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Abstract

This report gives the analyses and results of a program to establish the cffects
of long-term {up to 10 years) contact of inext materials with earth-storable pro-
pellants for the purpose of designing chemical propulsion system compone t - that
can be used for current as well as future planctary spacecraft. Phase I, which was
concluded in 1967, was a pilot-type cffort to evaluate a limited number of
materials. Phase 11 is the primary experimental work, and results to date are
reported herein. Investigations include the following propeilants: hydrazine,
hydrazine~hydrazine nitrate blends, monomethylhydrazine, and nitrogen tetrox-
ide. Materials include: aluminum alloys, corrosion-resistant steels, and titanium
alloys. More than 700 test specimen capsules were placed in long-term storage
testing at 43°C (110°F) ir: the special material compatibility facility focated at
JPL Edwards Test Station, Calif, Matcrial ratings relative to the 10-year requare-
ment have been assigned.
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Definition of Terms

AF-E-102 (-332, -411)
CRES
ELI
EPT
ETS
FEP
Hz
H-HN
LOX
MMH
NTO
SEM
TFE
UDMH
VAR

cthylene propylene terpolymer composite (Hystyl)

corrosion-resistant stecl

extra-low interstitial grade

ethylene propylene terpolymer. -

JPL Edwards Test Station
fluorinated ethylene propylene
hydrazine -
hydrazine-hydrazine nitrate
liquid oxygen
monomethylhydrazine
nitrogen tetroxide

scanning electron microscope

tetrafluorocthylene

unsymmetrical dimethylhydrazine

vacuum arc remelt
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Propellant/Material Compatibility Program and Results

|. Introduction

Chemical propulsion system materials selection re-
quires a base of experimental long-term (up to ten ycars)
propellant/material compatibility data, since the per-
formance and interactions between the liquid propellants
and materials cannot with the current state of knowledge
be satisfactorily predicted.

The best rocket propellants are usually the most dith-
cult to contain for the length of time before they are
needed. Typical liquid propellants are both toxic and
reactive with other materials. The advance to higher
energy propellants that has occurred over the last twenty-
five years has heen possible due to considerable materials
rosearch as well as the more visible rocket engine
research,

Under NASA Contract NAS7-100 with the Jet Propui-
sion Laboratory, a program has been established to
detennine acceptably inert materials in contact with
carth-storable propellants for use in the design ol choemi-
eal propulsion system components that can he utilized
on enrrent as well as future planctary spaceeraft, The
emphasis has heen on prapeflants appropriate to sinadl

JPL TECHNICAL MEMODRANDUM 33-779

rocket systems (as opposed to large launch vohicle sys-
tems). These propellants include the following:

(1) Hydrazine or Hz (N.1,),

(2) Hydrazine-hydrazine nitrate or TI-1N (75% N.1,
1 94% N.H.NO, -1 1% H,0 by weight),

(8) Monomethylhydrazine or MMH (CH,NUNILY,
(4) Nitrogen tetroxide or NTO (N.OL)

The overall program was divided into two subpro-
grams: Phase 1 was a pilottype effort to evaluate a
limited number of materials, and this precursor work was
concluded in CY 1967, The Phase 11 program is the pri-
mary cffort, and the results to date of this ongoing experi-
mental work are presented herein, The investigations
included the above propellants and materials such as
aluminum altovs. corrosion-resistant steels, and titanio
allovs,

I'he emphasis is on hydrazine becanse of its great value
as a memopropellant and its accompanying recoguizedd
chemical instability. Tydrazine-hydrazine nitrate has also
heen studied heeause of its higher performance and lower

TaaTn ol e e e
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frevzing point. Tt also sharves hydrazine's instability and
less is known about it, as it has not heen flown yet, Mono-
methwthydrazine and nitrogen telroxide reeeive minimum
cimphasis beeanse their short-term stability and compati-
hility have been verified, leaving just the Jong-tern com-
patibility in possible doaht,

Most reported researeh on prepellant compatibility
with container materials was designed o deteet njor
incompatibility veactions that might degrade short mis-
sions, The comparatively longer planetary missions flown
by JPL for NASA neeessitated propellant-material com-
patibility research that goes beyond short-term studies
to focus on more subtle reactions that might degrade
missions lasting as long as ten years. The data reported
here summarizes individual tests lasting more than four
vears, Since the test program is continuing with approxi.
mately 578 specimen eapsules still in active test, and maost
approaching the 6.5-vear exposure perioad, future reports
will summarize results for the longer test durations,

The ideal propellant would be unrcactive with the
metals and polymers commonly used in commercial tanks,
tubing, valves and other components of storage svstems.
However, few such materials exist for any given propel-
lant because of the inmate veactivity of this class of com-
pounds, The same reactivity usually exists in the more
csoteric and expensive muterials, Therefore, propellant/
materiad compatibility testing is required to determine
the degree and significance of the chemical reaction, Such
programs can be grite Lage because there ave many
materials to test, and hecause the possibility exists that
there are wureactive materials for a specific propellant
that can only he identified properly through testing. With
such test data, materials can be rated for their suitability
tor use with a specilic propellant, such as is done in this
report for the subject propellunts,

It is recognized thal oata is also required Tor the
{racture growth properties of materials used in propulsion
system caomponents where operational stresses are near
the vield stress regime, Tyvpical components, sweh as tank-
age, plumbing, and thin menbrines or diaphragms, must
be intolerant of Haw growth during operational service,

However, this report deads with ondy those nonfractare
behavior aspects of long-tesine compalibility, including
material corvosion, property changes, and propellant de-
composition. A high degree of procedural control has
heen esercised throughout the program to obtain the hest
oxperinicatal results. Emphasis was placed upou stan-

dardization during all aspects in order to provide reliable
engineering datu for design parpaoses,

A. Nature and Result of Incompatibility Reaction

Any reaction between w propellant and the materiad
it wets can alter cither the propellant, the material, or
both, lor instance, the propellnt alone can change
through a reaction catalyzed by the material, a problem
that exists especially with monopropellants like hydra-
zine and  hydrazine-hydrazine niteate, The  material
alone can be degraded through stress corvosion. However,
in most cases some of both the propellant and the materinl
are consumed in the reaction, resulting in a new com-
pound in the system. This general case can be tolerated
it the new compound is tightly adherent to the container
material, thus proteeting it from further attack bhecause
it serves as a form of passivation, If the compound is not
tightly bound to the container, it ean be troublesome,
cven -intolerable,

The simple case of one propellant and one material
involving few chomical clements is not a realistic con-
dition. Other variables enter into the analysis of a practi-
cal system, such as various impurities in the propellant
arising from the nxnnfacturing process or later storage,
Then, besides the range of ingredients allowed in modern
alloys, there are the residual eflects on the material of
processing, preparadion, and cleaning operations. Thus.
the interaction betwveen just one propellant and one
material can be quite complex, and the material’s utility
canmot be properly rated antil it is established whether
or not reaction avises from its innate properties oe the
clfeets of subtle procrsses due to contaminants.

Propellant/material incompatibility can lead to a wide
variety of problems. The reaction can result in propellant
decompaosition that can adversely alfeet the performance
ol the liguid propulsion svstem, and insoluble gases that
citn adversely affeet the Huid dynamies involving siadl
constrictions, ctering orifices, and capillary tabes, The
reaction can also resull i corrasion and the Tornkdion
of insoluble sults or othee corrosion products that can
plug filters and orifices, allow seal Jeakage, allect valve
operation, weaken structural metbers, and alleel overall
propulsion feed systemy performanee,

B. Impact on Early Space Missions

How many of the enlries in the preceding category:
lave actaadly oceurred in spacelight s diflicult 10 sy
If evidenee of a problem does not appear in spacecraft
telemetiv, then it will never be found for ek of o post-
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mortem examination. Probably few catastroplie failures
can be laid to propellant/material incompatibility be-
cause the short-term tests run by most vocket organiza-
tions ecliminated the combinations resulting in gross
reactions, and subtler reactions are tolerated by a some-
what conservative system design. However, some eases of
incompatibility have heen seen in spaceeraft telemetry.

Noueatastrophic  propellant/material - incompatibility
was indicated in the telemetry from carly Mariner space-
craft flights. A continuous increase in the hydrazine tank
pressure was found after normalization for tank tempera-
turc. Additional ground storuge tests proved that the
reactive material was one of the constituents of the butyl
ribber bladder, probably the lamp black used as a filter.
The butyl rubber had to be used over a number of flights
in spite of this problem, beeause considerable time was
required to develop and qualify a superior replacement
material. The reactivity varied dvamatically from flight to
flight and ground test to ground test (Ref. 1), as might
be expected in a case where there are so many variables,

Although understanding of incompatibility mechanisims
and the test methods for them have improved with time,
new tests sometimes find previously unknown cases of
incompatibility,

Such a case is reported in Ref. 2 where hydrazine-
related fuels were found to cause stress corrosion in soine
materials alrcady successinlly used in flight applications.
Such materials will probably not be withdrawn from
flight usc altogether, but rather vsed where their incom-
patibility is of no consequence. Thus, the book is never
closed on any material.

C. Impact on Future Space Missions

Even given the pool of existing data and repetitive
sticeessful use of certain propellants which are slowly
becoming “standards,” consideranly more compatibility
testing is necessary for future missions. This conclusion
Follows from a number of observations. First, the oxisting
data pool is imadeguate for Tuture missions, beeause it s
ot complete ad its clements generally cannot e cor-
refated with today’s keowledge, Correlation is dillienlt
beeause of differing test methods, test objectives (and
thereby thoroughness), and level of detail repoied o
the literatire, While this data has valae, its value s
comsidderably less than would have been the case i all
rescarchers had used a single thorough test procedure,
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Also, new types of data are needed. Fature missions
will last un to ten years, and cxisting data rarely exceeds
one year, No acceptable techiniques for aceclerating test
time or extrapolating short-term data to long-term appli-
cations have yet been demonstrated, although significant
advances have been made in both these technology areas,
Brown (Ref. 8) has developed an cleetrochemieal method
that appears promising for aceclerated testing with
hydrazine and metallie samples. He used the results pre-
sented in Appendix A of this report to verify that his
method was producing valid data.

Green et al. (Refs. 4, 5) have developed a method
whereby long-term material propellant compatibility pre-
dictions can be made from short-term data. The predic-
tion method utilizes a system of flow diagrams showing
analysis paths, decision points, and required data inputs.
The concept is based upon generating short-term com-
patihility data using sensitive testing and measurement
techniques such as radioactive tracers, atomic absorption
spectroscopy, palladium foil analyzer (for hydrogen gas),
and the clectrochemical method noted above., The test
results generated are applied using the procedures of the
prediction method. The final output is the long-term
performance of the material/propellant combination be-
ing investigated, The sophistication of future missions
demands some new materials, such as nonmagnetic metals,
that will not interfere with science experiments or ma-
terials that are not damaged by nuclear radiation inher-
ent in a radioisotope power source or planctary radiation
belts. An illustration of the synergism of these factors
and others for an advanced mission is reported in Ref. 6.

