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way supplied the said drawings, specifications, or other data,
is not to be regarded by implication or otherwise, or in any -
manner licensing the holder or any other person or corporation,

or conveying any right or permission to manufacture, use, or

sell any patented invention that may in any way be related

thereto.
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SECTION I
INTRODUCTION

The long term storability program for liquid rocket propellant
systems initiated by the Air Force Rocket Propulsion Laboratory at
Edwards Air Force Base has been a continuing effort to supply
desigrners with material environmental response data that may be
utilized for the design of liquid propulsion systems in which 5
to 10 year mission life can be obtained with confidence. The
subject contract provides insight to the metallurgical response
of the precipitation hardenable alloy A-286 and to cryostretched
301 stainless steel. The scope of this contract covers evaluation
of representative aerospace tankage in which advanced processing
techniques were combined with fabrication and inspection techniques
representative of normal aerospace practice. The A-286 tankage, a
cylindrical domed end tank, utilized solid state bonds instead of
welds, while the spherical 301 cryoformed stainless steel tank
contained a brazed ring-stiffened 304 stainless steel internal
diaphragm for positive expulsion.

The tanks metallurgically evaluated under this contract had
been in long term storage for 5 to 8 years at the Air Force Rocket
Propulsion Laboratory, Edwards Air Force Base. These tanks con-
tained nitrogen tetroxide (Nzou) and chlorine pentafluoride (ClFs).
The identities and test history are summarized in Table I. This
contract is the fourth program conducted by Beldl Aerospace Textron
for the Air Force Rocket Propulsion Laboratory. Previous programs
were reported in References 1 through 3. The program had the objec-
tive to ascertain if the integrity of the hardware was affected in a
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detrimentsl manner by corrosion, fabrication techniques or
inadequate quality control procedures.

Experience in past programs has shown that leakage of com-
ponents may be considered as the predominate mode of failure or
may be in a stage ot advancement that failure may occur. This
program, as well as past programs, consisted of the following
phases:

Documentation of the propellant tankage in the "as-received"
condition. Definition of anomalies and defects that could possibly
alter the functional capabilities of the missile tankage and
associated components.

Metallurgical analysis of anomalies or defects observed in
the storage vessels.

Mechanical performance of the solid state bonds used in the
fabrication of A-286 tankage and the performance of the reversing
diaphragm for positive expulsion used in the cryogenically
stretched 301 stainless steel tankage.

The metallurgical examination of these tanks was carried out
in a sequential manner in which both the external and internal
surfaces, solid state bonds, welds used in the fabrication of the
301 cryoformed tanks and diaphragms were examined visually and
macroscopically in the as-received condition. Photographic

documentation, presenting results observed for this condition

are presented in Section V.
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Prior to sectioning the Arde tankage, each tank was radio-

graphically examined to determine the position of the diaphragm.
As part of the examination of these tanks, all diaphragms were
leak tested prior to sectioning. Utilizing the radiographic and
leak test results, mechanical evaluation of these diaphragms from
a functional standpoint was used to further determine diaphragm
integrity after storage. Mechanical properties were also obtained
on each tank evaluated to substantiate the overall strength of
each shell and to demonstrate that corrosion, to a degree that
would degrade tank performance, had not occurred.

The in-depth analysis of areas where corrosion was found to
exist was performed using standard metallographic techniques.
Observations made on both types of tanks are documented in detail
with ohotomicrographs in Section V. In several instances the
amount of corrosion observed was to an extent that some question
exists on the degres of component integrity remaining, although
no leakage or failures were observed during the 5 to 8 year
storage period.

BAT assigned numbers to the tanks evaluated in this program.

In Table I, the original Martin serial numbers are tabulated

along with the BAT tank numbers.




