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FOREWORD

This report covers the testing of liquid rocket propellant tankage
and propulsion subsystems to evaluate their long-term storage character-
istics. The testing is being conducted by the Air Force Rocket Propulsion
Laboratory, Edwards, California, under project number 305805FRJ. The
testing is being conducted in test area 1-40. The project engineer is
It Richard B. Mears, and the time period covered by this report is from
January 1967 through March 1969,

This report has been reviewed and approved.

EDWARD E, STEIN, Chief

Propulsion Subsystems Branch

Liquid Rocket Division

Air Force Rocket Propulsion Laboratory
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ABSTRACT

Air Force weapons systems require long-term maintenance-free
storage, preferably unde: uncontrolled environmental conditions. Liquid
propulsion system components must be capable of satisfactory operation
after years of exposure to highly reactive propellants while retaining the
propellant without leakage under severe ambient conditions of temperature
and relative humidity, O-uidizer leakage caused by improper component
design and severe ambient storage conditions has presented serious
operational problems,

The Air Force Rocket Propulsion laberatory (AFRPL) has initiated a
program to investigate the storability of liquid system components and
tankage under extreme conditions of relative humidity and temperature. A
variety of system components and tankage materials are being evaluated
for long-term storability with storable liquid rocket fuels and oxidizers.
Storage conditions are 859F temperature and 85 percent relative humidity
for oxidizer systems and 70 to !500F temperature for fuel systems, The
propellants under test are N,O4, Clk'3, ClFs5, and MHF-5. Tankage
materials under test are var%ous alloys of aluminum, steel, and titanium.

The results of almost 2 years of testing on a representative number of
tankage materials have indicated that leakage of propellant can occur as a
result of improper weld joint design, inadequate quality control in fabrica-
tion and inadequate acceptance leakage testing. Factors which can con-
tribute to the development of oxidizer leakage are a high ambient relative
humidity (>30 percent) and stress corrosion cracking susceptibility of the
tank material in combination with the propellant and trace quantities of
foreign compounds/elements in the propellant,
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SECTION I
INTRCNUCTION

Experience with liquid propellant rocket feed systems has shown that
leakage of oxidizers can occur and constitute a difficult problem under
certain environmental conditions. In propellant tankage, leakage has been
observed in or adjacent to weldments, and more specifically in weldments
in which a double heat cycle has occurred, either by repeated welding to
effect a repair or by intersecting weldments. It has been shown experi-
mentally (1) in the case of N204, that when a vapor leak occurs the result
is drastically influenced by the relative humidity of the atmosphere sur-
rounding the tanks. If the relative humidity is on the order of 30 percent
or lower, the nitric oxide vapor, which is the leaking fluid, dissipates into
the atmo2sphere and does nothing to aggravate the leakage. If the relative
humidity is in the order of 40 percent or greater, however, it does not
dissipate, but rather hydrolyzes, forming dilute nitric acid on the exterior
surface in the immediate vicinity of the leak (Figure 1), The action of the
nitric acid is to enlarge the original leakage path, working inward toward

‘the source of the leak. Eventually, a small, or even minute vapor leak can

become a large liquid leak, if it is allowed to proceed. Although a similar
detailed experimental program has not been performed with the storable
fluorinated oxidizers such as ClF3 and ClF'5, an analagous process would
be expected with hydrogen fluoride as the hydrolysis product.

In the past, the selection of materials for syatems applications has been
based uon conventional fluid compatibility testing to determine discoloration,
pitting, weight loss or gain, notch sensitivity and stress corrosion cracking
susceptibility as well as potential degrading effects on the propellant. Ewven
after this thorough analysis and selection process, the material or the
processing used in the propellant tankage may not function properly for
extended periods or may develop leaks during its storage life. The use of
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conventional compatibility criteria, while certainly an essential part of the
material selection process, has not served to screen out materials or
processes which are not suitable for extended storage of liquid propellants
when fabricated into system tankage. The major limitation on interpreting
long«term storability effects in realistically severe environmental condi-
tions of storage or service life is the inability of conventional compatibility
criteria to predict leakage. Tne poussible exception is the identifying of
susceptibiiity to stress corrosion cracking. In liquid propellant tankage,
this susceptibility usually leads to catastrophic rupture of a tank rather
than leakage, since few, if any, flight-weight tanks have a "leak before
burst capability'. Srnall, undetected pin holes o» microcracks could be
formed by an attack of the propellant on grain boundary precipitates and
inclusions, but would not be detected by weight gain or loss calculations
and would probably go undetected. The possibility of such defects forming
is greater in the limited~weldability materials where there is a tendency
for microcracking. The size and methods of procucing test specimens
used in compatibility work eliminates many of the manufacturing and quality
control problems associated with production systems. Smooth, polished
samples, welded or unwelded, are not comparable to fabricated tankage
material. No., 2014 T-6 aluminum is compatible with nitrogen tetroxide
(N2O4 MIL-P-265398), however, experience has shown that N,Oy leakage
can occur with this 2014 T-6 material, usually in the heat-affected weld
zone, in a humid environment (>30 percent), Long periods of storage may
affect the functional perforfna,nce and system reliability of prepackaged .
liquid propulsion systems. There are mar;y areas to congider in providing