Thercfore. considerably more  compatibility  testing
remaing to be completed. Only those materials actually
wetted by the propellant are of inlerest in a compati-
hility study. Two reeent JPL propulsion systems are typi-
cal of those using the propellants covered in this report:
Table 1 {Refs. 7w 8) lists the materials from the Mariner
Venus/Mercury 1973 monopropellant lwdrazine system
tnd Tauble 2 those of the Viking Orbiter 1973 bipropellunt
MMRA/NTO svstem, Table 3 Jisting the materials fron
the Mariner Jupiter/Saturn 1977 monopropellant hydra.
zine svstemt is included for comparisonr with Table 1 to
illustrate the material changes encountered in going from
one syslem to the next using the same propellant,

Essentially the same limited list of materials appears
in each table, Thus, at first sight the test program looks
snitils however, by the time each propellant is tested with
cach material, and processing differences belween differ-
enl applications of the siune material are tested, and
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Table 1. Material wetted by hydrazine in Mariner
Yenus/Mercury 1973 propulsion system

UCIBLILLEY OF iy
. ‘AL PAGE IS PUUR

Table 2, Material wetted hy monomethylhydrazine and nitrogsn
tetroxide in Viking Orbiter 1975 propulsion system

Component Part Material Component Part Materials
Tank Shell BAl-4V Titanium Tank Shell and propellant GAl-4V Titanium
Diaphragm EPT-30 management
Transition tube GAl-4V Titanium/ device
304 L VAR® Gasket seal 6061-T4 Aluminum
Lines - 304 L VARs Lines - 304 L
Pressure Inlet tube and 204 L Service Inlet tube and body 347
transducer header valve Ball Aluminum oxide
Isolator and T4 (A1,0.)
dizphragm Lubricant Krytox 143 AB
Service Outlet tube and 347 Pyrotechnic  Tuhing 347
valve body valve Ram 174
Ball Aluminum oxide ,
(ALO,) Filter All patts 304 L
Lubricant Krytox 143 AB Latch Inlct and outlet 304 L
valve tubwes, body
Filter Inlet and outlet tubes 304 L casting, filter, and
anrd body poppet lifter
Screen element 304 L. Seat Teflon
Solenoid Armature and hody 446 Bellows housing, 17-4
valve Armature tip Stellite 6 (Co-Cr solenoid shaft
puddle weld) Bellows honsing cnd 304 L, 321 or 347
Seat and insert AM 355 fitting free, and 333
Seat sea! TFE Teflon fixed end, bellows
Spring Inconel-X ( Inconel housing .
X-750) Main bellows, 330
Other 304 Isolation bellows 321
04 L Poppet guide 301 or 302
316 Pressure Inlet tube and 304 L
a2 transducer heacder
347 Isolator and 17.4
17-4 dinphragm
17-7 Flex hose Tube and sheath 3 L
Chrome alloy plating Bellows 321
(on 416) ingi Body and f 177
Ni-Cr weld (for ngine ady ind flapper T
446) valve assembly
FED Teflon FFilter assembly SB.IH 1.
lubricant Body seal Feflon coated 17-7
Krvtos 113 AB Seat seal Tellon (TFE)
lubricant

T e are el

combinations of materials that are mechanically attached
or welded are tested for synergistic effects, the test pro-
gram is rether large, The program can be trimmed back
soinewhat by eniphasizing the materials that present the
Jargest arca to the propellant, but the lesser materials

4

cannot be deleted altogether because they are often used
in sensitive parts such as springs and bellows where
second-order incompatibility reactions can be important,

D. Objectives of the JPL Test Program

The basie objective of the JPL prapellant/material
compatibility test program is to obtain detailed com.
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Table 3, Materlal wetted by hydrazine in Mariner
Jupiter/Saturn 1977 propulsion system

Component Part Materials
Tank Shell BAl-4V Titanium
Dinphragm AF-E-332
Transition tubes 8Al-4V Titanium/
304 L VARe
Lines - 304 L, VARe
Pressure Inlet tube and 304 L
transducer header
Isolator and 17-4
diaphragm
Service Outlet tube and body 304 L
valve Poppet 17-4
Filter Inlet and outlet 304 L
tubes
Case assembly 304 L and 321
Filter element 304 L, 321, and 347
Solenoid Inlet and outlet 347
valve tubes
Filter retainer and 304 L.
filter element,
magnetic insulator,
eticl cap,
mandrel, and
, sleevy:
Body, shunt, and 430
core
Spacers, annature, 430 F
and pole picee
$-Springs 17-7
Seat seal AF-1E411
Latching Inlet and outlet 304 L VAR and 448
valve tubes and body VAR
Poppet assembly 347
Seat scal AF-E-102
Armature 446
Spring 302
Flexure assembly 347
Spacers 347

aVicunm are remelt

patibility data for periods up to ten years. Concomitant
objectives are the development of: (1) a standard test
methodology, (2) basic procedures for compatibility test-
ing and analysis, and (3) a rating of the materials for
compatibility relutive to long-term application.
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E. Scope of Program

The scope of the test program established by JPL
serves the needs of planetary spaceeraft like thoso
described in Tables 1, 2, and 3,

The major parts of the total program from the hasic
plan to the final documentation are depicted schematic-
ally in Fig. 1.

Specialized processing, handling, and analytical pro-
cedures have been developed for cach propellant. The
test program for propellants and materials is comprehen.
sive. Single materials arc tested unstressed and stressed
in the propellant, Groups of materials are tested in sepa-
rated, mechanically joined, welded, brazed, plated, and
coated configurations, Control units arc used to monitor
the behavior of the test apparatus itsclf. A summary of
the specimens currently in storage test, along with
material compositions (Refs. 7, 8) is presented.in Appen-
dix B.

The origin and current methodology of the JPL pro-
gram arc discussed in the next section.

[I. Comipatibility Test Program
A. Discussion

The “real-time exposure testing” approach was sclected
as the best and most positive method for determining and
establishing acceptable inert materials of construction for
chemical propulsion systems. 1t follows logically then that
in order to provide reliable engineering data, all aspects
of the total program must be considered. Uniformity of
methods and retrievability of data are clearly two of the
primary requirenients that must be applied to cach
aspect. For example, pretest details should be well de-
fined and recorded. The test component should be con.
sidered as a total system and consist of material, propel-
lant, container, test environment, and instrumentation. A
high degree of control should he maintained thronghout
the progriun; and posttest analyses und results shoukd e
well documenter.

‘The major considerations or categories deemed essen-
tial to the total progiam include:

(1) Standardization of all methods, procedures, and
processing

(2) Material selection

(3) Propellant sclection
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Fig. 1. Material Compatibility Program-—implementation and documentation -

{4) Test specimen configuration(s)
(5) Test Axture and test container configuration(s)
(G) Test environment
{(7) Instrumentation
(8) Facility for storing test items
(9} Pretest and posttest analysis
(10) Data retrieval (permanent archive)

(11) Rating  of materials and propellants taking into
account gross and subtle effccts

{12) Final documentation

In order to meet progrmnmatic goals, the scope of the
work was divided into two separate subprograms, These
were identified as the pilot (or scereening) and standard
(or basicd phases. The rationale For this approach was
that real-time testing and pathfinder experience woukd
be accumubated concurrent with the evolution of the very
itnportant second phase or basie program,

B. Early Work, Phase |

This was mainly a pilot (or sereening) type effort, The
work was initiated in carly 1962 and concluded in late
1967, Program details, progress, and data resultiog Trom
this phase are reported in Refs. 9 through 25,

The program was organized to test several carth-
storable propellants with a limited varicty of materials
of construction which would have a high probability of
being used in future spaccctaft chemical propulsion
systems,

The specification grade propellants consisted of amine-
fuels and one oxidizer. Specific ones selected were:

(1) Nydrazine
(2) Hydrazine-hydrazine nitrate misture

(3) 50-50 hydrazine-unsymmetrical dimethylhydrazine
(UDNMIT), also known as Acrozine 50

(1) Nitrogen tetroxide

The matertals of construction were initially sereened by
chiecking their short-term compatibility from known ex-
perience and as reported in the literature, The materials
inluded: Terrous and nonferrous alloys, coatings, and
clastomerie compounds. Wherever possible these were
procured and certified o meet Military Specifications or
cquitalent specifications commonly used in acrospace
applications, "The metaflic types were mainly aluminm
allov, corrosion-resistant steel (CRES), and titanitom alloy.
Nonmetallie types ineluded: fluorocarbon hase coaling or
grease, both ethylene propylene terpolvimer and hutyl
rubber compound clastomers, and almnina-sintered  ce-
ramic, These materids are identified in"Fables 1,3, and 3.
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1. Test Speeimen Deseriplion

a. Metallie. These samples were standardized as oy-
lindrical slugs (Fig, 2). This configuration was established
hased upon factors of material availability and low cost
of manufactaring or producibility, The 0.637-cm-diam
{0250 in) rod material was readily procured under
proper certifications (Military Stundards or cquivalent).
The small diameter rod form lent itself to precision con-
terless grinding with very little removal of surface ma-
terial to the final dimension of 0.582-cm diam (0.230 in.).

h. Nonmetallic. These samples were standardized as
thin rectangular shicets (Fig. 3). The test items were gen-
crally elastomeric materials made from different com-
pounds that were representative of propellant expulsion
bladders or diaphragms,

c. Passivation and cleaning. Passivation of metallic
sa.aples was accomplished with procedures that were

1 O

—#-' ‘1#0.58 cm {0.23 in.)

— —-—7.62 cm (3 00 in.]-—----»—-‘

NOTE; ALL FINISHES 0.4 pa (16 xin.) MAX

Fig. 2. Phase | metal sample

0,076 cen (0.30 in, )~

- 12,08 cm ad _2hin s - -

MOTE: AUL FINISHES 0,8 joe (30254 in. ) MAX

Fig. 3. Phase | 2lastomeric sampla
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updated from those presented in Ref. 26, Typical proce-
dures used have been presented in Appendit A of Refs,
14 ane 20,

Tach metallic or nonmetallic specimen was cleaned
(at JPLY in accordance with paragraph 845 a or 1y of
specification 30009 Ref. 27,

After processing and eleaning, each specimen was
inspected to verify that the surfaces were free of con-
tamination, and then scaled in a polyethylene bag, During
this test unit processing and cleaning, care was taken to
maintain uniform standards and a high degree of control
over all operations,

2, Immersion Testing, During the carly planning stages
of the program, two test conditions were established. The
tost environment or ambient temperature of 43°C (110°F)
was selected and used throughout the program; this value
was based upon the spacecraft FlightType Approval
requirement of 49°C (120°F) for propulsion systems and
components, Also, a test termination cutoff value of
27.6 N/em® (10 psin) intesnal pressure was sstablished
for those ampules incorporating visual pressure gauges
(Figs. 4 and 5). This was based solely upon safety con-
ditions of the glass test container.