SECTION II
PROGRAM STRUCTURE

A decade ago the Air Force Propulsion Laboratory at Edwards
Air Force Base, realizing that future needs of operational liquid
propulsion systems would require long-term storage data on |
materials to be used in tankage and systems, initlated a storability

program. This report and the data presented herein form a portion

padias s o L alE L oo

of this program. The initial objective which still remains the
primary objective of this storability program has been to bridge
the gap between laboratory coupon tests and the basic evaluation

of tankage materials, systems and components that have endured long
term storability of earth-storable fuels and oxidizers. Tankage
materials evaluated after storage have included those of interest

to the aerospace industry. This program dealt with the evaluation

of two types of tanks that had been in long term storage (5 to 8
years) with N204 and ClF5 propellants at the special facilities
existing at Edwards Air Force. The tanks are of two types, a
cylindrical domed-end tank of A-286, a precipitation hardening stain-
less steel, utilizing solid state bonds instead of welds and a

spherical tank of AISI 301 stainless steel, cryogenically stretched

E for high strength, containing a ring-stiffened 304 stainless steel

; diaphragm for positive expulsion. In the course of this program

? the diaphragm of Tank No. 3 was completely expelled and the displace-
ment efficiency was determined. This effort gave insight to the
mechanical evaluation of these dlaphragms from a functional stand-
point.

T
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Reports by AFRPL illustrating the details and some of the

early results of this storability program may be found in References

4 and 5.

The items included in this overall program may be divided
into three basic groups: (1) small containers, (2) representative
type tankage, and (3) tankage systems with associated expulsion
devices and/or feed system components.

The tanks being evaluated after storage in this portion of
the program are all from Group II, Representative Tankage. The
tanks in this group are of the 10 to 15 gallon size, which makes
them typical of the types that would be used in reaction control
systems. The tankage in this group was fabricated by current or

advanced state-of-the-art methods. Therefore, the range of

fabrication and quality control problems encountered in manufacturing

these vessels simulate those likely to be encountered during the

manufacture of an operational liquid rocket system.




SECTION III

TEST FACILITIES AND PROCEDURES

A. LONG TERM STORAGE FACILITY - AFRPL

The tanks examined in this program were exposed to the
oxidizers Néou, and CLFS. Storage testing at Edwards Air Force
Base of tankage loaded with oxidizers is conducted in a metal
Quonset hut storage test building equipped to provide a constant
controlled environment of 85+5°F and 85+5% relative humidity.
The oxidizer bullding is insulated by a spray-in-place foam.
Envirommental conditions are maintained by two evaporative coolers
and immersion water heaters. Safety provisions in this facility
consist of a Firex-type water deluge system, large water drain
piping, fire detectors, a continuous vapor detector and closed-
circuit television monitoring. Several years ago an automatic
conditioner shutdown and scrubbing system, which is operated when
an excess of oxidizer vapor 1s detected by the facility toxic
vapor detector was installed.
B. POST-STORAGE TANKAGE ANALYSIS - BAT

The destructive examination of these tanks was conducted in
the Bell Aerospace Textron Metallurgical Laboratories. The
facilities required to conduct the metallurgical evaluation of

these tanks were available and utilized within these laboratories.
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After visual examination and photographic documentation of
the as-received and as-sectioned vessels, they were examined in
detail for corrosion, anomalies or defects using both binocular
microscopes at low magnification and higher magnification research
microscopes. Photomacrographs of local corrosion and other anomalies
were taken on view cameras. Cross sections of leaks, corroded areas,
welds, etc. were prepared using automatic rotary and vibratory
metallographic polishing equipment. Photomicrographs of these metal-
lographic sections, in the as-polished condition and after etching
to reveal the microstructure, were taken on a Leitz research micro-
scope. It was occasionally necessary to use radiographic inspection
equipment, especially to examine the suspected leak areas in the
diaphragm of Tank No. 2.

Mechanical properties were determined on all tanks evaluated in
this effort and the majority of tanks in past efforts to establish
the heat treatment conditions or presence of degradation due to cor-
rosion or other long term storage effects. Standard universal
testing machines with load ranges from a few hundred pounds to
300,000 1lbs. were used for this work.