data to supplement coupon compatibility testing. Storage conditions must

be selected that are representative of systemn operational conditions. Such

factors as humidiiy and temperature play an {mportant role. A detailed ‘
propellant analysis before and after testing is required to evaluate the Coe
effects of storage on the propellant. The cleanliness level of test articies

must be known for reasons of safety, but equally important. tv evaluate the

processer which were used to effect this level. Materials and chemicals

ured for cleaning may have an effect on the system life.  In the same
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manner, manufacturing processes and quality control standards may impose
many unforcscen conditions which vary from one manufacturer to ancthur.
Throughout the fabrication of a test article (i.e., during welding, x-ray,
dye penetrant inspectior and test), all data should be available to result in

a meaningful post-failure analysis in the event that leakage occurs. Metal
preparation prior to welding may make the difference between a satisfactory
or unsatisfactory weld with regard to its ability to countain propellant with-
out leakage. Helium leak testing of systems and the technique of leak
testing are very important since small leakage which cannot be detected by
x~ray or dye penetrant inspection can lead to propellant leakage under
adverse environmental conditions. These variables must be known and

controlled in a meaningful storability program.
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SECTION 1L
PROGRAM STRUCTURE

The Air Force Rocket Propulsion Laboratory (AFRPL) initiated a
program entitled '"Packaged System Storability'' to supplement laboratory
compatibility work. This program deals with evaluation and demonstration
of long-term (5 to 10 years) storage -of tankage, components and integrated
propulsion feed systems with present and advanced propellants. Materials
under investigation include aluminum, steel, and titanium alloys. Test
systems include tankage, integrated systems, consisting of tankage and
feed system components, and complete feed systems including tankage,

components, expulsion devices, and gas pressurization systems,

Tune AFRPL program consists of two basic types of te ting: propellant
tankage and integrated feed systems. Tne organization of the program is
presented in the succeeding paragraphs,

A. PHASE I - SMALL CONTAINER TESTING

Small containers of approximately 1 quart capacity manufactured from
aluminum and steel alloys are used to evaluate a particular problem to or
evalnate promising materials. These test articles are inexpensive and
serve as excellent ""scireening' devices, but cannot duplicate larger manu-
facturing and production problems. Figure 2 shows the 3~ by 6-inch con-
tainers in the test chamber, along with the radicisotope liquid-level gage
system used to control the propellant loading operation in all phases of the
program. Figure 3 shows the l-quart containers in the Quonset hut,
Figure 4 shows the 301 stainless steel cylinders. This phase is subdivided
into three parts;

Part 1 = 3- by 6-inch Containers. Forty containers manufactured from

2014 T-6 aluminum, by Douglas, General Dynamics, Martin, and North
American are used to evaluate various approaches to manufacturing
2014 T -6 tankage for containment of NpOy.
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Part 2 - Alcoa l-quart containers. An Alcoa standard container for
malerial compatibilitv testing is used to evaluate the storahility of various
standard and experimental aluminum alloys with N204, CIF3, and CIFS.
The aluminurn alloys are 2014 T«6, 6061 T-6, 7007 T-6, 2219 T-81,

5456 T-6, 3003 T-6, and X2021 T-6.

Part 3 - Arde Cylinders. Srnall cylindrical containers, developed by
Arde, Inc., as high-pressure CO, cylinders of AISI 301, crycgenically
stretch formed stainless stell, are used to evaluate the storability of this

material in both an aged and unaged condition with NZO4 and CIFS.

