. The literature on galvanic couples 
(Evans, 1960, and Uhlig, L963) notes that when con­
necting a cathodic metal to a corroding metal, the cor­
rosion rate will not increase as long as the cathode is 
completely submerged, since the corrosion rate is now 
controlled by the diffusion rate of oxygen from the 
surface. 

Another accelerating effect in 31365 was the di­
rect corrosion of the brass extender and the resulting 
continual introduction of copper ions into solution. 
The combination of anionic species contained within 
the salt water, such as chloride and bicarbonate ions 
(present as NaCl and NaHC03), dissolved oxygen, and 
copper ions, will have a synergistic effect, thus in­
creasing the overall rate of attack (Becerra and Darby, 
1974; Porter and Hadden, 1954; and Davies, 1959). 
Corrosion of the actual brass was verified by running 
X-ray fluorescent patterns on the corrosion products 
removed from the brass extender (see Figure 12). The 
results showed these products contained substantial 
quantities of both copper and zinc. In addition, copper 
depositions were found throughout the entire wetted 
surface area of 31365 as brown or reddish-brown 
stains, indicating areas where the copper had actually 
plated out on the aluminum (Figure 13). 

Figure ·13_ Immediate neck section of test cylinder 3!365. The 
deepest pit within this cylinder 1s shown in the center of the photo­
graph w ith m,1ny "~atcllite pits" surrounding it. Copper depositions, 
the reddish-brown 3tains, c.111 readily be seen on the aluminum sur­
face, especially near the pit formations. 
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(3) Cylinder 31622, which contained fresh water, 
was the only other aluminum cylinder to show signifi­
cant pitting. This surprising result was soon explained 
when it was noted that reddish-brown stains appeared 
in the neck area similar to those found in 31365. A new 
sample of Narragansett tap water was ana lyzed by the 

Figure 14. A sample of the flaws in the anodized oxide film, taken 
with a scanning electron microscope al 500X. Similar flaws were ob­
served in all samples, generally taken from the immediate neck 
sections. 

Figure 16. ChMacteristic bottom structure of the aluminum pits, 
taken with a scanning electron microscope at S000X The many 
small pits present al the very bottom of the pit ,:1ppear to initic1te and 
guide further growth. This pattern of attack wa!, observed in all alu­
minum pits studied with the SEM, regardless of their location. 

Rhode Island Nuclear Science Center located at the 
URI Narragansett Bay Campus by atomic absorption 
spectrophotometric analysis. The results showed the 
water contained the very high value of 180 ppb (.18 
ppm) of copper. Further, water-quality data on this 
local water gave maximum concentrations for the 

rigure 15, Overall view of pit in T,rnk 31365, using a sc.inning elec­
tron micro-:;cope al SOX. Note the initiation of pits at major fl<1ws in 

the oxide film. 

figure 17. Exposed threads in Tank 31.365 (scanning electron mi­
croscope at 50X). Since the exposed threads were virtually adjacent 
to the brass valve, which had an easily accessible supply of oxygen, 
the exten~ive corrosive damage can be attributed to galv,mic corro­
sion. 



 

chloride ion of l ppm; the calcium ion, 40 ppm; the bi­
carbonate ion, 40 ppm; and a pH of about 6.5. These 
species, combined with the copper, provided a very ag­
gressive environment for Tank 31622. Unlike 31365, 
Tank 31622 did not have an easily accessible supply of 
oxygen, and thus the supply of copper ions introduced 
with the water probably were depleted, while the cop­
per depositions became covered with corrosion prod­
ucts and lost their cathodic efficiency. Thus, Tank 
31365 was probably maintaining or accelerating its 
rate of corrosion, whereas the damage in 31622 may 
have been done early in the l 00-day test, yet both ef­
fects were related to the presence of copper ions. 