Other facilities and equipment were used in an auxiliary or
routine manner during various portions of this evaluation program.
These included hardness testing equipment such as conventional
Rockwell or Vickers, Leitz microhardness and a Sonodur for auto-
matic microhardness traverses. Tank sectioning was performed on
abrasive cutoff saws, lathes and bandsaws. Photographs of repre-
sentative equipment used in this work were shown in References 1

and 3.




C. PROCEDURES

The procurement of test hardware and the environmental
testing of this hardware with earth-storable propellants have
remained essentially unchanged, since initiation of this long term
compatibility program, Reference 1. Although these procedures
have been previously documented they are also presented here to
maintain completeness of the presentation and to provide a con-
venient reference for the post-test evaluations of exposed hard-
ware being reported on.

Test articles evaluated in this program were procured from
aerospace contractors, where primary responsibility for quality
control and quality assurance of the test articles was vested.
This hardware was fabricated according to specific procedural
specifications encompassing detailed inspection and cleaning pro-
cedures, as dictated by the alloy being manufactured.

Helium leak testing of all individual tankage in the as-
received condition was performed to ensure against the develop-
ment of leaks and the introduction of contamination during ship-
ment of the test articles from the manufacturer. Upon completion
of the leak test, the tanks were loaded with propellant and
placed in the appropriate storage facility for storability testing.
The fuel tanks were monitored for both leakage and excessive pres-
sure rise, while oxidizer tanks, such as those in this program,

were monitored only for visual evidence of leakage.
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In the event of excessive pressure rise in a fuel tank, the

tank is vented and propellant and ullage gas samples are taken.
Tanks which exhibit continued pressure rise are removed from
testing and analyzed to determine whether the pressure increase
was due to an isolated instance or is indicative of a lack of
storability of the material/propellant combination.

Following the above exposure test procedures, in this pro-
gram and past programs, tanks were selected for destructive
examination to ascertain the cause of failure or other observed
anomalies. The metallurgical procedures used in the assessment
of corrosive damage consisted of an examination of external and
internal surfaces of the storage vessels with an in-depth analysis
following the procedure outlined below. This procedure was sub-
mitted for approval of the project officer prior to initiation of
these analyses.

1 85 APPEARANCE DOCUMENTATION

a. Those anomalies which are in large components will have
the anomaly and surrounding material segment removed for ease of
handling.

b. Take photomacrographs of anomaly surfaces; remove for
analysis any corrosion products or deposits, and take additional
photomacrographs if surface changes or new features are involved.

c. If not already visible, section away from defect to
reveal inside surface of anomaly area and take photographs of

this inside surface.
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2. EXAMINATION OF LEAK SURFACES

a. If a leak was suspected but not pinpointed, radiographs

Bl ..

and dye penetrant inspection were utilized to verify leak location
and extent.
' b. The leak area was removed carefully from the surrounding
metal.
c. After microscopic examination at 10X to 60X, photomacro-
E graphs of exposed corrosion surfaces were taken.

d. A high magnification microscope examination was performed,
to determine topography and significant features of corroded sur-
face. In all cases in this report the corrosion observed led to
sequential removal of the surface until the depth of corrosion was

established.

1 3. EXAMINATION OF PITTED SURFACES

| a. Sdction through pitted region in a careful manner so
that at least two segments of essentially equal pitting were
available for study.

b. Perform microscopic examination of one-half of pitted
surface to determine topography and significant features of pitted
surface.

b, MICROSTRUCTURE AND RELATION TO CORROSION, LEAK OR ANOMALY

a. Mount a cross section through critical’area of anomaly.

b. Polish using conventional metallographic techniques.

c¢. Examine in unetched condition for corrosion penetration

of grain boundaries or similar effects and take photomicrographs.
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d. Etch with approprilate reagents to bring out microstructure
of solid state bond and/or parent metal.

e. Examine and take photomicrographs of microstructure, both
as 1t relates to corrosion effects and also to determine matrix
microstructure and material effects.