B. PHASE Il « AFRFL INTEGRATED SYSTEMS

Figure 5 shows these systems located in the Quonset hut. These sys-
tems consist of the major components of a propellant feed system which
contact propellant during the storage life of the system [Fifteen~gallon
tankage is of 2219 T-81] aluminum and AM350 steel. System components
consist of pressure switch, explosive valve and burst disk. Fittings are
AFRPL muchanical fittings (MIL-F=-27417) and TIG welded joints. Since
the tankage material and the component materials are of both aluminum
and steels, inter-mnatal transitions are made using both mechanical fittings
and solid-state bonded transition joints. Twenty-four systems have been
integrated, 12 using aluminurn tankage and 12 using steel tankage for
storability evaluation with NZO4 and CIFS.
C. PHASE III - FIFTEEN-GALLON TANKS

Figure 6 shows these tanks located in the Quonset hut. This phase
constitutes the tankage test phase of the program in which different metals
and alloys are evaluated with NZO4 and CIFS‘ A totzl of 24 were procured:
12 each from the Martin Company and General Dynamics/Convair, from
several aluminum, steel and titanium alloys. The tankage was manufac-
tured using large-scale tank production methods. Tankage included dome
gore welds, cylindrical and longitudinal welds, which are representative

of large tankage design., Manufacturing process records, x-rays, inspecw=
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tion logs and metallurgical samples of welded and unwelded materials were

deiivered with the tanks to serve as test article documentation,

D, PHASE IV - EXISTING TANKS

Figure 7 shows the two 2219 aluminum tanks, Figure 8 shows the
three Bullpup ""B' missile tanks. Figure 9 shows the 6061 aluminum
Agena tank. Existing tankage manufactured on other AFRPL and govern=
ment contracts is being considered for inclusion into the storability pro-
gram. Various materials such as 2219 T-81 aluminum and 2014 T-6
aluminum in Vtankage sizes up t2 400 gallons are included in the program.
In addition, an Agena 6061 T-6 aluminum tank has been tested for 3 months
with NZO4 to simulate the launch site hold requirement of the improved
Agena stage. The NASA specification grade NZO4 (MSC-PPD~2A)
characterized by an NO content between 0. 4 and 0. 8% was used.

E, PHASE V - PREPACKAGE FEED SYSTEM

Figure 10 shows these systems located in the Quonset hut. General
Dynamics/Convair developed prepackaged feed systems. These systems
include electron-beam-welded 2219 T-81 aluminum tankage with both
rolling diaphragm and surface tension screen expulsion devices and liquid
propellant gas generator (LPGG), solid propellant gas generator (SPGG)

and high-pressure stored gas device (GD) pressurization systems. Systems

were loaded with NZO4‘ CIFS. and MHF .5, delivered to the AFRPL, stored,

vibrated at time intervals and finally operated to evaluated system com-
ponent functioning. After expulsion, the system will undergo destructive
analysis in the laboratory.




SECTION III

TEST FACILITY

Storage testing of the NZO4 tanks is conducted in a metal Quonset hut
storage test building equipped to provide a constant controlled environ-
ment of 85% temperature and 85% relative humidity. The storage test
building is insulated by a spray-in-place foam (polyurethane)., Environ-
mental conditions are maintained by two evaporative coolers and immer-
sion water heaters. Variations in test conditions are approximately t 5%°F
temperature and +5% relative humidity. Safdty provisions in the storage
test building consist of a Firex-type water deluge system, large water

drain piping, fire detectors, and closed-circuit television monitoring,
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SECTION IV

PROCEDURES

A, TEST ARTICLE INSPECTION

The primary responsibility for quality control and quality assurance
of the test articles was vested in the manufactures of the test articles. To
insure high-quality test articles for use in the storability program, as
well as to provide a ineans to conduct a comprehensive, meaningful failure
analysis and failure cause determination where failures did occur in test=
ing, procedure specifications governing all aspects of test article manu-
facture, inspection, and cleaning were either generezted or were identified

for use in the procurement of all test articles used on the program.

All test articles and test systems, with the exception of the Phase V,
Prepackaged Feed Systems, were leak tested and recleaned at the AFRPL
to insure against the development of leaks and the introduction of con-
tamination during shipment of the test articles from the manufacturer,
The procedures followed at the AFRPL for these processes were similar
to the procedures used by the manufacturers of the test articles.