3. Test Results, The posttest analyses included results
from both chemical and metallurgical determinations,
The detailed information including results and conclu-
sions from this preliminay test program are summarized
in Refs. 14 and 15 for evalnation as may be required.
Delinitive inlormation was generaded ander the Phase 1
cltort regarding compatibility of propellants and ma-
terials, Based upon these results, it was conclnded and
recommended that the more commonly used materials
sich as aluminum 6061-16. corrosion-resistant steel types
303, 304, and 347, and titanium BAL-IV, be investigated
in more depth under the standard or Phase 11 program,

4. Test Container Design. One of the Phase 1 program
initial goals was to cstablish and standirdize the test
container design prior 1o initiation of any exposure test-
ing, Three important considerations were: Iow cost, sinee
it was un expendable #enig it should allow visual obser-
vition of test smnples; ad it shonld be o elosed syestem,
A test container made of horosilicate glass produced by
Corning Glass per code number 7740 nmeded condition
{trade name, “Pyrex™) was selected Tor this purpose. The
hasic configuration shown in Figs, -1 and 10, and defined
wider Rel. 28 was nsed throughout the overall program,
The glass ampule mean vane internad volurme was §2.0




Fig. 4. Compatibility test capsule container and metal sample

em?® (5,0 in.). Maximum envelope dimensions were 2.80-
em diameter (1.102 in.) and 20.30-cm length (8.00 in.).
Glass ampules used in the carly tests or Phase I are shown
in Figs. 4 and 5. The closed-type test unit (Fig, 4) was
scaled with the propellant in the frozen state; this style
was used during the carly part of Phase I and primarily
with low-risk material propellant combinations. The
stvle shown in Fig. 5 was used in Phase 1, starting in
October 1962 in order to measure internal pressure rise
as a function of real-time exposures. Corrosion-resistant
steel Bourdon-type gauges (LOX cleanced and adjusted
to read absolute pressure) were attached to the glass
capsules by means of Kovar tubing-to-glass seals, After
the introduction of sample and propellant, the capsules
were sealed off under a vacuwm of 6.7 N/m® (0.050 i
ol mereury) or foss, Durving Lhe exposure tests of up to 3
voirs, internal presstre measurentents were recorded
periadically.

Posttest amalyses revealed  the possibility of  gauge
material interaction with the test speciimen propellant
combination, I was fonnd that the Kovar wetil used
to conneet the glass capsulis to the presstre ganges was

Fig. 5. Compatibility test capsule with pressure gauge

not completely inert. The amount of corresion products
of the Kovar metal ranged from unobservable to readily
apparent  quantities in capsules containing  nitrogen
tetroxide (NO,) propellant. The Bourdon tubes were not
visibly attacked. Complete details regarding this problem
are discussed in Refs. 19 and 20.

To summarize, the use of pressure gauges with Boug-
don tubes exposed to the propellant is not recommended
for this application hecause of the ivherent prablem
described above,

C. Current Test Methodology

The effort for the standard program, or Phase 11, was
initiated after the pilot subprogram, Phase T, was well-
establishied and storage testing underway, The program
details and progress are discussed in Refs, 21-23, The
total program was plamed on the hasis of a multivear
(approxinidely ten yearst Jevel of eflort, Fach major part
of the total progeam indicated in Fig, | was reviewed in
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adequate detail for implementation, As part of this review,
the different alternative routes or options were examined
and assessed for conducting the programn phases in order
that (1) reliable engineering information would be gen-
erated, and (2) cost effectiveness would be achieved, but
not to tho point of compromising the results. Test vari-
ables assessed included the number of materials and com-
binations to be studied based upon foresceable needs of
future spacceraft; propellants; types of specimens, tests,
and manufacturing proeesses; posttest analysis, and docu-
mentation. The facility design and operational require-
ments related to handling and transportation were also
assessed,

Based upon this information, an overall plan was final-
ized, and schedules established. Implesaentation of long
lead-time items was given particular attention; for exam-
ple, the design and construction of the special test facility
for conducting the exposure testing. Each category of the
program was carefully designed and documented so that
major objectives would be met during the course of the
work, Improvements bascd upon Phase 1 results or ol
scrvations and updated literature (Refs. 24 and 25) were
also incorporated to assure that the subsequent work in-
cluded the latest teclmology.

* L. Test Specimen Description and Preparation. A rec-
tangular shaped test specimen was established as the
standard for Phase 1. Actual dimensions are 7.62 cm
(3.00 in.) long, 1.27 em (0.50 in.) wide, and 0.076 cm
(0.030 in.} thick (Fig. 6 and Ref. 29). This configuration
wits sclected over other forms, because it results in the
most meaningful geometrical shape,

To summarize, the rectangular shape provides the
following advantages:

(1) 1t has a large surface-to-volume ratio.

{2) It can be readily converted to different types of test
forms (i.c., on a “make-from” basis).

{3) The stressed specimen requireinent can be met with
a simple hbent-heam specimen.

(1) The flat rectangudar shape can be fabricated eco-
nomically  with  semiproduction mamifacturing
cquipment generally used iu the aerospace industry.

(5) The pretest aned posttest examinations for inspection
or metallurgical purposes can be accomplished with
relative ease and with cquipment commonly avail-
able,
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rl 27 em {0.50 in.)

MNOTE: ALL FINISHES 0.4 um (16 uin.) MAX

Fig. 6. Phase |l standard metallic specimen

The apparent disadvantage is associated with deter-
mining tensile mechanical propertics. The rectangular
specimen cannot be conveniently subjected to tensile
testing, because of the proclivity to break where the ma-
terial is gripped in the jaws of the tensile machine.

Using the rectangular shape as the basic form, other
generic types of specimens were added that would also
result in essential material compatibility information. The
classification of these specimens according to configura-
tion is as follows: slug or coupon, bimetal-contact, bimetal-
scparated, stressed, welded, brazed, coated, plated, and
sereens, These are illustrated in Figs, 7 and 8. Bimetal-
contact speciimens are similar to the slug-type, with the
exeeption that one of the two specimens has an offset
bend to facilitate contact at the specimen ends. A glass
C-type clip is usced to maintain contact between the ends
of the himetal-contact specimens. The bimetal-separated
specimens are also similar to the slug-type specimen, or
coupon. In this ease, a glass separator prevents any con-
tact between the two specimens. A specially designed
stressing fixture maintains slug-type specimens at 67%
of yicld stress while undergoing  inumersion  testing,
Welded specimens are similar to the slug-tvpe configura-
tion with the weld bead ranning in a longitudinal diree-
tion. Similarly, the brazed specimens are of the slug-type
confignration with the brazed joint oriented in a lougi-
tndimal divection. Coated and plated specimens are oh-
tained by coating or plating shig-type specitnens, Sereens
for use in surface-tension studics are cit in the shape of
the slug-type specimen.

One of the program goals was to maintain a high
degree of control over all phases of specimen preparation
inclading dimension and confignration control, As pre-
viously nated in Section 1A, o major consideration
involved standardizing processes to produce uniforn Lest
sittnples throughont the program, Very rigid [alication
procedures were instituted, and carchatly followed to
produce the quality that would meet the speciliod -
mensions s tolerances indicated on the spreifivation

[-—————— 7,82 cm (3,00 in,)r———— ‘olL0.0?é em (3,03 in.)

e itk e s
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drawings (Refs. 28 through 81). Particular attention was
given to obtaining details on raw materials in order to
meet the prerequisite of ensuring complete traceability.
Prior to fabrication cach metallic sample was required to
have documentation giving material certification, alloy
designation, specification number, producer, chemical
composition, heat number, metallurgical state, and pro-
cessing history. Nonmetallic specimens had similar infor-

mation, as available. These data arc maintained as part .

of the permanent project file for each specimen along
with a portion of material from the original raw stock for
subsequent use.

The production steps and flow sequence for preparing
the metallic specimens are shown in Fig. 9. Specimen
production was carried out with carcfully controlled pro-
cedures and single-purpose equipment so as to climinate
contaminating the surfaces with forcign substances. Each
group of machine cutting tools, grinding wheels, and
fixtures were only used on specific materials, The ma-
chines were completely cleaned, ard new coolant used
prior to processing the different materials. The cost
implications of this approach were recognized at the
start, but these procedural methods were necessary in
order that the final product would meet the requirements
of the program.

The final surface finish was predetermined to be a key
factor at the outsct of Phase 11, Variations in the actual
surface area due to imperfections and asperitics had to
he minimized to ensure repeatability and provide mean-
ing to the compatibility information being generated. The
typical surface finish, including cdges, of 0.2 to 0.4 jun
(8 to 16 x in.) was judged to have the desired characteris-
tics for achieving uniformity, and for being representative
of functional spacceraft propulsion clements.

Finish machining of metallic specimens was accom-
plished in the following steps: (1) edges were milled
(Note: shearing was not permitted at any time to avoid
introducing residual stresses); (2) flat surfaces were dou-
ble disk ground to within 0.00762 em (0.003 in.) of the
final part dimension; and (3) all surfaces and edges were
lapped to the final part dimensions,

Following fabrication of specimens to other tost types
and precleaning, all physical dimensions, weight. and
surface finish were obtained and recorded, These data
are maintained as part of the permanent project file,

For a more detailed deseription of specimen prepara-
tion under contract, see Refs, 30 to 32,
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Fig. 9. Metallic specimen preparation flow chart

2. Fixtures, ‘The variety of test combinations are illus.
trated in Figs. 7 and 8. OF these, only the stressed type
presented a problem, The requirement for stressed sam-
ples was met by using a simple defleeted beatn which
was stressed to 679 of the vield stress for the particnlar
material heing tested,
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Based upon cconomic considerations, the fixture gap
length was established as the constant dimension, and the
specimen free length was varied with an appropriate
dimensional length to obtain the desired stress level or
67% yicld point when installed, Miese lengths (different
for cach material) were determined analytically (Rofs.
30 and 33) and verified experimentally as discussed later
in this scction.

The stressing apparatus was designed to allow position-
ing the completed assembly of fxture and specimen
through the 1.90-em (0.748 in)) diameter opening of the
test container. For the most part the material is identical
to the test sample. The disadvantage of utilizing a mctal-
lic fixture is the effect the additional material in test has
in increasing the surface-to-volume ratio. These cffects
were accounted for in posttest analyses, and details are
discussed in those sections. The alternative is to use an
inert material such as glass, The design developed and
utilized is illustrated in Fig. 8. The glass fixture approach
is a practical and viable solution with fragility being the
major disadvantage,

A nontrivial problem existed when it was necessary to
load stressed specimens into the metal holding fixture
without overstressing the test specimen. Likewise, re-
moval after tests was aggravated as a result of exposure
to the envirommental conditions; for example, any cor-
rosion buildup, however slight, would make it more diffi-
cult to dislodge the specimen, The selution was provided
by a simple manually operated mechanical device which
was designed solely for this operation (Fig, 10 and Ref.
34).