D« CHEMICAL ANALYSIS OF CORROSION PRODUCTS AND CORRODED MATERIAL

No corrosion products were found in any of the detailed

analyses of anomalies studied in this program. Therefore, X-ray

diffraction or other analysis techniques were not required.
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SECTION IV
FABRICATION HISTORY OF TANKS EXAMINED

In the analysis of corrosion behavior of any component it
is instructive, and often necessary, to know the methods of
fabrication and the processing details involved, in order to
arrive at meaningful conclusions to the cause and significance
of observed corrosion effects. Thus, in this program of analysis
of test vessels after Néou‘or ClF5 propellant exposure, it has
been necessary to collect as much fabrication history as possible
to aid in the evaluation. This history i1s summarized in this
section, and is then referred to in detail in the metallurgical
analyses discussed in Section V. The reports and references from
which this fabrication history were obtained are tabulated in the
References (Section VII), with the specific reports from the manu-
facturers listed, where applicable, in Table II. None of the tanks
evaluated were fabricated at Bell Aerospace Textron, therefore, all
of this section represents information obtained from reports or
observations on the tanks themselves by investigators experienced
in many phases of aerospace hardware fabrication.

The tanks in this study had all been procured by the Air Force
Rocket Propulsion Laboratory and assigned to this Storability Test
program. That program has been described in detail in the previous
Section II. The solid state bonded A-286 tanks had all been manu-
factured by the Denver Division of Martin Mariet$ta Corp. under U.S.
Air Force Contract FO4611-69-C-0056. The summary of fabrication
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characteristics and specific reference to Martin Marietta reports
documenting their work are included in Table'II. These tanks are
of 10 gallon capacity and were fabricated and assembled using
advanced techniques of explosive bonding to provide test items
that would be representative of production hardware, if this solid
state, explosive bonding process were carried forward to a produc-
tion process. All joints in the tanks were formed by overlapping
the mating surfaces, applying strips of explosive, with suitable
rigid backup, to form a bond. Unique features of the bonding process,
and soﬁe of its effects on later corrosive environment service are
included in the metallurgical analyses in Section V.

The Arde "cryoformed" tanks represent a somewhat more widely
used, but still unique fabrication process. They were produced
by Arde Co., Mahwah, NJ, under U.S. Air Force Contract FO4T700-
68-C-0505. The tanks are essentially identical to ones used in
a strontium perchlorate injector system in a portion of the Minute-
man ballistic missile. The unique feature of these tanks is the
cryogenic stretching of the specially controlled chemistry 301
stainless steel shell. This imparts extremely high strength while
retaining good toughness. Also unique to these tanks is the use
of a hemispherical, reversing diaphragm of 0.008" thick 304 stain-
less steel for positive expulsion of propellant. This diaphragm
is stabilized during expulsion by a series of concentric wire rings
brazed to the diaphragm. A brief summary of all of these features
is presented in Table II, with details, as they related to the

metallurgical analyses of the anomalies, included in Section V,

Analysis.
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SECTION V
DISCUSSION OF RESULTS

A, VISUAL AND MACROSCOPIC EXAMINATION OF EXTERNAL AND
PROPELLANT EXPOSED TANK SURFACES

The first stage in any examination of hardware for corrosion
effects is a thorough examination and documentation of the sur-
face appearance. This examination must be done by trained and
experienced observers who will pay careful attention to preferen-
tial attack of welds, crevices and other susceptible regions.