B, PROPELIANT LOADING

The following procedures were used to load propellant into the test
tanks and systems, with the exception of the Phas: V, Prepackaged Feed
Systems, which were loaded with propellant by the manufacturer prior to

delivery.

2
opening a vent valve on the top of the test system and a fill valve on the

bottom. The liquid level was controlled by means of a radioisotope (Co
liquid-level sensor system attached to the tank at the desired level. This

_1}}2_(_)_4 ~ The N O4 tanks and systems were loaded by individually

method of level control proved to be entirely satisfactory.
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CIF, - The procedure for loading CIF | was identical to that used for
3 P g 3

NZO‘}'

CIFg - The procedure used to load NZO4 and CI.I:'“3 was found to be un~
suitable for loading CIF‘,5 because it resulted in large CI.I:“5 losses. This
was due to the high vapor pressure of C[F5. The procedure used consisted
of cooling the tank with low-temperature gaseous nitrogen and pressure~
transferring the CIF5 into the test tank with the valve closed. In addition

to eliminating the loss of CIF5 this procedure significantly reduced the
time required to load.

C., TEST ARTICLE PASSIVATION

All interhalogen tanks and systems were passivated with gaseous

fluorine prior to loading with propellant. The procedure used consisted

of incrementally increasing the partial pressure (mole fraction) from

25% to 100% in 25% increments, with a hold period of 4 hours at each in~
crement.
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SECTION V
DISCUSSION OF RESULTS

A summary of all test articles and the results to date is presented in
Tables I through V.

A, PHASE 1 ,

The 3-by 6-inch system has hadfive failures. The first four leaks
were observed after storage at 859F and 85% relative humidity for 5 days.
These containers were helium leak-checked after failure under the same
conditions as before leakage occurred, using 90 to 100% mixture and
nitrogen and helium and hand probe. High leakage rates were detected,
Preliminary analysis at the AERPL determined that there was evidence of
microcracks in the heat-affected zone near the failure area. These three
containers were sent to the Air Force Materials Laboratory (AFML) for
destructive testing and failure analysis. The AFML reported that the fail=
ures were a result of poor container end-plate joint design which resulted
in lack of penetration in the flat 1/4~inch plate to the . 064~inch«thick cylin-
drical section. The AFML report is presented as Appendix I to this report.
This design was characteristic of containers manufactured by two con=
tractors. The designs by two other contractors eliminated the problem by
cutting the 1/4-inch end plate to . 064-inch at the weld area. To date, there
has been only one failure in this area on the improved design containers.

No analysis has been accomplished on this tank,

B, PHASE II
These systems have been in test with NZO4 since 9 May 1968. As of
this date, no leakage has occurred in either the tanks or in any of the

system fittings or components.

C. PHASE III

There has been a total of nine propellant leaks with NZO4 and five with
C]’.Fs. There are six tanks remaining in NZO‘1 tegt; in CIFS, none are
10 '




actually in test, although three are ready to be tested. Of four 2014 T-6
aluminum tanks, one leaked within 1 month and the remaining three are
still in test. An analysis of the one leak revealed that excessive chemical
attack had occurred in the region of the larger of two leaks on the outside
of the tank. This attack occurred primarily along the weld heat-affected
zone, after the tank had leaked. NO2 reacted with the atmospheric mois«
ture, forming dilute nitric acid which rapidly attacked the aluminum alloy.
The major leak occurred at a ''tee' weld intersection, Numerous gas
voids with an interdendric crack network running from hole to hole were
found. The weld played a major role in the failure initially. A sound
weld, of good quality, would not be expected to suifer corrosion in N204'
An intergranular corrosion coupled with the presence of a stress field and
gsome contamination, probably surface contamination, was believed to be
the cause of the failure. The reports of the failure analyses performed to
date are presented as Appendixes I and II to this report. The same con
clusions were presented in a third failure analysis, which is reported in
Reference 2. Reports of the failure analyses of the remaining leaking

tanks will be published as they become available.

