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A Case llistory of Titanium Stress Corrosion
in Nitropgen Tetroxide

Robert E. Johnson, George F., Kappelt, and Larry J. Kord

An investigation of the incompatibility of titanium in certain grades
of nitrogen tetroxide will be discussed as a case history. The method-
ology used in its resolution will point out some of the dangers associated
with compatibility testing. The methodology also will present some of the
difficulties associated with coordinating an investigation involving many
contractors and U. S. Government agencies. The techniques employed in
this investigation are described in considerable detail for the benefit
of investigators with similar problems.
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Oune of the most dewnirable rocket propellant syshems in use al the
present time is the hyporgolic system involving a fucl and a strons
oxidizer, such as acrovene 50 ond nitrosen tetroxlde <M°Oh)' In the

o4

Projecl Apollo of the Mutional Aeronautics and Space Administratlion
(MASA), the aerozenc SO/NQOh svetem js used for the walin pronulsion

systems, as well as tho attitude control (reaction control) csvslens,

The Project Apollo lunar modulc descent and ascent steces and the reac-
tion control system (RC?) depend upon this propellont system. The Saturn
booster and the Lunar Orbiter vchicle use this system for attitude
control. The BASA Gemini and Surveyor Programs and the Air Force
transtage of the Titan ITI boosicr system also use this propellant
system. All of thesc systems rcquire a highly efficient pressure vescscl
for propellant storage since a number of the tanks are quite large, and
it is essential to minimize weight.

Yarly Compalibility Testing

The usc of the hypergolic nrovellant in many NASA and Air Force
programs required a considerable amount of testing under varied condi-
tions to determine the compatibilitv cof the metallic and the nommetallic
materials to be used in these svstems. As a result of thesc tests, the
titanium alloy, Ti-6Al-UY, was chosen to contain the fuel and the
oxidizer. The material was solution treated and aged to give an ultimate
tensile strength of 160,000 psi, and a yield strength of 150,000 psi with
approximately 8% minimum elongation (in 2-inch gage lengths).

Several investigators (1,2) had shown the reactivity of titanium
alloys in strong oxidizers such 2s red fuming nitric acid, liguid
fluorine, and liguid oxyvgen. The corrosion and impact sensitivity of
titanium alloys in Neoh were investigated under Air Force studies as

early as 1960 (3,4). To evaluate the use of these alloys for the Project
Apollc, the prime contractor, North American Aviation, Inc., Downey,
California (MAA), undertook an extensive series of tests on Ti-5A1-L4V in
N20h ranging from the effects of water content, time of exposure, mill

product form, welding, stress (up to 90% tensile yield strength),
galvanic couples, elevated temperatures (up to +140° F), surface finish,
and impact loading under varying conditions. The results of these tests,
published in September 1963 (5), indicated no serious compatibility prob-
len and only & slight impact sensitivity under high energy levels, as

vas reported by the earlier investigators. Therefore, the titaniunm
alloy, Ti-6A1-UV, was declared compatible with Neoh and aporoved by NASA

for these applications. Significantly, all N Oh used in this investiga-

2
tion was procured and analyzed in accordance with the Military Specifica-
tion MIL-P-26539A "Propellant, Nitrosen Tetroxide." The analvsis of this
propellant, as required by this specification, is shown in Table 1.

Description of Farly Test Failures

In early 1964, two Apollo nzin propulsion system titanium alloy
tanks successfully completed 30-day exposures to weoh under maximum

operating stress (approximately 100 ksi wall stress). These tanks were
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about 51 in. in diamecter, atoul 1h 't in length, aprroximately 0.0%% in.
in wall thickness. However, in January 1965, a smuller, RCS titunium
alloy tank failed a similar 30-duy tesi at approximntely the same stress
level. Failure analysis by the subcontractor, Bell Aerosvstems Compony
(Bell), and the prime conlructor, NAA, concluded thst the failure mode
was stress corrosion and the probable cause was contemination (possibly
chlerides) prior to heat treatment. Six cracks were observed in threc
discrcete areas of the tank wall. 7This tank had an inner Teflon bladder
which, theoretically, isolated the titanium from the N2Oh' To Ve szfe,