The stressed-type specimens and fisture combination
wore investigated experimentally to measure the stress
levels reached during installation and applied under the
final Joaded condition to determine effeet of thermal
stubility; and to demonstrate physical stability, The com-
ponents used for these tests were selected From a regular
test lot. The three GALIV titanium (fully heat-treated)
specimens were instrumented with a conventional strain
gauge attached to the convex or tension surface of the
specimen when loaded, Both GALAY titanium (Fully heat-
treated) and Pyrex glass (Corning Glass, Code Number
T lixdures were used. The RBxtures had been sized to
provide 0.221-cnt (0,087 in) compression or desired inter-
[erence it to each specimen in order to produce the 674
vield stress level,

Care was takenr during installition and removal o
stress the specimen only to the point necessary [or a skide

12

Fig. 10. Stressed specimen loading fixture
and strain measurement

fit into the recess of the fixture, Cocking of the leaded
specimen was avoided to assure uniform bearing stresses
on cach edge.

The specimen stresses were measured resulting from
installation, final test position in the holder, and removal,
Other measurements were taken with special fixtures of
varying interference lengths to obtain different stress
levels, These results are presented in Fig, 11, The lower
ctirve representing the final test condition indicates com-
pliance with the stressed specimen requirements of 67%
of allowable yield stress for 8A1-4V titanium fully Leat-
treated. The upper curve shows that installation stresses
do not exeeed the allowable vield stress.

Fhermal stability tests were conducted at 219C (70°1)
temperature and 16°C (115°F) temperature to simulate
the long-term storage condition. The results indicated
that the stress level deereased approsimately 3.5 MN/m®
{05 ksi) in the titwdum fixture and increased approxi-
mately 2.0 MN/m? (0.3 ksi) in the glass fixtures,

it ps

The physical stability of the three specimens was dem-
onstrated by installing aned removing the first specimen

from its titaniwn stress fixture twice, each time cheeking i
the strain gatge zero point with the specimen in the i
retaxed state, Each of the two remiaining specimens were i
|
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Fig. 11. Test coupon stress varsus retaining fixture interference

cycled once. No shift exceeded 6.9 MN/m? (1.0 ksi). Also,
all specimens left in the titanium stress fixture for seven
(7) days at 74% yield, and in the glass fixture for 39 days
at 62% yicld rcturned to within 6.9 MN/m? (1.0 ksi) of
the original zero point when removed from the respective
stress fixtures.

The above data validate the accuracy of the analytical
method for determining the stressed specimen conditions
and attendant handling techniques.

3. Capsule Final Design. The glass ampule or test con.
tainer configuration (Fig. 4) was established under the
Phase T subprogram. Final improvements were incorpo-
rated in Phase 11 to provide the optimum test container
for storage testing. Two significant improvements are
discussed which cover method of test and means of sens-
ing internal pressure,

In order to obtain the best possible experimental
results. it is clear that two conditions must be met. First,
the test reactions between the test item and fluid must he
completely isolated within the test container., Second,
external influences, other than the ambient temperature
of 43°C (110°F), must be climinated or prevented from
affeeting the chemieal or eleetrochemical reactions taking
place. A tvpical interaction problem is covered in Section
H-B-4.

It is axiomatic that hermetic sealing of the test item
and fluid satisfics both requirements. Lncapsulation was
accomplished by hermetically sealing the upper portion
of cach capsule. A typical test speeimen/Buid/capsule
combination is shown in Fig, 12, The capsule is made
from Pyrex glass and carcfully annealed to avoid internal
stresses (Ref, 28) A transition seetion, wso of Pyrex glass,
wits Tused to the capstte opening and finafly, at the top,
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Fig. 12, Phase [l test spacimen/capsule

a hermetic seal was made by glass fusion to contain any
pressure generated within the capsule during Lest. During
the final fusing operation, the prepellant was in a {rozen
state, and the capsule in an evacuated condition. Sinee
glass is nonerystalline in nature, the warking stress within

13
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the glass was kept low, on the arder of 680 MN/m®
(0.88 ksi), to avoid any tendeney for glass creep to oceur
at the ambiont test temperature of 43°C (1H0°F) and the
normal test termination pressure of 844 NZem® (50 psia)
that was established for this program. Another pertinent
change involved the method of sensing and measuring the
internal capsule pressure, The new method consisted of
using an esternally mounted  transdueer located on the
cylindrical portion of the capsule (Fig, 12). Specifically
the transcducer, consisting of four strain gnuges, con-
nected as a Wheatstone bridge, was carefully bonded to
cach glass capsule for the purpose of both sensing capsule
internal pressures and converting these pressures to elee-
trical signals that could be monitored remotely. The
transducer generates an clectrical signal of 2 4V for cach
0.025 qan (1 pin.) expansion or contraction of the cap-
sule. A transducer output of 4 xV is equivalent to 0.69
N/em® (LO psi) differential pressure across the capsule
wall. Beeause of the sensitive nature of the transducer,
the proper processing of the glassware and curing of the
bonding material is important. Each specimen/eapsule
was calibrated as a unit from 0-44.8 N/em® (0 to 65 psia)
at 43°C (110°F), prior to the propellant flling operation,
to correct for vawiations in glass thickness, bonding tech-
niques, and clectrical characteristi-. The problems asso-
ciated with this usage were recognized and appropriste
technology developed prior to use in Phase 11 (Refs. 30
to 31).

After completing the final seal, the specimen/eapsule
combination, at all times, was maintained with the pro-
pellant in frozen condition to allow handling and ship-
ping, and to prevent, or severcly inhibit, any premature
chemical reaction from taking place until placed in test.

I suniary, the foregoing final test confliguration
represents the preferred standard for this application,
The advantages inelnde ability to visually observe on-
going testing, and easure internal pressure changes,
The wse of Tragile wlassware did add certain complica-
tions; however, these were resolved and contzolled sue-
cessfully with the use of special handling procedures. The
final product was produced on a semiproduction asis at
reasomable unit costs. The specimen capsules were pre.
pared ina clean room with a Federal Standard 2004,
Class HO certification,

Fora more detailed deseription of capsale preparation
wacler contriet, see Refs, 30 (0 32,
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4. Test Description

a, Test Facility, A specinl test facility was designed
il construeted (Figs. 183 and 14; Refs. 85 and 36) for
this material compatibility program to provide the neces-
sary environment for specimens undergoing multivear
compatibility storage. The facility is located at the JPI
Ldwards Test Station, Edwards, Calif,

The structire consists of four test rooms separated by
3048-cm (12.in.) thick stecl-reinforecd conerote walls.
Each room is provided with mechanical cquipment to
permit independent operation with a controlled environ-
ment, This includes separate controls, heaters, blowers,
cxhaust fans, drain lines, and instrumentation. Each wall
is insulated and covered with altminum sheoting for BIF
shielding. Scparate heating loops can hieat cach bay from
ambient to 85.5°C (150°F) temperature,

The test bays identified as test rack rooms (Ffig. 13) are
used exclusively for conducting this multiyear storage
program. Ambient temperature is maintained at 43°C
(110°F) and special baflling provides a uniform tempera-
ture gracdient within the test bay from wall to wall and
floor to ceiling,

fach test bay is equipped with a cireular rotatable
storage rack or lazy-susan type of arraugement with a
capability to hold over 900 test capsules (Fig. 15). The
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Fig. 13. Material compatibility test facility schematic
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Fig. 14, Material compatibility test facility

ek (made from aluminum alloy) is approximately
9.13-m-diain (84 in.) with a 2.08-m (82 in.) height. The
individual test capsule compartment is illustrated in
Fig. 16 and includes: means for retention in a vertical
position, clectrical terminals for connection to the strain
gauge, compartment walls acting as protective shiclds,
and horizontal chamels for draining purposes in the
event of capsule failure and subsequent propellant spill-
age. Special access openings allow single installation
(RRef, 37), single removal (Ref. 38), and visual ohservation
of test capsules from outside of the building through the
92.54-em (1 in.) thick transparent panels that are explosion
resistant, The test rack is rotatable manually (by means
of crank and gear drive) around its vertical axis to a
position such that cach test capsule position is safcly
accessible hy opening one of the single doors pravided
for cach tier or row of test units, Figure 16 also shows an
operator wearing the prvscribvd safety equipment, and
removing a hazardous test capsule from the cirenlar test
rack.

Under Section 1-B-2 the two critical test eonditions
were diseussed. Tt is appropriate to qualify those state-
ments with the following information.

Under the general progeun plan, a few tost capsules
are removed seminnnually for posttest analysis. During
this operation, capsules are subjected to a very stow
potational movenent as the rack is being positioned. Tu
addition. the test units are exposed to photochemica
reaction during the period that the esterior aceess door
is open (g, 16). These indueed and natural environ-
mental condlitions are considered to have a negligible
elfeet on the overall test results becanse ol the infre-
('lll'll("\' Uf occurrenes,
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Fig. 15. Test rack for storing specimen/capsule test units

b, Procedures. Program objectives and details discussed
in Seetion 1-D indicate that a carcfully planned and sys-
tematically exceuted program is a prerequisite for obtain-
ing the technical information that can be applied with a
higgh degree of confidence, The seope of procedures and
specifications included all aspeets of the total program.
The purpose has heen to maintain a high degree of
control over all phases during implementation, and pro-
vide the neeessary information to mect the program
requirements, A st of typical items includes raw mate-
riuts, propellants, preparation and processing of test san-
ples cleaning aspeets, encapsulation of test materials and
propellants, pre- and posttest. bandling and transporta-
tion, Lest operations, postlest analysis, facilities, and safety
considerations for personmel.

Because of the many variables, there is w0 continuing

effort 1o loctis on standardization of methods in order to
provide imiform test standards and minimize costs,
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Fig. 16. Facility special access door used for
installing and removing test units

¢. Test Termination. The implications of terminating a
test beeause of questionable matetials or for exiumnination
were carcfully considered beeause of the potential haz-
ards involved in handling the sealed test capsule. The
most critical operation oceurs during the renoval from
the test eell and transfer to the next storage facility,

The safety measures preseribed for personnel dnring
this transfer operation are illustrated in LFig. 16, The
special Features of “eapsule size” single-aceess door, han-
dling tool, along with safely equipment provide the
wasimum protection to pvrsnmwl.

The eriterion decided upon Tor terminating a test and
removing the test unit was based upon the glass ampule
allowable stress, Fach capsule was proof pressure tested
to LLLO N/eim? (165 psig) belore use. Sinee a factor safety
of 3.0 was considered adequate, a nominal termination
pressure of 344 Nem® (50 psia) was established for
automatic removal from active storage testing. The cap-
sule internal pressure is determined from the strain gauge
measurements,
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Capsnles removed from test are placed in a mechani-
cally vefrigerated chamber where the temperature is
continnously maintained wt --45.5°C (- -50°F), At this
low temperature, the test unit is considered relatively
sife heenuse of the reduced vapor pressure and hecause
any further chemical reactions are severely inhibited. Test
units remain undey refrigeration at the JPL Edwards Test
Station until transfer to Pasadena for posttest analysis.

5. Postlest Analysis, The scope of this program incor-
porates a large variety of specimens (base materials,
himetals, weldments, and stressed specimens) and the
ongoing, real-time exposure testing provides results on a
continuir ¢ hasis.