Photograph ic Studies of Pilling and Dezincification 

All seven aluminum cylinders in the Table 4 test 
had an interior anodiLed coating produced by the cyl­
inder manufacturer using a proprietary method. Fig­
ure 14 shows the character of this coating at 500X 
magnification. It averaged about one-thousandth of 
an inch in thickness, but cracks, some of which pierce 
the film, can be seen. Figure 15, showing one of the 
larger pits in Tank 31365, at SOX, suggests that dam­
age starts where major flaws in the film, shown at the 
top and right of the photo, may initiate pitting. When 
the bottom of the Figure 15 pit was examined under 

Figure 18. Dc.oncificat1on of v,1lve in T,,nk 31173 (light microscope 
at l00X). Shown is the top of the las t thread which has been etched 
in order to show the characterist ic mitrostructure assodated with 
two-ph.1s~ br,1ss (40% Zn, oQ-l . .., Cu). The reddish~brown are.1s m.1rk 
the locations where dezincification took place. The silver-colored 
outline is the chrome coating. Also note the small piece~ of chrome, 
br,1ss, .rnd .:iluminum which apparently broke off under the applied 
torque. 
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the high magnification of S000X, tiny new pits, al­
ready joining to form crevices, could be seen (Figure 
16), and this condition was found in all the pits so stud­
ied in cylinders 31365 and 31622. 

The two lowest of the exposed aluminum threads 
in cylinder 31365 are shown in Figure 17, and here the 
surface is a continuous formation of pits. Clearly, no 
amount of future oxidation would be likely to pas­
sivate this su rface. 

When the brass valves of Tanks 31173 and 31374 
were sectioned and etched, obvious dezincification 
could be seen in their threads. Tank 31173's valve 
showed this in its most pronounced form (Figure 18, 
dark area), where the top of the lowest engaged thread 
is sectioned. The distortion of this thread by removal 
attempts is also apparent, as well as its broken chrome 
plating. 

The brass valve of an aluminum scuba cylinder 
that had been sent to the Scuba Safety Project by an 
Ohio diver because it had galled and then stripped out 
the lower three aluminum threads on valve removal 
was sectioned and etched. As Figure 19 shows, a simi­
lar pattern of dezincification was found in this "failed­
in-service" cylinder. From these studies it appeared 
that both the valve and the aluminum tank neck un­
dergo attack and that, as already suggested, the valve 
galling is corrosion-related. 

Figure 19. Dezincification of v,1 lve in 1 ank 31 173 (light microscope 
,1t I00X). This is the bottom of the sctond thre,1d, whit h has been 
ctthcd to show rnicrostructure. A f,,iramount of de1incific.1t ion has 
taken pl,1ce. In the center of the picl ure Cdn be sel'n aluminum that 
was literally "deposited." Also note the deformation of the thread 
.ind the cracks in the chrome c.:o.1ting caused by the applied torque. 
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None of this evidence points to a safety problem 
with aluminum, however, since the worst pitting un­
der the most unrealistic and corrosive treatment of 
Tank 31365 is still modest and would almost certainly 
not have affected Tank 31365 as regards its ability to 
pass a hydro test. The dramatic differences between 
the results of Lieutenant Peyser in J970, in Table 2, 
plus the single steel tank, 46343 in Table 5, and the re­
sults of the worst aluminum cases, 31365 and 31622, 
suggest that if explosion or valve-clogging by-product 
is ever to occur with aluminum scuba tanks, it will re­
sult from interior conditions or treatments that we 
have not yet imagined On the other hand, the sen­
sitivity of aluminum corrosion to trace elements, such 
as copper, in a corrosive and saline atmosphere does 
suggest consumer caution when cleaning out alumi­
num tanks. Steam cleaning and hot-air drying is prob­
ably the most benign treatment, and the user should 
rigorously avoid fluorine compounds, which caused 
the Navy aluminum tanks to corrode, or any o ther 
chemical on which high-pressure-oxygen tests in a sa­
line atmosphere have not been carried out. 

Part Ill. 
Second Test of Aluminum Scuba 
Cylinders - Galling Experiment Study 
of the Corrosion Product 

The destruction of neck threads during valve re­
moval does not, at first glance, seem to offer any safety 
proble m. In fact, if civi lian purchasers cannot be con­
vinced that aluminum cylinders will withstand valve 
removal, they will continue to use the less safe steel 
tanks, and these, of course, get older and thinner as 
the years pass. Thus, a s tudy of the aluminum corro­
sion product and a second exposure test were under­
taken to find ways of reducing any aluminum oxide 
and to protect the neck threads from this galling mate­
rial. 