All the titanium tanks leaked in less than 35 days after loading with
NZO4' Both the 6Al1-4V and the 5A1-2, 5 titanium alloys in the annealed
condition were tested. Consideration was given to the use of the NASA
grade NZO4 (MSC-PPC-2A specification (green)) in the loading of the
titanium tanks because of the stress corrosion problem encountered with
MIL-P=-26539B specification N‘._,‘O4 (brown). The stress levels in the tank-
age, based on nominal loads and thickness, however, were considerably
below the threshold for stress corrosion cracking reported (16Ksi versus
90Ksi). The test termperature was to be significantly below the tempera-
tures at which problems were encountered (859F versus 1109F), On the
basis of these two considerations, stress corrosion was not thought to be
significant and the tanks were loaded with MIL-P-26539B specification
N204 (brown). Fracture analysis of two of the five leaks revealed that

stress corrosion cracking was present in the failure area and was very

11




probably responsible for the lealkks. The reoports on these analyses are
presented as Appendix II of this report. It is quite likely that warping
loads which were introduced by welding in the leak area resulted in residual
stresses which significantly increased the local stress level above the
calculated general membrane stress level. A repair had been made of the
weld in the vicinity of the leak and some distortion was visually evident.

A failure analysis has been initiated to do similar analyses on the re-
maining tanks which have leaked. The analyses that will be performed are
as follows. An initial micro~-examination will be made to observe gross
effects with regard to corrosion appearance and leakage site appearance.
The corrosion products will be analyzed and a helium leak test performed
to pinpoint the location of the leak. The leak will then be radiographed
and sectioned to expose the fracture surface. Subsequent analyses will
depend on findings to this point. Optical photomicrographs will be taken
as a minimum. If further analysis is warranted, electron fractrography
and electron microprobe work will be done.

D, PHASE IV

Two types of tanks are currently in test with MSC-PPD-2A specifi-
cation N204 (green). The first type is an aluminum, bipropellant tank,
approximately 44 inches in diameter and 67 inches in length. The tank is
made of 2219 T.81 aluminum and includes a common dome between the
fuel and oxidizer. For storability testing, NZO4 (MSC~PPD-2A specifica~
tion (green)) is loaded in both the fuel and oxidizer portions of the tank.
Two of these have been in test since 21 May 1969 with no leakige to date.

The second type of tankage is a standard Bullpup ""B'' missile with all
ordnance devices omitted. NZO4 (MSC-PPD-2A specification (green)) is
loaded in both the oxidizer portion (normally IRFNA) and the fuel portions
of the tank (normally MAF-2). The tank material {8 2014 T«6 aluminum.
Three Bullpup '""B" missile tanks have been in test since 21 May 1968 with
no leakage to date.

12
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A short-duration storabilily test of a standard Agena tank was conduct=-
ed with MSC-PPD-2A specification (green) NZO4 (Figure 7). Oxidizer was
loaded in hoth the oxidizer portion of the tank {normally IRFNA) and the
fuel portion (normally UDMH). The Agena tankage is 6061 T-6 aluminum
with a common dome between the fuel and oxidizer. Testing was conducted
for approximately 90 lays at 85% relative humidity and 85°F temperature

with no leakage occurring.

E, PHASE V

Two prepackaged systems suffered leakage during storage testing in
identical mudes of failure: one oxidizer (CIFS) and one fuel (MHF'-5), A
small (1/4~inch~diameter tube approx‘mately 2 inches long welded to the
bottom of the tank serves as a propellant loading tube. The procedure used
by General Dynamics/Convair was to install ''vee'' shaped clamps to the
tube after the propellant was loarled and weld a plug into the end of the tube.
Leakage occurred at this plug weld. The oxidizer system was destroyed
because of the hazard of attempting a repair ‘vith CIFS. The fuel system
was returned to test after it was repaired by '""repinching'' the tube and re-
placing the welded plug with an AN fitting.

The oxidizer systems are located in the modified Quonset hut and the
test conditions are 85% relative humidity and 85°9F temperature. The fuel
systems are located in a temperature-controlled building and are cycled
between ambient temperature (709F) and 1509F.

13
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SECTION VI

SUMMARY

TA representative number of liquid propellant tankage metals, fab-
ricated by typical production methcds of forming and welding and subjected
to the same degree of inspection and quality control documentation as
production tankage, have been evaluated in storage testing for nearly 2
years. A number of leaks have occurred in all three types of tankage
metals-aluminum, steel, and titanjum, However, a significant number of
tanks have successfully held propellant for the same time period in both
N204 and CIFS. In general, the failures have been attributed more to
quality of fabrication, welding in particular, than to the meials themselves.
It is realized that those metals which are mnore difficult to weld are un-
doubtedly more susceptible to poor quality welds than metals which are
more easily welded. Weld repairs are very susceptible to leakage, and
although repairs may be necessary with any tankage metal. difficult-to-

weld metals are more likely to require repair.