A rationale has been developed for applying this data
bank to fit the needs of Advanced Development Work
and Flight Projects. The basic rationale applied to post-
test evaluations consists of the following:

(1) Establishing proper eriteria for selecting materials
to be removed for posttest analysis as opposed to a
fixed or predetermined pullout schedule, regardless
of interactions or degradation,

(2) Pulling out of test only those units displaying ob-
vious incompatibility (pressure rise, propellant dis-
coloration, cte)) for charactetization,

(3) Providing wmits of basic or critical importance to
specific project needs.

{(4) Minimal evaluations that depend on the latest ad-
vances in this ficld,

(5) Flexibility to offer the option of more detailed
charitcterization where necessary.,

This last item is important sinee it is not always possi-
hle to anticipate the estent of interactions that might
oceur during the exposure test. The number and types of
aclditional tests above the minimum or nominal level are
dependent upon the particular case and are jdentified at
the time of analysis,

A considerable monber of test capsules Trom the
Phase 1 program have bheen subjected to posttest sialy-
sis. To date, material evaluations and propellant charae-
terizations have heen accomplished using over () test
units, and the resubs of these analyses are ineluded in this
report and Appendices A and G The work was primarily
directed toward investigation of fuel-type specimens,
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Propellant characterization analyses are performed to
determine particulate content and nonvolatile residue,
decomposition products, and gas products.

Material evaleations of specimens inelude weighing,
exarmination, and the determination of physical and metal-
lurgical changes. Typically, this covers such items as
dimensional changes, and type of damage (i.c., general
corrosion, stress-corrosion cracking, intergranular corro-
sion, pitting, embrittlement, staining, and coating or
scaling).

One important finding deals with the use of cleaning
solvents. Four test specimens of BAl-4V titanium in as-
received hydrazine, removed from the fucl test-hay at
JPL Edwards Test Station, were evaluated extensively
by JPL (Ref. 23) and the Stanfora Research Institute
(Ref. 39) to determine the reason for the occurrence of
hydrogen embrittlement. The conclusion reached was
that decomposition of the hydrazine and corrosion of the
titanium resulted from a reaction between the hydrazine
and Freon-TF used as a cleaning agent, Thus, isopropyl
alcohol is the recommended eleaning and rinsing agent
for all BAL-4V titanium that will be in contact with hydra-
zine; the use of Freon, or Freon-type materials, should
be prohibited as cleaning or rinsing agents for all 6AI-1V
titunium that will be in contact with liquid or gascous
hydrazine. Isopropy! aleohol is better than Freon for
removing organie material and does not interact with
the hydrazine or the titunivwn, This information has been
included in NASA Pre-Alert No, B4-70-03A (Ref. 40). As
a result, the cleaning procedure for this program was
changed on October 1970 to use only isopropy! alcoliol.

Complete details of posttest evaluations are presented
in suhsequent sections along with methods and descrip-
tions of lahoratory equipiment used for this purpose,

1. Posttest Chemical Analysis Procedure
A. Discussion

Two basic posttest analysis procedures, shown sehe-
matically in Figs. 17 and 15 were developed and used in
this program. The procedure with the distillation process
(Fig. A7) provides for a complete analysis of all com.
poucats. The procedure without the distillation process
(Fig, 1% provides for a limited anithvais, A preselected
iten is subjected to analvsisg for examiple, CO |
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The choice of the posttest analysis procedure to be
applied is dependent upon the test unit history, and the
level of information required to permit satisfactory as-
sessment of results. Details of these operating precedures
are discussed next.

1. Procedure—Complete Analysis. This procedure,
shown in Fig. 17, involves distillation of chicmical and
gascous components. The propellant is frozen by im-
mersion in liquid nitrogen (LN.), and the capsule is
placed in the opening fixture (Fig. 19). The capsule tip
is broken and the volume of noncondensible gases
{mostly N. and H,) measured in a calibrated vacuum
svstem. The hydrazine is thawed and refrozen at —-30°C
(--22°F) and the gas at that temperature, mainly NH,,
is measwred, The purity of the residual hydrazine is
determined by gas chromatography which mcasures
NH;, H.O, MMH, and UDMH. Aniline is determined
colorimetrically. Metal content is analvzed by atomic
absorption techniques. A turbidimetric method is used
for low coneentrations of chloride; higher concentrations
arc titrated. Fluoride is determined colorimetrically.,

2. Procedure-—Limited Analvsis, This procedure, shown
in Fig. 18, does not include tae distiflation process. Spe-
cvifically, this is an abbreviated version of the above anal-
vsis, Scetion IH-A-L, and involves the measurement of
anly the noncondensible gases, hydrogen and nitrogen,
The residual hydrazine is removed from the capsule
using a syringe and is analyzed by gas chiromategraphy
for NH, and H.O. If the NI content is high, theie may
be an error due to NH,; evolution hefore analvsis, Clilo-
ride and fluoride jon contents are delermined as above,

B. Decomposition Gases

1. Composition. The contcats of the posttest capsule
are frozen in liquid sitrogen and thea prepared for
siumpling as follows: The strain gauge is very carcfully
seraped off with a sharp razor blade, o small serateh is
made on the neck of the capsule and the capsule is then
enclosed in the CRES opening lixture (Fig, 19). The svs-
o is prinped down for severs! hours to remove mois-
ture from the vutside of the capsule, The fisture is then
filled with drv helium to 0.3 atmospheres, Lo aid in heat
transler, and immersed into liguid nitrogen 0 a dlepth
capial to one-half of the capsale, After about an hour.,
the hielium s pumped ont. When o satisfactons caconm
has heen attained (13 10 N/ne), the gas sanpling
systeny iy isolated Trom the vacunm g, and the neck
of the capsule is broken by tuenine the handle on the
fisture. By means of a veemnm (Toeplers purp, the
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POST TEST
CAPSULE
(FROZEN IN LNy

REMOVE STRAIN GAUGE

PLACE CAPSULE 1IN
BREAKER FIXTLIRE

WARM TO ROOM
TEMPERATURE AND
EVACUATE
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HELIUM GAS

COOL CONTENTS
TC -195°C

PUMP OUT HELIUM GAS

BREAK CAPSULE TIP

PUMP OFF NONCON-
DENSIBLE GASES
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GAS AND AMALYZE
MIXTURE

WARM CONTENTS OF
CAPSULE TO ~ 38°C
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BRING TEMPERATURE
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PUMP OFF NH,
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1
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REMOVE CAPSULE
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!
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PACKAGE FOR METAL-
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Fig. 17. Procedure for complete posttest chemical analysis (with c'iistillation)
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APPROPRIATE 1O TYPE
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JPL TECHNICAL MEMORANDUM 33.779




POST TEST
CAPSULE

(FROZEN IN LN2_!

REMOVE STRAIN GAUGE

PLACE CAPSULE IN
BREAKER FIXTURE

WARM TO ROOM /
TEMPERATURE AND
EVACUATE
ADD 1/2 atm
HELIUM GAS
COOL CONTENTS '
10 -195°C -
PUMP OUT HELIUM GAS !
BREAK CAPSULE TIP
I PUMP OFF NONCON- MEASURE TOTAL ;
DENSIBLE GASES Hy+ N, VOLUME H, + N ‘
{
, HYDRAZINE OR {
VIARM CAPSU i
ROOMCTEMS,,‘E,';EIT&E HYDRAZINE NITRATE i
VISUAL INSPECTION i
OPEMN BREAKEF FIXTURE - OF PROPELLANT !
REMOVE PROPELLANT ANALYZE FOR CO,, ;
WITH SYRINGE
| Myt NHy, B0
i
]
HNSE SPECIMEN(S) AND |
EAPSULE WITH D?s)- COMBIME PROPELLANT
TILLED HZO S AMND WATER RINSINGS
i
J 1 i
1 . ANALYZEFORCI™, F7,
AND APPROPRIATE
REMOVE SPECIMEN(S) | _ METALLIC IONS
FROM CAPSULE "'{ ;
L= SOLVENT RINSE
— = IF REQUIRED i
\ r 4‘
DRY AND WEIGH j— 1
VISUAL EXAMINATION
PATKAGE FOR METAL-
LURGIC AL EXAMINATION
Fig. 18. Procedure for limited posttest chemical analysis (without distillation)
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Fig. 19. Specimen/capsule test npening fixture

released noncondensible gases are pumped off through
a liquid nitrogen trap. The volume of the collected gases
is measured manometrically and a sample is taken for
analysis by a mass spectrometor.

The propellant is thawed and distilled, vacuo, into
traps cooled by liquid nitrogen. The liquid nitrogen
traps are replaced by traps at - 30°C (- 22°F). After
repeated thawing and refreezing of the hydrazine, the
remaining condensible gases (mainly NH,) are punmped
off, measured and sampled.

2. Caleulated Final Capsule Pressure, The mean vol-
unte of the test capsules is 8241 om® With 20 g of
hydrazine and & standard metal coupon, the ullage is
abont 60 an® at 43°C (110°F). If a stress fisture is pros-
entor i there are nonnietals in the capsule, the ullage is
recomputed accordingly, The pressure caleulations de-
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pend upon the volume of nitrogen plus hydrogen {assum-
ing negligible solubility in the hydrazine) and the volume
of anmmonia in the vapor phase,

The contributions of nitrogen and hydrogen are cal-
culated from the perfeet gas law:

NRT
=V )

P, = partial pressure of gas in atmospheres

N = moles of gas = em?® gas (STP)/22,400

p,

R = universal gas constant = 82.06 cm?®-atm/
deg-mole

T = 316.6 K (110°F)

V = ullage volume of capsule, em?

The calculation of pressure due to the ammonia is not
so simple and straightforward. Ammonia is highly soluble
in hydrazine and may not nccessarily be considered an
ideal gas at the temperature and pressures considered,

Fortunately, solubility data for ammonia in hydrazine
arc available (Ref. 41). Although the data do not cover
the temperature of interest, viz, 43°C (110°F), it is
possible to extrapolate the data of the above referenced
report, It can be shown that for ammonia dissolved in
hydrazine, the following relationship can be used to
determine the ammonia pressure as a close approxi-
mation:

N/m
Pow —— 2
- @
where

P - partial pressure of ammonia, atm

N moles of ammonia in system

it moles of hydrazine in system

K - equilibrium constant (0.0455 at 43°C, 110°F),
A similar expression can be derived for the pressure of

ammmonit over monomethyllhydrazine, The value of K in
this case is 0.064 at 43°C (110417,

3. Pressure Rise Rate. It would be of interest. hoth
practically and theoretieally, to have curs exressing
pressure as a function of time for cach test capsile, Un-
{ortunately, duc to aging of the bonding material, some
of the strain gange data have proven to be unrelablc.,
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For this reason, no data for the internal pressure rise as
 function of time are Leing presented in this report.

4, Percentage of Hydrazine Decomposed. The percent-
age of hydrazine decomposed is caleulated from the total
weight of the gascous products of decomposition—viz,
nitrogen, hydrogen, and ammonia. Somc hydrogen may
arise from the attack of metals by acidic constituents,
bat the error, if any, is insignificant particularly because
of the low melecular weight of hydrogen.