The predominant ly wh ite product was scraped off 
the threads of Tanks 31173 and 31374, the two galled 
tanks in the first aluminum test. X-ray diffraction 
showed the product to be entirely amorphous in na­
ture. X-ray fluorescence showed an abnormally high 
level of zinc, thus exactly confirming the visual evi­
dence of de,incification shown in Figures 18 ,ind 19. 
The Nuclear Science Center subjected t he product to 
neutron activation analysis, which showed a substan­
tial quantity of aluminum, with minor traces of so­
dium, chlorine, manganese, and magnesium. Refer­
ring to Pourbaix diagrams (Pourba1x, 1966) for alumi­
num and ,inc with a pH of around 8.2 (natural sea wa­
ter), the predicted corrosion products are Al(OH)3 and 
Zn(OH)2 , both o f which are white 1n color and can be 
amorphous in nature. Such products can generate up 
to 10,000 psi in constricted regions (Fon tana, 1967) 
and are able to stop all motion in these tanks until the 
aluminum threads strip out. The evident problem is 
that very little corrosion need OlCur, in an absolu te 
sense, to ruin the tank. 

Treatment Choices in the Second 
Aluminum Test 

Table 6 shows the treatments chosen for the next 
si>. aluminum cylinders, the intent being to attempt 
overall reduction in corrosion ,,ctivity and to make a 
preliminary assessment of three valve thre,1d lubri­
c,ints, as shown. Treat mcnt for Tank 2724 7 was an ex­
act replicate of Tank 31365 in the first test, ,ind all 
tanks now contained 250 ml of w,1tcr. Cylinders 27853 
and 27264 had two improvements: their valve exten­
ders were plastic and their threads were teflon-coated. 
Cylinders 26862 and 27237 had both K-valves and ex­
tenders made of 6061 Tb aluminum a lloy, rnmpletely 
anodized except for the valve extender. Cylinder 155A 
had a s tandard brass valve and extender modified with 
two O-rings to attempt to prevent water from reach­
ing the threads, a device provided for the test by one of 
our sponsors, U.S. Divers Co. The three thread lubri-
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cants were distributed as shown in Table 6. Cylinders 
2724 7 through 27237 were 50-cubic-foot cylinders 
rated at 3000 psi, and Cylinder 155A was an 80-cubic­
foot 3000-psi cylinder. 

seen in the first aluminum test, with a maximum pit 
about 20 percent greater than that found in 31365, as 
can be seen in Table 7. Cylinder 155A, which had the 
same brass extender as 27247, showed similar attack. 
When compared with the other four tanks, 27853 
through 27237, it is clear that this small brass exten­
der is a primary source of corrosion activity in alumi­
num scuba tanks. 

Results of the Second Aluminum Test 

Cylinder 27247, the replicate of 31365 in the first 
test, showed a substantial pitting attack similar to that Since all the tanks could be opened, it was not pos-

Table 6. Exposure Test Ill lniti,1 1 Conditions (August 5, 1976-November 13, 1976) 

lh•g. 
Trm11rrat1,rt> Lubnr,rnl 

272-17 stctndard chromc•plated brass K~valve 102°r I ligh Purity 
aluminllm 

27853 
aluminum 

27264 
aluminum 

26862 
,1luminum 

27237 
<1luminum 

I55A 
aluminum 

I04°F 

103'F 

l05'r 

J03' F 

J04' F 

Coop 

Molycote 557 

l ligh Purity 
Coop 

l hgh Purity 
Coop 

Dow Corning 
Ill 

High Purity 
Goop 

st,rnd,ud brass K-valve 
• chrome-plated t>xcept threads 
• threJds coated with teflon 
• v,,lve extender wc1s plastic 

same ,1s valvc- of 27853 

~tandarcl ,1luminum K-valvc 
• 6061 T6 aluminum allov 
• completely ,rnodized, in~luding the valve extender 
• G 05704 (serial number) 

same as valve of 26862 
• G 05691 (serial number) 

same .is valve of 27247 
• 4-inch-long brass valve extender. This valve seated into the female end of a 
rnale- fem.-1.le adapter. The male end, which was seated into lhe tank, had a dou­
ble O -ring seal designed to prevent any electrolyte rrnm reaching the brass 
aluminum joint. 