however, 10 additional tanks (without bladders) were put into test at
Bell to represent a sampling of production runs to ensure that the con-
tamination problem was an isolated enc, or associated with a particular
production period. Thirty-Tour hours after the tanks had rcached test
temperature (105° F) and pressure, the first tank failure occurrcd. Three
other tanks burst in the next 9 hours of test. Photographs of the test
failures may be seen in TMigs. 1 and 2. When the failed tanks were
examined metallurgically, thousands of sliress corrosion cracks per tank
were found. These cracks varicd from very shallow (0.003 in.) to cracks
extending through the 0.017-in. thick wall. Photomicrographs of these
cracks may be seen in Figs. 3 and L. Other tank tests subsequently
showed a strong time-to-failure dependence with the temperature, and a
definite relationship with the strecs level, The NASA and the Apollc
contractors were faced with a serious material problem in a proven
application.

Initial Studies

At this peoint, the investigators decided not to alert the industry
because cf the confidence in the earlier compratibility tests, and the
success of the main propulsicn tank tests in 1964. Several hypotheses
of failure were postulated. These included: 1) contamination in the
test equipment, 2) galvanic corrosion (due to the presence of stainless
steel and aluminum in the systems internal to the tanks), and 3) con-
tamination in the manufacturing process.

Test Approaches

Two approaches were undertaken to determine the cause of these tank
failures since the investigators still did not believe a general incom-
patibility existed between titanium alloys and NEOM. One approach was

to simulate the failure in the laboratory, and the second, to investigate
detailed testing and processing procedures. (For laler reference, the
test centers involved at this point were NAA, Bell, and the NASA, Manned
Spacecraft Center.) In the first approach, Bell personnel initiated a
coupon test program using standard stress corrosion U-btend samples in
N2Oh with no initial feilures, even at stresses considerably higher than

those in the wall at tank failure. However, modification of the tesling
technique soon resulted in reproducible failures. At Lhe same time, NAA
put two Apollo tanks and numercus coupons inio test under identical
stress, temperature, and military-specification veoh test conditions.

In the other approach, teams from Bell and NAA surveved every step in the
processing of these tunks and compared these with sleps used in the
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fabrication of the main propulsion tank und other successful Llank anpli-
cations, such as those of the NASA Gemini and Surveyor Programs and the
Air Yorce transtage of the Titan 17T boostler.

These investligoaticons, slthoush carefully planned, only confused the
issue. TFor example, the tanks and coupons undoer test in California did
rot fail, and only minor differerces in processins woere noted by the
fabrication survey. The chloride content of the air in the vicinity of
the Bell test cells, due to the concentration of chenical industries in
the area, was given consideration. Additional help was enlisted in the
effort. The material suprlier, Titanium etals Corporalion of America
(TMCA), was asked to provide suvport; and additional consulting support,
from Ohio State University and Union Carbide and Carton Company, Buffalo,
New York, was oblained.

The investigators noted that the small Apollo tanks differed from
all other tanks in that the natural oxides formed durineg aring or stress
relieving were removed from the tanks which failed and left intact in
the tanks made for other apvlications. To determine the magnitude of
this problem to the space programs, NASA directed that tanks made for the
Gemini and Surveyor Frograms also be put into test at Bell. The tanks
were tested under the Apollo test conditions which exceedecd *he require~
nents in the Gemini ard Surveyor Programs, and the tanks failed in a
pattern consistent with the other Apollo tanks. Thus, the fact that theyv
failed had no implication on the worthiness for which they were designed,
tut the failures were significant in that they-showed the RCS tanks were
not unique.