C. Residual Hydrazine

The residual hydrazine is removed from the capsule
by distillation, in vacuo, into a liquid nitrogen cooled
trap after the decomposition gases are removed and
analyzed as described above.

1. Impurities

a. NH, and H.Q. The NH, and H.O contents of the
hydrazine are analyzed by gas chromatography using a
0.0065-m-diam X 2-m-long (1/4 in. X 6 ft) column filled
with powdercd Teflon coated with 15% of tri-
cthanolamine, The inlet and column temperatures are
held at 90°C (194°F) and the helium flow set at 100
cm?/min. This column separates NH,, H,O, and N.H,, in
that order.

b, Aniline. Aniline is determined spectrophotometrice-
ally by diluting 0.5 ml N.II, with water to 50 m] and
detennining the absorbance in a 1.0-em cell at 280 nm.,

2. Contaminants

a. Metals. The capsule is cut open and the metal
sample rinsed, while adhering material is rubbed loose
with a rabber policeman, Any residue in the capsule is
also rinsed out. All washings and residue are acidified
with 5% IINQ,, diluted to a known volume with water
and analyzed for the appropriate metals by atomic ab-
sorption.

h. Halegens. An aliguot of the acidificd washings is
checked for chloride by turbidimetry. If the chloride con-
tent is high, titration can be used. The fluoride jon con-
tent is de termined by u spectrophotometric method hased
on the bleaching of @ zirconium alivarin color complex
by fluoride ion. The absorbanee is measured at 525 1,

e. Carbon dioxide. Hydrasine reacts with carhon di.
oxide to fornn the salt, hydrazinium carbazate, The cqua-

tion for this reaction is
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CO, 4 2N, — (N.H.} (NI;NHCOOQ)

The method of analysis involves the addition of a sample
of hiydrazine to an excess of sulfamic acid. The sulfamic
acid causes the liberation of CO, from the hydrazinium
carbazate, Sulfamic acid was sclected for use in the.
analysis because hydrazinium sulfamate is soluble in
water and sulfamic acid is nonvolatile,

The liberated CO. iz swept out of solution with helium
gas, through a trap containing concentrated sulfuric acid
to remove the water, and theu through a special trap
containing small glass beads where the CO, present is
frozen out at liguid nitrogen temperature.

The trap containing the frozen CO, is provid: 1 with
a special 4-way stopeock which permits the CG. to be
isolated in its loop. This trap is attached to a special
sample introduction system ou a custom built chromato-
graph which permits the collected CO. to be quantita-
tively transferred through a chromatographic column for
separation and assay. Refer to Appendix D for details of
this method.

IV. Posttest Analysis Procedure for Specimens
A. Discussion

Each specimen is examined and tested to determine
if physical or metallurgical changes have taken place.
Swrface conditions are examined ai low magnifications
with a microscope, Selected surface arcas und/or sample
cross sections are examined at higher magnifications with
a scanning clectron microscope, Mechanical propertics
tests are conducted in cortain cases to establish ultimate
and yield tensile properties and pereent clongation,

The importani categories are listed helow:

(1} Weight.

(2) Appearance and locution of the liquid/vapor inter-
face houndary,

(3 Preseace wed distribution of Tormations, eolored
stain, or fihn,

() Streaks, mottling, and spotting of surace.,
5y Presence of crvstalline depaosits.

(6) Flaking awd eracking ol scale (hate spots),
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(7) Physical change: degree of ctching over entire sur-
face or a local arca such as the liguid end, edges,
or bimetal contact area, cte.

(8) Extent of pitting: identification, size, and distribu-
tion.

(9) Extent of cracking: identification, size, and distri-
bution.

{10) Mechanical properties test.

(11) Environment scnsitivity.

The details of this operating procedure are discussed
next and are also shown schematically in Figs. 20 and 21,

SPECIMEN
EXAMINATION

VISUAL EXAMINATION
80%
GEMERAL SURF ACE
NDIT
CONDITION LIQUID/YAPC R
APPEAR%NCE INTERF ACE
LOCATION
DISTRIBUTION STAIN, FILM,
SPOTTING -
] SCALE, DEPOSITS, I
—»|  PITING ‘
THICKNESS I
|
SEM EXAMINATION LIQUID/YAPOR 1
50% 10 5000% INTERFACE |
DETAIL AND/CR DEGREE OF ETCHING 1
SUBTLE CHANGE PITTING OR CRACKING |
CORROSION PROFILE COVERAGE SIZE, DEPTH |
-~
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SUBILE EEFECITS - |
INTERGRANULAR I
CRACKS |
MECHAMICAL
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o BEND
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FOR 10-TEAR Lt
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Fig. 20. Metallic specimen analysis proccaure
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B. Specimen/Capsule Inspection

The first visual inspection is the appearance of the
specimens as viewed within the capsule. At normal com-
patibility the lquid is clear (water white) and the spee-
imen is unchanged, At higher hydrazine contamination
levels, the liquid usually tumns pink or red and the vapor-
exposed end of the specimen appears darkened, cither
uniformly or in a blotchy manner.

C. Metallic Specimen Examination

After removal of the liquid, the specimen was placed
in a beaker where it was washed with water and also
organic solvent, if required, to remove any organic coat-

SPECIMEN
EXAMINATION

POSTTEST (BEFORE
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OM TEST WFIGHT
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-  SHORE -
HARDNESS I
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|
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Fig. 21. Nonmetallic specimen analysis procedure
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ings, In the carly postiest studics, the loose seale and
film was removed and colleeted using a rubber police-
man. Al the loose seale and film were analyzed as part
of the metallic residue in the propellant, and thus the
residuc included hoth dissolves netal jons and the metal
in the loose oxide scale, Later specimens were not rubbed
Lut only washed, and the specimen retained more of the
loose oxide seale and rust crystals on the surface which
was then cxamined mieroscopically. The washed spee-
imen was oven dried at 75°C (167°F) and cxamined
visually at n magnifieation factor of 60.

1. Mass Change. The metal specimen mass was mea-
sured to within 0.1 mg after distilled water rinsing and
air oven drying at 75°C (167°F). This mass was com-
pared with the pretest specimen mass measured after
cleaning and passivation, This posttest mass included
both the effects of mass loss due to metal dissolved and
mass gains due to oxide film buildup. Usually, the vapor
exposed surface exhibited more oxide film buildup than
the wetted surface, The mass of the metal residue in the
posttest hydrazine was taken as the mass loss of the
wetted surface, Only when the total corresion was rela-
tively L .~ did the measured specimen weight change
agree witn the mass of metal residae, For small amounts
of corrosion, the measured mass changes were as often
positive as negative,

2. Liquid-Vapor Interface. The liquid immersed arca
(apparent wetted surface as opposed to actual wetted
surface that includes cffcets of pits and seratches) was
usually indicated by the visible location of the liquid-
vapor interface (L-V) boundary marked by a distinet
change in appearance, concentration of surface film, or
corrosion. For slug specimens immersed in 20 em® (1.2 in.%)
of hydrazine this depth of bnmersion typically was
445 em (1,75 in.), giving an immersed swrface apparent
area for a typical slug specimen of 1197 em® (L.86 in.?).
In 20 e of hydrazine the typical specimen wetted area
to propellant volume ratio (s/V) was 0.6 em-. The im-
mersed area for other specimen geometries was measured
similarly.

3. Surface Condition. Specimen surface stains of a
definite color {(eg., blue, green, or red) on the specimen
surface was an indication of thin fihn approximatety 0.2 to
0.4 o thick. The eolor was due to spectral interference
in the refleceted light passing through the filin, When the
lilm was thicker than 0.3 pm, the swrface usually appeared
darkened, These film thicknesses were confiemed by
scanning  electron  microscope  (SENM)  examination in
which Bl thickness could often be meisured (o 001 on,
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Visual characteristics may be observed under the
microscope by lightly seratehing the surface with a sharp
hardened steel seribe. The ductility and hardness of the
surfaces could be compared in this way. Aluminum,
corrosion-resistant steels, and titanium appeared soft and
duetile as they were being scratched, Chrome plate and
tungsten carbide were noi affected by the steel seribe,
An Exacto blade was used to scrape areas of the film
from the surface. Some films less than 2 gm thick were
not visible at 60, but a waxlike residuc could be seraped
from the surface in sufficient quantity to be visible at
680, This material from sclected specimens was trans-
ferred to a graphite mount for subsequent SEM analysis
by X-ray dispersion, Some colored stains were swabbed
with an organic solvent (acetone) to determine if the film
was a soluble organic residue or an oxide film resulting
from corrosive attack. Surface films 2 gin (0.0001 in.) could
be scraped off the specimen so that thickness with and
without the film could be recorded. Thinuer films could
not be successfully removed over a large enough area to
measure the thickness of the specimen without the film,
However, such films were hard enough and usually
cracked such that the film thickness down to 0.1 um could
be estimated from the SEM photographs at 2000X to
5000 magnifications.

4. Physical Change, The only metal dimensional change
of significance was the specimen thickness change. This
was measured with or without surface films, using a
0-2.54 om (0-1 in.) micrometer at locations every 0.65 ein
{0.25 in.) to 1.3 cm (0.5 in.} along the specimen length,
Readings of thickness, nominally 0.076 «m (0.0300 in.),
were read to 000025 em (0,0001 in.) and in general, the
readings were accurate and repeatable to -+ 0.00025 cem
(-++0.0001 in). In addition to the visual obscrvations
described above, the surlzees were examined using the
SEM and on sclected specimens the surface finish was
measured using a Bendix Proficorder.,

The Cambridge SEM vsed was cupable of holding
three or more complete [lat etallic slug specimens (a
total specimen viewing size of 3.8 cm X 7.6 em) mounted
at a 45-deg viewing angle. The specitnens were lield in
the SEM in an alumimne Toil backing by folding the {oil
over the specimen edges. This mounting procedure per-
mitted mounting the specimens without the use of con-
ducting coment and with minimum contamination of hoth
the posttest specimens and the pretest relerence speci-
mens. Because of the Large specimen size, e imount was
constrained to a fised viewing angle and limited travense
actoss the specimen faces. For more flesibility in esamin-
ing the emnds of the specimens and viewiag at different
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anglos and viewing stereoscopically, it was neccssary to
cut the slug specimen to a smaller size.

Using these sizes, such as a 2.5-cm (1 in.} portion of
the specimen which included the contact arca of a
bimetal couple, it was also possible to use the encrgy dis-
persive X-ray analysis capability of the SEM to identify
the metallic composition of the specimen surface films
and artifacts, For instance, it was found that aluminum
oxide lapping compound particles were smeared into the
specimen surface during the slurry lapping process. Also,
in bimetal couples of an aluminum alloy and stainless
steel, it was found that aluminum oxide was deposited on
the stainless steel surfaces,

The areas to be examined and photographed in the
SEM were identified and.marked, using the 60X light
microscope. The areas were usually marked by a small
ink dot and/or a steel seribed rectangle (~1 mm?) on the
specimen surface. A sequence of photo magnifications
(e.g., 50X, 500X, 5000X) was used to locate and isolate
particular significant areas. Readily identified surface
features included surface finish, pitting depth and diame-
ter to 0.1 pm, film and scale, organic, and nonconducting
surface contamination. Where general surface etching
oceurred as revealed by the SEM, thickness change inea-
surements werc usually consistent with metal residue
measurements. Pitting was described in terms of size
range of major pit diameters, e.g., 0.2-0.8 xm (10-40 pin.)
and apparent pit depth, and percentage of surface cov.
ered by the pits.