The titanium tankage leaks, being caused by stress corrosion, were
related to the grade of propellant used in the test. This testing is being
repeated using a grade of propellant which should inhibit struss corrosion

cracking and thereby prevent leakage.

Solid-state bonded tanks offer great promise by the elimination of the
single major cause of propellant tankage leaks, the cast structure of a
fusion weld. A solid-state bonded joint is metallurgically identical to the
parent metal of which the joint is made. The microcracking, porosity, and
other imperfections which occur in fusion welds are eliminated from a good
golid-state bunded joint. Since leakage is intimately associated with weld
quality, improvements in joints technology will produce corresponding im-

provements in eliminating leakage.
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sOBRONAUTICAL SYSTEN? ' VitIOH,
AIR FOSCR ATBRIALS LAT02AZ0R)
WRIGHT.-PATTERSON AIR PORCE BASE, OHI

Materlals Application Diviodonasamaone
EVALUATION REPORT

INVESTIGATION OF LBAKING WELDMBNTS IN 2014 ALUMINUM ALLOY
Nzo CONTAINGRS

4
REPORT HR! MAA 67=8 PATE ) Fagbruary 1967
PROJECT NR: ARRPL 305805223 TYPE EVALUATION:! nglugg Analysis
MANUPACTURER sPEC NR:
UBMITTED 8Y1 ARSC (ARRPL/RPRPT) ITEM SEAIAL NA:

Attnt Lt Goodwin
Bdwards Callf 93523

%, PuRPOSE:

Ascaxtain causas of leaks in nitrogon tetroxide containers of welded
2014 aluminum alloy construction,

12, PACTUAL DATAS

1. Three aluminun alloy cylindrical containers approciimatoly 3«1/8
inches in diametoxr by 6% inches in leugth, wihich had beon removed from
service in an N3O, systom because of loakage, wora gubmittod by AFRPL
lottor dated 10 Novembar 1966 to MAAS for foilura analycise. Locations of
obasarvad leoks were marked as indicated in Figa. 1 through 4. The tank
matorial was indicatad to be 2014 aluninum alloy, Jolnad by hallare wolds
with 4043 alloy fillar nmatal.

2. Visual examination of the outer surfaces rovealed the prosenco of
geonezal coxrosive attack in the weld arecas, with soloctive and sovera
attack in tho weld heat affected sones adjacont to tha wold Loadoe In
varying dagree, tha conditions provalled on all threa contadncrse Radiow
graphy of tha wald arcas indlcated tha prescnce of porooity and variation
of weld ponotration particularly in the areas in which loaks wore obsorvads.
It was noted that leakaszo was vory prevalent in the tiold cvorxlop arcas and
at an area which apparently contain & repalr wald, ccao Flge 26

3, To dateralne whothor coxrosion was a caucativa factor in the
dovoleprant of tho leni:age channola, the containers wore acctlonad at
sugpact arcas to pounlt cianlnatlon of tho innor surfaces of the coatainexe
and to provide motaliuxgieal sections through the wolda. Thers wera no
visual indications of corrogsion on the innor surfacca. Veld ponotration
cf thoe joints in the ,063 inch wall ocociions was esotislactory as was the
goundacas of the joints o:icopt for wald overlap arcads Tho circune
fercntial welds joining tho ,063 inch walls to tho ,200 inah heads woro not
' _aonnd, coe Flge Se, whilch showa the fractured surfocas of & portion of such

THIS REFORT 13 NOT TO BE USED IN WHOLE OR IN PART FOR ADVERTISING OR SALES PROMOTION PURPOSES
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a weld after forcing it aparxts The configuration of the mating eurfaces £se
&t varlance with thae drewiigs euppiled wudes 8O cuuiiact AFGA{041)-20300

in that the edges of the head plates were not baovelleds Without tha

bevel it fe impractical to attempt to protect the metal surfaces on the

back of the jolnt by & atzeam of Linert gus during welding. Failure to
provida adequate protection is gonfirmed by thae lack of fusion and oxidized
surfaces of the ball of deposited metal which appoars in Fige. 6, Flg, 6

iv a viaw of tha inner surfaces in the weld repair area betweon well soction
and head of tank NA-2, the outer surfaces of which are shown in Fig, 2.