Another tank was put into test to evaluate the effect of eliminating
the galvanic couple. It also failed in a similar manner. At this point,
it was obvious that the test procedure was not at fault, that manufactur-
ing steps did not contribute significantly, and that galvanic corrcsion
did not occur. This meant a general incompatibility existed between the
tank material and the test fluid. The technical Apollo stress-ccorrosion
problem now became a significant aerospace problem, with the ccordination
and administration problems faced by NASA rapidly overshadowing the
technical evaluations.

Problems of Program Administration

Many inquiries were received by NASA concerning the incompatibility
of the titanium hardware designed for N2Oh with aerozene 50 and other

fluids. 1In an effort to inform the communityv, NASA was host &t a meeting
at the Manned Spacecraft Center, Fouston, Texas, to describe the problem
as it was known at that time. Some 57 engineers and scientists repre-
senting 26 interested organizations responded. Some of the orsanizations
began limited test programs after the details of the problem were
released. NASA personnel were directed to use svery available resource
to solve the problem since the dollars involved (Project Avollo hardware
in inventory was valued at approximately $45 million) and the potential
slip in schedule could jecpardize the entire Project Apollo. Bell was
named the clearinghouse for all infcrmalion and developed computer
storage systems for this task. The Defense Metals Informaticn Center at
Battelle Memorial Institute, Columbus, Ohio, was invited to participate
and to publish factual data to prevent misinformation concerning the
nature of the progrers. :
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Test Logic

With the problem definitely cstablished az stress corvosion of the

titanium with the N2oh, three approaches were ostablished. The three

approaches were: 1) to prevent, by means of platings and coatings, the
titanium alloy from coming in contacl with the corrosion fluid; 2) to
change the stress, time, and temperature service environments suffi-
ciently to prevent ihe problem; and 3) to audd inhibitors or to remove

contaminants from the Nzoh to avoid corrosion.

These approachecs were dictated by the Project Apollo requirement
that the titanium hardware in inventory had to be used with little or no
modification, if al all possible. 7This requirement was necessary because
of the cost involved, the long replacement time, and a prohibitive weight
increase which would be caused by a change in the tank material. 1In
addition, the change or modification had to be absolutely reliable for a
man-rated spacecraft such as the Apollo vehicle.

Platings and Coatings

Three systems were evaluated in an effort to prevent contact between
the N20h and the titanium wall. These were an oxide coating, an anodized

coating, and a Teflon coating.

Oxide Coating. The investigators noted that the small Apollo tank
differed from the other Apollo tanks in that the natural oxide formed
during aging or stress xpelieving was removed from the lot of tanks which
failed in Nzoh, bul was left intact on the previous successfully tested

main propulsion tank. Several specimens and one tank were oxidized in
air to form the tightly adhering blue oxides of titanium that usually are
seen on heat-treated parts. These oxides are formed at temperatures
from 1050° to 1200° F in air after a 1/2- to l-hour exposure. Oxide-
coated specimens failed with numerous stress-corrosion cracks even thoush
electrical conductivity measurements indicated nc break in the oxide
coating. An RCS tank that was oxidized in air also failed during the
test at approximately the same time as the tanks with bare surfaces;
therefore, the oxide approech was abandoned.

Anodized Coating. The material supplier, TMCA, made provisions for
anodizing several samples and two tanks at their Henderson, Nevada,
facility. Anodized coatings were formed in a NaNHhHPOh solution by a

procedure developed by the Process Research Division of TMCA (6). This
approach also was dropped because of the failure of the specimens and

the failure of one of the tanks after a longer, but unacceptable, exposure
to the NQOh. , S