The initial examination of these tanks, after exposure to various
propellants and storage room environments, was done in this man-
ner, with complete photographic documentation of the external
and, after preliminary sectioning, internal surfaces. The primary
purpose of this initial examination (Phase I of metallurgical
effort) was to identify those failures, anomalies or unusual
conditions which would warrant a more detailed examination and
analysis in the Phase II portion of the metallurgical effort.
Accordingly, this section of the report documents the surface
condition of the tanks as received after the various test
exposures, and identifies those anomalies, fallures or other
corrosion and service effects, which will be considered in
Section V, under D, Detail Metallurgical Analysis of

Anomalies. A brief summary of these visual observations, on

both the exterior and interior surfaces, is giten in Table I.
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The as-received condition of the exterior tank surfaces was
found to be relatively clean and free of any gross corrosion, with
no sign of any leaks or serious attack. Overall photographs of
that as-received condition are shown in Figures 1 through 7. The
Arde cryoformed tanks were bare, with no protective coating and
did show some staining and pitting of the surfaces, in addition
to a dark spot, almost appearing to be an arc-strike on Tank No. 1
(Figure 1). The pitting observed on the Arde tank shell surfaces
was considered serious enough to warrant a detall examination of
that condition, which is summarized in Section V.D.Z2.

The Martin, A-286 stainless steel, tanks were painted with
a blue protective paint, as part of the fabrication process.

This protective paint was intact and apparently unaffected by
exposure over almost the entire surface of the tanks and outlet
tubes, except in those areas where "green tape" was used to attach
shipping labels or plastic bagging and tube end caps. In some of
those areas, when the green tape was removed, the paint peeled
away with the tape. None of those "peeled" areas showed any
evidence that storage with propellant had any effect on the paint,
and hence those areas were not consideresd significant to the post-
test evaluation. This experience with the paint being removed
when peeling away tape does serve as a reminder that tanks should
be handled carefully before storage, for if that peeling away of
the paint had occurred before storage, some corrosion effects

might have been noted. One minor area of A-286 Tank No. 5 was

found to have the paint scraped or wiped away (Figure 5). A
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closeup view of that area is shown in Figure 8. Although the
outer blue paint layer was completely gone from this approximately
3/8 inch diameter spot, the inner, primer coat, was still present.
A brief examination by sectioning and metallographic polishing
through this region (also shown in Figure 8) confirmed that there
was no corrosive attack in this location, and therefore this spot
was not considered significant to the post-test analysis of the
tanks.

In examining the exterior of these Martin A-286 tanks, it |

F | was found that the identification decals were attacked and barely
legible. An example of one of them 1s shown in Figure 9. The
embossed lettering can be read because of shadow effects, but the
printing and general appearance of the decal shows that it was
being attacked, probably by the acid fumes in the high humidity

storage room. For tank components where proper identification

and traceability are required after storage in an area such as j
this storage facility, a more resistant decal material or coating
of the decal with protective film or transparent acrylic spray
coating, should be used.

During the initial visual examination of the Arde spheres,
with their internal ring-stiffened diaphragms, probing of the
interior showed some of the diaphragms to be in unexpected posi- f
tions. Therefore, all of these spheres were X-rayed to determine
the exact location and configuration of the diaphragms. Contact prints
! of the X-ray film of each of these tanks in the as-received condition

[ are presented in Figures 10 through 14, Taking the appearance of :

-16-




minor stains around the support cutout to be evidence of the
orientation of the tanks during storage (see Figure 12 of
Reference 5 for a view of these tanks during storage), it has
been possible to orient the tanks in the proper vertical arrange-
ment. This examination shows that two of the tanks, Nos. 1 and
4, were fully expelled with the diaphragms completely reversed.
Tanks numbered 2 and 3 have diaphragms that were only partially
expelled and evidently were drained without complete reversing
of the diaphragm. This only partial reversal of two of the dia-
phragms made it possible to perform an expulsion test on the
diaphragm of at least one tank. This test and its results are
discussed in a separate Section, V.B., on the functional test of
the diaphragm.

After determining the position of the diaphragms in the Arde
tanks through radiographic inspection, these tanks were helium
leak tested for possible leaks across<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>