The result is on open orack capable of causing stress concentration variously
estinoted at 8 to 10 times that which would be anticipated had & ganerous
fillat been provided,

4, The combination of high stress and surface contamlnuation rosulted
in crack growth by stress corrosion as indicated by Figs 7.

I, CONCLUSIONG:

1s The design of the joint batween cylindrical wall and the disc
Lead provides built~in stress concentrations and makes the attainment of
4 satisfantory weld very difficuls,

3. Weld daposits wexe unsound and penetration was erratic. .
3 lLeakage initiated at weid flaws,

<o The lhwat of walding apparently canse metallurgical changes in the
base metal which nade the heat affectad zonea particularly ausceptible
to qgoxrosion by escaping NaOg after mixing with the outside atmoophere.
Repeated application of welding heat, a8 at weld overlaps or yapairs,
acoentuated the unfavorable condition.

Ve SECOMENDATIONSS

ds Modification of welding procedures and container jJoint desion
10 assure sound welds, with f£illats at interior angla jokits, are essantial !
to zeduct localised stress concentrations and improve the integrity of }
the contaliners,

8¢ Belection of a more wldable aluminum alloy, with attendant
increase in weight, {s suggested as a means of allaviating the tendancy
towaxd seloative cowzosion at the heat affected sones adjacent to weldmants.
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Appendix I, Figurce 5.

Fractured Surface of Weld
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Appendix I, Figure 6

Inner Surface of Weld Repair
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Appendix I, Figure 7.

Stress Corrosion Crick
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Delense Metals Inlormation Center

Battelle Memorial Institute
5 0 % K I N G AV E N U E

COLUMBUS OH IO 43201
Arta CODEL 614, TELEPHONE 299 - 318

January 29, 1968

Mr. J. E., Branigan

Code RPRPT

Alr Force Rocket Propulsion Laboratory
Edwards, California 93523

Dear John:
We have completed our examination of the two 15 gallon tanks which
failed in the long term storage tests with red N,0,. One tank was constructed

of Ti=6Al-4V, the other of 2014 T~6 aluminum, Olr finding may be summarized
as follows:

Titanium (Ti-6Al=4V) Tank

It is our understanding that the 15 gallon tank for the long term
storage test of Nzo wag manufactured by Martin-~Denver, After cleaning and
decontamination accoérding to Martin Company process speclfication EPS 50063,
it was recleaned by EAFB as followsa:

1, Solvent decrease = Perchloroethylene
2, Rinse = Alcohol and deionized water
3, Dry = N, gas

After leak testing at 150 psig with a mixture of N, and He the tank
was filled with red N 04 at 100 psig and stored in an euviro%mental chamber
at 85 F and 85 percen% relative humidity. Leaking N,0, was detected visually
after about 35 days on test, The tank was emptied and retested for the leak
points,

Two areas on the tank were marked where leaks were detected, The
most obvious of these was a crack adjacent to a weld bead where the weld bead
overlappea, The second arca was on the side wall of the tank and not assoclated
with a weld, No obvious leak pnint could be seen on this region,

Several metallographic sections were taken from this second area
and carefully examined, No cracks or flaws which could account for the leak
were found, In addition, no evidence of any attack was noted on the surface
prior to sectioning., The absence of any detectable flaw by the section=and-
search technique suggests that the leak probably was the result of helium
migrating over the surface of the tank from the large crack at the weld.
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Mr. J. E. Branigan 2 January 29, 1968

The tank was sectioned at the weld as shown in Figure 1 and the
crack examined metallographically., Figure 2 contains a photomicrograph of
the large crack adjacent to the weld bead and four smaller cracks toward
the edge of the heat affected zone, Figure 3 shows a higher magnification
of the small cracks in Figure 2, Figure 4 is a more detailed view of the
large crack, All of the cracks propagated from the inside of the tank
outward.