Teflon Coating. Teflon is known to be permeable to Neou, but at a

relatively slow rate. Teflon is used as an inner container for a posi-
tive expulsion bladder in several Apollo applications and its inertiness
to N2Oh is well known. Farly in the investigation, the use of Teflon was

proposed and several samples of Teflon-coated titanium were tested. A
properly coated specimen did not fail in test, but numerous difficulties
in getting a defect-free coating left NASA with a low confidence in

this approach for a man-ratcd system. For example, installation of fill
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and vent lines in o leflcn-conted Lank could cause minule holes in the
coaling that were essentially nobl inspectable. :

Tor these reasons, conlincs could not be coriously considered as the
primary, or sole, inodificntion to the tanks to provent the stress-
corrosion problem. Planc Lo cvaluale other coating syslems such as alu-
mimum or stainlesc-stecl cladding required extensive development and did
not appear to offcv citber ar cconomical or ao timely solulion.

Modifiecd Service Enviromaont

As in other systemn, the slress.--corrosion yute in nqoh is dependent
o

upon the stress level, and the temperature of the metal and the corrosion
fluid. For a given expocure time, slregs corrosion cen be avoided as a
significant problem by lowcring stress or temperature, or both. In the
Apollo pressure-vescel apvlication, the time under stress is dictated by
the mission time, the wall stress is dictated by the system cperating
rressure, and the wall thicknesses depend upon the exisling hardvare.
Temperatures can be lowcred by loadaing the propellant cold (60° F) and
maintaining the temperatures by insulation, thermal control coatings,
and proper orientation of the spacecraft in flight. These measures are
somevhat drastic in terms of mission restrictions, but nevertheless are
considered possible. All of these data are based upon odbtaining a
reliable relationship of fazilure time versus temperaturc at a constanc
(worst case) stress.

Hundreds of specimenc were tested in autoclave test cells at Bell,
NAA, NASA Langley Research Center, and other installations. The results,
along with scveral pressure-vessel tests, established e rather unreliable
relationship vhich is shown in ¥ig. 5. The steep slope of the line in
the figure makes the accurate prediction of the use temperature essential.
These data for a vehicle going to or from the moon, or for a vehicle on
the lunar suvfacc, ave ncot that accurate, NASA and the contractors
decided that this arproach could be used for insurance, but not as the
primary solution to the rrovlen.

It was steted cariier that the stress was fixed by wall thickness
and operaling prescure. Howover, the effective tensile ztress could be
lowered by suriscc tresireris such as shot peening. Braski and
Heimerl (7) have been woivling o shot peening of titanium to prevent
stress corrosion ir het ohilorides in support of the superscnic transport
program. They directcd ineir knowledge and support to the problem by
utilizing glass-bead pecning o introduce a residual compressive stress
on the interior titanium sur’zcn. Personnel from Langley Research Center
supplied several glass-bead pocned specimens to Bell. (See Ref T,
pp. -3, for a description of the specimens.) These specimens were the
first to give consistent, sucecossful resuits. This approach was later
sceled to tank size, and osne of the Rell tanks successfully passed a
30-day test at 105° ¥ at a 90-¥sj vall stress. Several hundred samples
were tested in autoclaves with conrlete success; therefore, shot peening
was ccnsidored an acceptable means of modifying the Apollo hardware.

Modified Oxidizer Composition

Concurrent with the efforts deszribed, a large effort was initiated
to evaluate the trace elerents in the Nzﬁh. The investigators felt that
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the key to the tesl anomalics, such as the fauilure of some test centers
to reproduce the stress corrosion under identical test conditions, lay in
the trace contaminants prosent in, or in the aclual composition of, the
N?Ob° The successful tank test in 196l could be explained, in part, by

the fact that the tempcraturc may have been too low (60° to 80° F) to
bring about failure within 30 days. However, later RCS tunk tests (at
NAA) at the controlled 105° ¥ also did not fail. At this point, elcctron
microprobe analysis, elcctron microscope fructography, and sophisticated
laboratory analytical techniques were used to eliminate or isolate
various suspect elements and compounds.