The dimensional changes and surface topography
changes were noted down to 0,1 pm and compared with
similar pretest reference specimens prepared under the
satne specified methods,

5. Mechanical Properly Tests. Mochanical property
changes were determined, based upon measurements or
evaluations of hardness profiles, bend strength, tensile
strength, and microstructure.

Superficial harduess (Rockwell) and microhardness
(Knoop) measurements were taken on the specimen sur-
fuces, Microhardness profile measurcinents wore taken
across the specimen cross seetion after metallographic
polishing to deteet any change. Specimens were tested
it three-point loading at a controlled deflection rate of
005 em/min (0.02 in./min). Load/deflection curves were
recorded and compared at 0.14% offset vield strength and
at their ultimate flexure strength,
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Tensile tests were conducted on specimens in the exlst-
ing condition or rectangular shape.

D. Nonmetaliic Specimen Examination

On clastomeric materials examination procedures were
employed to evaluate the chemical interaction between
the elastomer and propellant and the change in the
elastomer properties. Procedures included the following
steps:

{1) Specimen weight (blotted, but prior to vacuum

drying).
(2) Specimen dimensions (prior to vacuum drying).

(3) Caleulated density and volume change (prior to
vacuum drying, based on weight and dimensions),

(4) Shore hardness, and visual appearance.

(5) Final weight after 167 hr vacuum drying at 80°C
(140°F).

(6) Final Shore hardness (after drying).
(7) Leached residue (Si, S, Zn from EPT-10).

(8) Tensile strength and clongation, using miniature
dog-bone coupons cut from the 254 cm X 1.7 om
(1O X 0.5 in.) specimens after 167 hr of vacuum
drying,

(9) Thermogravimetric analysis {TGA).
(10) Differential thermal analysis (DTA).

The TGA analysis provided a graphical plot of speci-
men weight loss as a function of temperature in an N,
atmosphere, A 2- to 3-mg sample of the clastomer was
heated at a uniform temperature rise rate between room
temperature and 300°C (930°F). The weight loss, indica-
tive of volatization and decomposition of the material
components, was evaluated by comparison to the results
from an unexposed specimen,

The DTA analysis provided a graphical temperature
plot of endotherniie or exothermic reactions taking place
within the clastomer specimen as it was heated at 4 uni-
form rate between room temperature and 500°C (930 °F),
The results were interpreted by comparing the results
from an untested control sample, In the thermal ovilua.
tion of EPT-10, it was found that a product was formed
during hydrazine immersion and the new product decom-
posed exothermically around 2000 ¢ (3907 1),
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V...Posttest Analyses and Results
A. Discussion

So far in this program over ninety (80} test units have
becn removed from storage testing and subjected to post-
test examinations, The results from thesc immersion tests
arc presented in this section,

Posttest analyses were conducted using the procedures
described in Sections III and IV. The detailed results
were documented with written reports, and also recorded
on “data summary forms” of the type shown in Appendix
E. Complete information is retained in a permanent
archive file for retrieval at any time upon request of
users. In addition, pertinent details of .two important
facets of these analyses are presented.

B. Summary of Posttest Analyses and Results
A large amount of detailed information has been gen-
erated and documented based upon:

(1) The different analyses performed on each test unit.

(2) The total number of test units subjccted to analyscs.

However, for purposes of this report, only a summary of
this data is considered appropriate. Accordingly a sum-
mary of the spccimens and propellants analyzed and
major results are tabulated in Appendix A,

C. Hydrazine Material Compatibility and
Surface Film Formation

For hydrazine propellant the primary criterion for com-
patibility has been the decomposition rate of the hydra-
zine. In general, it has been found that metal corrosion
itself has been a secondary consideration cxcept for the
gencration and accumulation of corrosion residue which
can potentially cause valve sealing problems, filter clog-
ging, small tube clogging, or catalyst bed poisoning.

The buildup of soluble metal product was measured
directly in the hydrazine analysis. It was found that the
metal product was in accord with the composition of the
immersed alloy, and was approximately proportional to

the acid-forming contaminant (see total halide contami-

nation level in Table A-1). In the case of the bimetallic
couples, cathodic protection was afforded the more noble
of the metals in the couple; ic., aluminum was usually
more severely corroded when coupled with corrosion-
resistant stecl or titaniurn.

The SEM cxamination of specimen surfaces revealed
subtle effects giving new insights into the mechanism of
material reactions with hydrazine and its contaminants,
One facet of the corrosion precess revealed by the SEM
was the formation of thin oxide films on aluminum,
CRES, and titanium materials which, when dried, tended
to shrink and flake off the specimen surface when the

Table 4. Compatibility of CRES and hydrazine doped with CO,

15 Days 30 Days 45 Days 91 Days
CRES ('0];-"’ Percentage Percentage Percentage Percentage
rp of N1, Fe, ug of N,H, Fe, pg of N, Fe, ug of N, Fe, ng
decomposition decompuosition decomposition decomposition
303 a7 0.018 4 _ _ 0.015 3 0.046 4
52 0.015 4 0.033 4 0.048 8 010t 10
90 0.025 4 0.045 7.5 0.069 10 0.132 13
230 0.050 23 0.099 2715 0.170 38 0.534 §0
304 L 27 0,038 6 0.022 5 n11g 15 0.4 3
52 0017 2 .024 2 0.028 3 0044 3
20 0022 2 0.033 2 0.026 5 042 3
230 0.022 3 .022 4 (L0349 10 0.'29 25
347 a7 0016 2 0.027 2 0.025 3 0018 3
52 0.025 4 0.043 2 (1L.16Y hi {1.(%13 4
40 0.035 3 1.030 5 (1LOKE 3 .20 3
230 0.0 3 0.285 10 0.579 15 1.259 25
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film thickness excceded 1 or 2 pm (Fig, 22). It is postu-
lated from the analyses and observations that the surface
films were formed as hydrous oxides as a result of the
reaction of water with the metal salts formed by acidic
contaminant (halide, ear! an, dioxide, air, etc.) attack of
the metal specimens. The shrinking and flaking most
likely oceurred when the specimen was dried,

For conditions of very low levels of contamination, the
oxide film which formed on aluminum and titanium dur-
ing 3—4 year exposure periods resulted (upon drying) in
oxide flakes 1. or 2.um thick and.10-.to 20-um across
(Fig. 23).

On aluminum, this film was mostly over the vapor-
exposed surface and thickest at the liguid-vapor bound-
ary, On titanium, the film extended over the whole
specimen with an uncven distribution of thickness trom
0-2 pm. This potential problem area could affect the per-
formance of such components as valving and metering
devices.

D. Effect of Carbon Dioxide Contamination

A study was made to determine the effects of contami-
nants such as carbon dioxide or air on hydrazine propel-
lant and corrosion-resistant steel type materials, The
hydrazine and materials used in these experiments were
taken from Phase 11 stock items,

The hydrazine was doped to CO, content levels of 27,
52, 90, and 230 ppm. Test samples (CRES, 303, 304L, 347)

Fig. 22. Ftaking of oxide film from surface of titanium specimen
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measured 0.8 X 1.2 X 0076 cm, and cach sealed gloss
capsule contained 2.0 em? of hydrazine (s/V ratio 0.7
em'). Exposure testing was conducted at 43°C (110°F)
ambicent temperature. A summary of the data is shown
in Table 4.

There was a general trend toward more hydrazine de-
composition and more dissolved iron as the CO. content
was increased and as the test time was lengthened. 1t
appears that a CO, content of 50 ppm in the hydrazine
would be acceptable for long-term contact with all three
metals (decomposition generally less than 0.5% per year),
At a CO, content of 90 ppm, the decomposition rate was
moderate in the presence of CRES 303 and 304L, but
significantly higher with CRES 347. A CO, content of
200 ppin would be unacceptable because of severe cor-
rosion of all three metals and the subsequent high degrec
of hydrazine decomposition. A qualitative evaluation of
the obscervable extent of corrosion was made using the
scanning electron miscroscope. It revealed that the sever-
ity of pitting and etching of the metal surfaces was
directly related to the quantity of iron dissolved in the
hydrazine,

Fig. 3. Aluminum oxide film at the liquid-vapor interface on
aleminum specimen
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VI, Material Ratings
A. Discussion

This sectien is concerned with the conversion of the
test specimen/propellant petformance and results, re-
ported herein, into a rating for the different materials
relative to the long-term (10-year) compatibility require-
ments delineated in Section I-D.

The posttest examinations and analytical. results are
based upon real time, conjoint test properties, and indi-
cate in terms of descriptions and measurable values, the
cffects of the propellant on the material, and converscly

- the effects of the material on the propellant.

In order to derive the overall information required for
this type of a program, a considerable amount of data is
generated for each test unit, because of the completeness
of the analyses. Pertinent results are summarized in the
tables in Appendixes A and C.

The next logical step is to translate or reduce the
accumulated information from this complex detailed
form, and replace it with a system of standard descrip-
tive terms or values to provide a simpler expression of
the compatibility results. The product of this compres-
sion, subscquently identified as a rating, is more ame-
nable to disscmination of generic type compatibility
information on a direet basis, and also facilitates usage
in such practical areas as determination of overall per-
formance, design application, comparison, or cost-cffec-
tive measures.

B. Rating System factors and Criteria

The conversion of experimental results into a compre-
hensive and meaningful output by means of assessments
and interpretations presents a difficult problem, because
of the different conditions, factors, variables, and com-
plex interactions invelved with each material/propellant
combination and toest.