Hardness measurements were made at the points marked on Figure 2 .
and the results of these measurements are listed directly below the marks
on the photo (KHN)., Contamination of the weld would have been expected to
regult in much higher hardnesses and a much greater range of hardnesses
than was observed, 1In view of the structure and hardness the possibility
of weld contamination does not appear to have been a significant factor in
the failure,

The morphology of the cracks observed is typical of that normally
associated with N,0, stress corrosion cracking of the titanlum-6Al-4V alloy.
There seems little éoubt that the failure of the tank was anything other
than stress corrosion cracking., While little or no differences in suscep=
tibility to stress corrosion cracking in N,0,has been observed for welds
versus parent material, the fact that the Cracking in this case is associated
with the weld 1s not expected, For example, pressurizing the tank to LOQN peig
results in a hoop stress of only 13,3 KSI, This is far below the threshold
stress of about 40 KSI which has been found to initiate sracking of titanium
in NZO +» It 1s iInteresting to note that the crack occurred at a weld overlap
or sevéred area, Such a condition would be expected to give rise to highly
localilzed streoses which coupled with the applied load of 13.3 KSI are
suffictient magnitude to initiate and propagate a stress corrosion crack, The
fact that four other titanium tanks (one Ti-6Al=4V, three T1~5A1=2,58n) have
failed in your N 048C0r8g¢ studies at a double pass weld, to junction weld
and/or weld repalr 1s further evidence that such conditions endure high stresses
necessary for cracking in N,0,. It is doubtful that any failures would have
occurred at least in the short exposure time if the welds had been of a
different conflguration,

Aluminum (2014-T6)Tank

The same procedural details listed for the titanium tank (.st
paragraph of the previous section) apply to the 15 gallon aluminum tank,
with the exception of the Martin Ccmpany cleaning procedure and the time
failure, The aluminum tank failure wasg detected after 22 days in test,

As before, failure was determized by visual observatlon of the leaking gas.
Exten,'ve chemi.al artack ha: occurred in the region of the largest of two




Appendix II, Figure 1.

Double-Pass Weld With Adjacent
Crack Viewed Fromn Inside of Tank
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Appendix II. Figure 3.

Small Cricks Toward the End of the
Heat-Affected Zone
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Appendix II, Figure 4. Large Crack Adjacent to Weld Bead
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Mr. 1, E, Branigan 7 January 29, 1968

leaks on the outside of the tank, This attack took place primarily along
the weld heat affected zone, after the tank leaked, In this case, N,0,
reacted with water from the high humidity environment forming nitric 1ctn
which rapidly attacked the aluminum alloy, This is illustrated in Figure 5,
The severity and extent of the cxternal corrosion surrounding this N,0O

leak suggests that some time had elapsed between the initial leak una the
actual observation of the leak, It 1s polnted out that the attack occurred
after the leak and was not the cause of the leak.

The major leak point at the tee junction of the weld was sectioned,
Numercus large gas volds with an interdendritic crack network running from
hole to hole was found, This is shown iu Figure 6, There is no doubt that
the weld itself playud & major role in the failure at thia point., The number
and size of the gas voids in the weld is reason enough to conclude that the
weld was substantially weakened at this point, A sound weld of good quality
would not be expected to suffer corrosion in the Nzoa.

A number of small white spots wera observed adjacent to the weld
in the vicinity of the leak at the tee, Simllar spots werae also found aither
in or near the entire area of the top circumferantial weld, The center of each
spot contains a amall fissure oriented perpendicular to the direction at major
stress on the tank, This consistency of orientation perpendicular to the
major stresses suggests a stresa enhanced fallure mechanism,

The largest of these white spots (located about 4 inchus to the right
of the tee in Figure 5 was marked as a second leak point on the outside of the
tank,

rFigure 7 is & crous sectional view of the fissure in the largest of
the white spots where the sacond leak was marked,

This type of Intergranular corrosion is a common ohaservation on
aluminum alloys, An applied stress enhancea such attack and this would explain
the unidirectionality observed, The inltial breakdown of the normally passive
N U, /aluminum syatem at these points iv belleved to have been caused by
aur ace contaminatlon,

Contamination could have been present from many sourcea such as water
condensate during shipping or cleaning fluild residue, The combined action of
some contaminant and the N,0, environment 15 the probably cause of the accelerated
attack.

The Defens~ Metals Informuation Center was glad to be of assistance in
the examination of the tauks. 1If you have any questions, or if we can be of
further assistance please let us know,

Very truly yours,

KD FETD

Chief
Corrosion Rescarch Divigion

WKB:rs
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Appendix II, Figure 5. The Weld Tee Junction of the Aluminum Tank

Showing the Extensive External Corrosion From
Nitric Acid
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