The approaches taken by NAA and Bell in the analyses of the Neoh

were quite different, yct led to identical conclusions. Since the N20h

used at Bell resulted in repeated failures, Bell investigated the
possibility of inadvertent contamination of the NQOh' Flectron micro-

probe analyses showed some local concentrations of chlorine and iron near
the fracture surfaces. Chlorine is known to cause stress corrosion of
titanium, and efforts to produce chlorine-free NQOh were undertaken at

Bell. One approach was to precipitate the chlorine by adding an agueous
solution of silver nitrate to the Neoh. Using treated N2Oh, the titaniuwm

did not stress corrode. )
Meanwhile, at NAA, more than 300 titanium coupons were tested in
N20h with no failures. Therefore, NAA considered they must be inadvert-

ently inhibiting the Nth and sought to produce super-pure N2Oh by

repeated drying, oxygenation, and distillation. Specimens tested in
super-pure Neoh failed. A review of the literature indicated that

Rittenhouse (8) had stopped stress corrosion of titanium by the addition
of nitric oxide (NO) in the fuming nitric acid system in 1959.
Rocketdyne, Canoga Park, Calilfornia, a division of NAA, was able to fail
specimens consistently in N20h, except for the specimens tested in NQOh

with high (above specification) water content. Since water was known to
react with N20h and release NO, some insight into the cause of the stress

corrosion was obtained. Bell tests confirmed that adding aqueous silver
nitrate, aqueous HNO3, or water to the NQOh would inhibit the reaction.

An exchange of N20h between Bell, NASA, NAA, and Hercules Powder Ccmpany,

Wilmington, Delaware, revealed that the NO content of NAA propellant,
though difficult to measure with existing analytical techniques at that
time, was, nevertheless, siznificant. By cooling the oxidizer to 0° F,
Bell demonstrated that the NAA oxidizer was green in cclor whereas the
other oxidizers were yelluw. The green color resulted from the mixture

of N0 (yellow) and the dissolved inhibitor, NO, as N,04 (blue). King,

Kappelt, and Fields (9) provide a more detailed description of the
chemistry involved. A retest was made of a main propulsion tank with
uninhibited Neoh to prove that previcus successes with this tank were

related solely to the NO content. The tank failed in 51 hours at 95° ®,
Other investigators confirmed the correlation of teslt data with the
NO content of the test fluid. It was found that if NO is present in the
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N?ULl in measurable amounts, Lituniwn alloys will not stiress corrode. The
reason carly investigations showed the titanium to be compatible in N20h
soon became evident, since prior to Junc 1964, N,0),, when manufactured,

contained trace quantities of NO. In June 196L, an additional processing
step was added to further purifly the NQOh and the trace NO was elimi-

nated. Since the military speccification on N20h docs not require an

analysis of NO, no clue was available at the slart of the problem.

Several tank tests of the inhibited Ngoh (Nzoh with NO presmﬂj were

conducted at 105° and 165° F with no failures. Autoclave tests on
coupons verified in large quantity that small additions of NO to the Nzoh

would prevent stress corrosion of titanium. Therefore, a change to the
N2Oh was acceptable for the Project Apollo modification.

Verification Test Program

NASA and the contractors had to decide which of the two solu-
tions was the most reliable for a critical manned spacecraft application.
The shot-peening process was subject to inspection difficulties.
Further, the effect of localized surface damage (scratches) to the peened
surface was unknown. The modification to the-oxidizer composition was
subject to questions concerning propulsion performance changes, stabil-
ity, and analytical techniques. To answer some of these questions, an
extensive verification ylan was developed involving scveral full-scale
tank tests.