N!lft: All test cylinders contained 250 ml of sah water, were tc-sted in the vertical, inverted position, and pressurized di 2200 psi. Test cylinders 
27247 through 27237 contained SO cu. ft. of <lir at 3000 psi and test cylinder 155A contc1ined 80 cu. fl. of air at 3000 psi, 

Table 7. Exposure Test Ill - Results 

Max. Wall 
Corrosion II yd ro 7 t~tl Pf,rtfra• Mrn. Wall Min. W(lll 

C11lrndrr No. Damage Pnr,urnrnt E.rpa,1siu,1 Srctionrd lion {•'1~,J Pil Dr11th (m.) n ,ickness fi11.J Rtmriinillg ('lo) 

27247 substanlic1l yes 4 .52% yes 15.59 .118 .467 100 

27853 negligible yes 3.72% no no pits .467 100 

27264 negligible yes 3.46% no 3.5 (max.) .020 (max.) .467 100 

26862 negligible yes l.39°,.:J no 1.75 (max.) .010 (m,,x.) .467 100 

27237 nrgligiblc yes 3.42% no 3.5 (max.) .020 (max.) .467 100 

155A subst«ntial yes J ,J0O/o yes 12.64 .078 .488 100 
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sible to make an assessment of possible differences 
among the lubricants. However, since much more at­
tention was paid to thread lubrication in this second 
aluminum test, the results suggest it is this fact, rather 
than any specific lubricant characteristic, which con­
tributed to the relatively easy removals. 

Tanks 27853 and 27264 had the most difficulty in 
valve removal, since the teflon-thread protection 
came off and jammed in the threads. As suggested, it is 
probable that the plastic extender, rather than the 
teflon, reduced the corrosion activity in these two 
cylinders. Tanks 26862 and 27237 show a similar low 
activity. 

It is our belief that present brass scuba K-valves 
could be made much more inert by simply covering the 
brass extender with some tight-fitting and inert plas­
tic tube. This reduction in brass area should make pit 
initiation a far longer process than found in these 
tests. However, the dezincification and in-threads alu­
minum corrosion would not be affected too greatly, so 
heavy amounts of thread lubricant are also probably 
required. 

Lubricants might present a possible health prob­
lem because their behavior under long-term high oxy­
gen partial pressure is not understood. One of the 
common complaints of divers involving aluminum 
tanks is the "smell" and "taste" of the air, especially af­
ter long storage periods. This appears to be the result 
of volatile agents in the lubricant mixing in the breath­
ing air. This problem can be eliminated by allowing 
two to three hours between application of the lubri­
cant to the valve and insertion of the valve into the cyl­
inder. This effect is not, in our opinion, of the same ur­
gency and damage potential as the accumulation of old 
rusting steel tanks. The aluminum tank, especially if it 
is given proper care, should certainly outlast the steel 
tank by several lifetimes. 

Conclusions 

These three tests give ample evidence that the 
present aluminum scuba tanks offer unparalleled 
safety in the containment of high-pressure air under 
the stringent environmental requirements of scuba 
diving. If the aluminum tank is carefully cleaned, the 
brass K-valve extender covered as noted earlier, and 
the neck threads liberally and carefully covered with a 
proper lubricant, there is no reason why the tank 
should not last through several generations of a diving 
family. The use of aluminum valves in aluminum 
tanks would appear to almost eliminate corrosion 
problems except under the most exceptional condi­
tions of saltwater exposure. 

Aluminum tanks, on the basis of these tests, 
should be stored on their sides (first preference) or up­
right (second preference), but never inverted. Since 
any corrosion attack is less in reduced oxygen partial 
pressures, the reduction of tank pressure in aluminum 
tanks is desirable but by no means as important as in 
long-term storage of steel scuba tanks. When practi­
cal, valves of stored aluminum tanks should be left 
partly unscrewed. Nothing that could get into a stored 
tank with an open end could possibly damage it as 
much as having a tight valve gall in place. 

Steel tanks should be stored at minimum (50 psi) 
pressure, upright if possible, and the interior should 
be checked at least annually, and perhaps as often as 
every three months if service involves tropical condi­
tions and/or very frequent use. Any time a diver 
breathes down his tank in the water to local pressure, 
there is a good chance that water may have entered. 
Whether of steel or aluminum, the tank should be 
opened and washed out with fresh water, then thor­
oughly dried. 

The fact that very few injuries and deaths are 
caused by scuba tank corrosion is quite remarkable, 
considering the highly corrosive nature of salt water 
and oxygen at such high pressures. However, no steel 
tank is getting any younger; replacing them with alu­
minum tanks would appear, on the basis of these sev­
eral tests, to offer even surer defense against a 
compressed-air explosion in a crowded dive shop or 
university gymnasium. 
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