Shot Peening

A process specification was written by representatives from NASA,
NAA, Bell, and Grumman Aircraft Engineering Corporation, Bethpage,
Long Island, New York. Arrangements were made to shot peen one of the
main propulsion tanks at Langley Research Center. Photographs of the
shot-peening process are found in Figs. 6 and 7. The tank used for this
test was one that had been rejected for flight hardware because of
several deformed areas in the cylindrical area. Although this condition
was carefully examined by the investigators who felt that this deforma-
tion would not affect the test, subsequent testing in military-
specification grade Neoh resulted in failure, as shown in Fig. 8. Exam-

ination by the tank fabricator, Allison Division of General Motors
Corporation, showed that local bending stresses around the deformation
added to the hoop stress and left a net tensile stress high enough to
cause stress corrosion in this area. No stress corrosion was found
anywhere except in the deformed area, proving the effectiveness of the
shot peening, but pointing out the absolute nezxd for a lack of residual
stress and for careful handling.

Modified Oxidizer Composition

Several hundred specimens tested in military-specification Neoh with

various amounts of NO added proved that stress corrosion of the titanium
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would not cccur if the L0 content excceds 0,25%% Ly weiplht. Due to the
inaccuracies and the Ltolerances in existing methods of anelysing 110 in
small quantities, a mininum 70 coutent of 0.4% v weicht wes established
for the procurcment gpecificalion. A NASA speciflicabllon, MEC-PI'D-2A
dated Junc 1, 1966, "Propallant, Inhibited Titropcen Tetroxide (0.40
to 0.80 Percent Nitrie Oxide)}" is presenily in use to procure oxidizer
for Apollo flights (Table 1).

A main propellant tenk was tested for 80 days et 90° * 8° ¥ under
maximum operating pressures with the NASA grade NQOh and no problems were

cncountered. The tank was given a proof-pressure test at the end of the
30 days to demonstrate no desradation, prior to procceding with the
additional 50-day exposwre. A significant problcu was pointed oul as a
result of this approach: the analytical technigues for the procurcment
specification were revieved and found to be inudequate. Considerable
efforts were made to standardize the test technicues throushout the
Projecct Apollo contractor system, and efforts are still underway to
improve these analytical technigues by gas chromatography or nuclear
magnetic-resonance techniques.

Conclusions

Based upon the success of the modified oxidizer and the shot-peening
process problems, the Project Apollo will use.the modified oxidizer to
prevent stress corrosion of the titanium pressure vessels. One particu-
lar aspect of the problem which NASA is pursuing is to determine why the
modification works. It is known that in the Neoh system, dissolved

oxygen is low when NO is present and high when IO is removed. Earlier
work leads to the hypothesis that oxygen and chlorine are necescary for
stress-corrosion cracking of titanium alloys in hot saltl. The sane
requirements may be true here also. No real understanding of the
inhibition of the corrosion mechanism is availatle at this time.

Another aspect of this problem pointed out that the compatibility
tests and the compatibility data are only good for the precice conditions
of the test. TWor example, a supposedly insignificant change in the
manufacturing sequence of the NQOM to improve the product voided all data

on the titanium and Nzoh compatibility. 1In the case of the Project

Apollo, a realistic component test revealed a problem that analysis, in
lieu of tests, would not have shown. The compatibility data must be
examined thoroughly to determine applicability; and for critical, man-
rated components the data should be verified as carefully as possible
using flight-environment simulatien.
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Tdble 1.- Cumposition of MNitrogen Tetroxide

Percent required (by weight)

MIL-P-26539 MSC-PFPD-2A
N,0), min. 99.5 898.70
H20, max. .10 .10
C1- (as NOC1l), max. .08 a .08
Nitric oxide (NO) Not required 0.6 t 0.20
Particulate matter, max. 10 mg/1 10 mg/1

aThe summation of N2

by weight.

0, and MO will not be less than 99.5 percent
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(a) Stress-corrosion cracks (X500).

(b) Stress-corrosion cracks (X750).

Fig. 3. Stress-corrosion cracks in GAl-4V titanium after
3L hours in Neou, 105° F, stress = 90 ksi.
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Fig. 4. Interior of tank in failed area (X100).
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