The general scheme for determining the final rating
is depicted in Fig, 24, and identifies the key subdivisions
involved in the regression process,

The primary multivariant factors influencing the com-
patibility phenomena (conditions) provide qualitative
and quantitative information These data are systemat-
ically evaluated {efiect and degree), and performance
characterized  nsing the general criteria indicated i
Fig, 23,
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EXPOSURE TEST
(PASSIVE, CONJOINT
PHASE}

POSTTEST ANALYSIS
PROPELLANT METAL

| rueL, oximizer |

CONDITIONS
(PARAMETERS)

I

TIME TIME 1
ENVIRONMENT ENVIRONMENT
SECOMPOSITION CORRQSION

PHASE SEPARATION FORMATIONS
PRECIPITATE PITTING

DISSOLVED GASES, SOLIDS CRACKING

APPEARANCE :
COLCR, TURBIDITY MECHANICAL PROPERTIES

PHYSICAL PROPERTIES

EFFECT
(REACTION)

NATURE TYPE GENERAL ]
COMPOSITION
OR CHANGE LOCAL

UNIF ORM

NON UNIFORM

DEGREE
(REACTION)

MAJOR {GROSS) MAJOR (GROSS)—l
INTERMEDIATE INTERMEDIATE
MINOR {SUBTLE) MINOR (SUBTLE)

CLASSIFICATION
{INTERPRETATION)

RATING 1Qayr
ACCEPTABILITY

Fig. 24. Factors leading to propellant/materlal long-term
(10-year) rating determination

By way of clarification, these standards have been
evolved to serve the needs for design purposes of the
JPL advanced development and flight projects for long-
term planetary spacceraft applications, and are con-
sidered hoth enrrent and  representative for practical
application, The availability of inore real-time data on
the propellant/metal interactions will permit refinements
of these standards, It is axiomatic that spaceeralt propul-
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MAJOR
{GROSS)
PROPELLANT METAL
FUEL, OXIDIZER
TIME, MULTI-YEAR TIME, MULTI-YEAR
ENVIRONMENT ENVIRONMENT
TEMPERATURE, 43°C TEVAPERATURE, 43°C
DECOMPOSITION CORROSION
0. 1%/ yr D.0254 mm/yr
OTHER PARAMETERS FORMATIONS
PROPELLANT SPECIFIC 15 um (ABSOLUTE)
APPLICATION SPECIFIC INTERMEDIATE PITTING (RANDOM INTENSITIES)
0.0254 mm/yr (WIDTH, DEPTH)
CRACKING (RANDOM INTENSITIES)
0.0254 mm DEPTH/yr
PROPERTIES
10% LOSS
OTHT? PARAMETERS
METAL SPECIFIC
APPLICATION SPECIFIC
DECOMPOSITION ZHANGE IN PROPERTIES
<<0.1%/yr MINOR NOTGETECTABLEWITH
PHYSICAL AND CHEMICAL {SUBILE) CONVENTIONAL EXAMINATIO
PROPERTIES NOT
SIGNIFICANTLY CHANGED

Fig. 25. Typical criteria for determining propellant/material
long-term (10-year) rating

sion components utilize weight-sensitive highly stressed
structural materials. A better understanding of the per-
formance over the long duration, especially as it affects
minor or subtle changes, will lead to more reliable and
improved designs,

C. Description of Classifications Used for
Rating Materials

A classification system has been established for rating
the materials relative to compatibility behavior.' This s
shown in Fig. 24 as the last step, and cxpresses the
material compatibility performance in its simplest form,

The classifications and symbols used are:
A aceeptable
N not aceeptable
I incomplete

R restricted

Wther tepical systems ane presented in Boefs, 42 01,
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Specific materials for a given application are deter-
mined to be cither aceeptable (A) or not aceeptable (N),
in terms of ccmpatibility with environmental fluids over
the time and dynamics of the mission, However, since
an A rating is, in fact, a prediction based on available
data, a qualifying code is required to define the hasis
and validity of the prediction. The approach used is to
add @ rating qualifier or modifier to cach where required.
The symbols used are I for incomplete, and @ for re-
stricted: thus materials are rated as Totlows: A, A--1, or
AR or N. The 1 and R in each ease would be explained
with background information. ‘1he definitions of 1 and
I are as foliows:

I =2 Incomplete compatibifity data (a data void) v ith
respect o conditions or time,

R = Restricted compatibility indicated by corrosive
degradation or propellant contamination  at
comditions  that could influcnee the wission,
component, or operating specificalions (requires
analysic of the specilic application,
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D. Correlation and Application

To complete the discussion of satings, bricf comments
are made regarding details of the olassification category
(final subdivision shown in I'ig, 24).

1. Correlation. This aspect is vory important, beeause

of the consequences or implications that are associated .

with the fiual output or rating. The approach taken was

to derive the ratings based upon practical treatment of .

the many variables and interpretation of results,

To help visualize the steps involved in this transitional
process, the correlation betwecen. the criteria for. deter-
mining compatibility and classifications is illustrated in
Fig. 26. The level of acceptability for test. data is estab-
lished based upon the comparison of the subject results
with the standard criteria (intermediate category, Fig,
25). The rating is then assigned based on results of such
comparison(s).

2. End-Point Application. To summarize, & materials
rating system has been established to derive engineering
information and design guidelines from the JPL current
test program. In consonance with the program goals, the
system provides for:

(a) A basis for selecting siructural or compenent ma-
terial candidates based on the application and
operating environment.

(b} A basis for rating the candidate acceptable ma-
terials in terms of the best data currently available,

E. General Rating of Materials

The material compatibility ratings and qualifiers have
been assigned for the different matetials and propellants
evaluated to date under this program, Influencing fac-
tors leading to the specific ratings are presented in the
next Sections V1 F through 1. These material ratings will
be updated as new knowledge becomes available from
the JPL test program.

In conclusion, it should be noted that no material is
rated completely acceptable, without qualification, for
the ten-year requireinent at this time, A large number of
specimen/eapstles have been in test for over six years
and, based upon visual observations, will apparently Jast
longer, However, there are no generally aceepted estra-
polation rules that can be applied at this time to bridge
the gap hetween six and ten years,

JPL TECHNICAL MEMORANDUM 33.779

COMPARISON ol ASSESSMENT =] CLASSIFICATION
INPUT W CRITERIA PO e TIAL RATING
LAIESTION- NOT
MAJOR ABLE ACCEPTABLE
{GROSS) T T
POSTIEST INTER- ACCEPT- ACCEPTABLE
AMALYSES MEDIATE ABILITY INCOMPLETE
RESULTS (STANDARD) (DEGREE) RESTRIC 12D
MINOR ACCEPTABLE
{SUBTLE) INCOMPLETE
PROPERTIES
UNCHANGED }
OR EFFECT(S)
INSIGNIFICANT | ACCEPTABLE

Fig. 26. Correlation between typical criteria, test resuits,
and assigned ratings

F. Hydrazine/Materials, Ten-Year Compatibility Ratings

1. Hydrazine, The primary effect has been established
as the decomposition of the propellant resulting from im-
purities in solution and metal contact,

Rating: Specification grade: Acceptable-Restricted
(A-R)
A = Potentially aceeptable

R == The catalytic activity of impurities produce re-
actions which result in a very slow, but measur-
able increase in the rate of decomposition,

Rating: Refined Grade or Uncontaminated Form:

Acceptable-lncomplete (A-])
A - Dotentially acceptable. This propellant grade is

considered o low risk,

1 Duta lacking for 10-year periad

2, Aluminum Alley, Types 2219-188, 6061-76, The pri-
mary cffcets have been established as formations and
pitting. The oxide film buildup is very thin (on the order
of 1.0 um thick), and dees not contribute to decompo-
sition. The shallow pitting is well helow the criteria limit,
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Rating: Acceptable-=incomplete (A-1)

A Potentinlly acceptable, The tendency is toward
minor compatibility effects,

I Data lacking for 10-year period,

3. Corrosion-Resistant Steel, Types 302, 303, 304, 3041,
316, 321, and 347. The primary effeets have been estab-
lished as: (1) varying from random corrosion to diserete
pitting, and (2} formations. ‘Ihe corrosive attack is non-
uniform with a proclivity for the numerous pits, as they
become huger than 1.0 n, to join other pits, and
develop an etehed avea, The net effeet falls hetween neie
wiiform corvosion and pitting. The oxide film formed is
very thin (approximately 1.0 gy and porous. The quan-
tity of metal, siaimy iron, transferred to solution and as
resiclue increases the rate of hydrazine decomposition.

Rating: Acceptable=Restricted (A-R)

A The materials are considered potentially aceept-
table, as noted.

R - The performance tends to remain in the inter-
mediate range with movement toward a major
cffeet, if contaumination levels and  environ-
ments are uncontrolled,

y 4. Corrosion-Resistant Steel, Types 350, 355, 416, 446,
17-4, and 17-7. The general effects have been established
as formations and pitting. The demarcations are consid-
cred minor, and require further subdivision from the pri-
mary criteria for more aceurate desceriptions of offeets,
The film formed consists of localized surface discolora-
tions and tarnishes. The minute pitting is strictly within
the eriteria limit. Hydrazine decomposition is also within
the criteria linit,

Rating: Aceeptable=Incomplete (A-1)

A Potentially aceeptable. The performance tends
o remadn in the intermedinte range.

U Data lacking for 10-vear period.

5. Nickel Base Alloys

t. Hastelloy and Inconel, The general eflcets have
been established as corrosion, formations, and Pitting,
Nonuuiform and limited effects were indicated in Uhe
form of a dull metallic finish, faint tarnish, and scattered
minute pitting. The alloying promotes hydeazine decom-
pusilion,
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Rauting: Acceptable~Restrieted (A-R)

A - The materials are considered provisionally ac.
ceptable, and as noted,

R: The performance *ends Lo remain in the inter-
medinte range with movement toward a major
cffeet, if contaminatior levels and environments
are uncontrolled, Becanse of this sensitivily to
promote decomposition, these materials are con-
sidered less compatible with hydrazine than the
CRES type alloys, items 13 =nd 144, In view of
the degrading influences of ihese restrictions,
specific applieation factors must also be con-
sidered,

b. Nickel. The general effects are similar to those de-
scribed for ITastelloy and Inconel, Item F5a. The nickel
promotes hydrazine decomposition.

Rating: Acceptable-Restricted (A-R)

A Theanaterial is considered marginally aceept-
able, and as noted,

R — All restrictions stated in Subscction VI-F-5-a are
applicable with the added liability that the
metal is less compatible with hydrazine than
Hastelloy and hiconel,

6, Titanium Alloy

a, Type 6AI4V. The general elfects have been ostab-
lished as formations and pitting, The oxide filin buildup
is very thin (on the order of 1.0 un thick), These effects
fall well below the criteria limit, 1t is noted that chloro-
carbon cleaning solvents can interact with this combi-
nation, thus feading to serious loss of mechanical prop-
cities (embrittlements), Therefore, these characterizations
and ratings are based upon the specific use of isopropvl
aleohol for all processing,

Rating: Aceeptable-Incomplete (A=)

A Probably acceptable, This wnaterial s rated the
best, because of the excellent performance, Ac-
cordingly. a higher rating is assigned, “The quali-
fier is maintained for consistency of reporting,

I Data lacking for 10-vear period

7. Mhers

a. Gold and chrome plating. The primary effeets have

been estaddishied as pitting and tormations, Lin serleclions
1 |

{pitling or porasily s in the plating allow the prrapellant to
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interact with the substrate metal. This interaction beneath
the plating produces nonuniform blistering which also
afficts the local bonding integrity of the plating to the
metal. Effects are considered within the criteria limit.

Rating: Acceptable-Incomplete (A-I)
A == Potentially aceeptable
I=

Data lacking for 10-year period

b. Tungsten carbide. The primary cffect has been
established as propellant decomposition, The cobalt
binder is known to be incompatible with hydrazine.
Criteria limits are exceeded resulting in major effects,

Rating: Acceptable-Restricted (A-R)
A = Marginally acceptable

R = Additional compatibility information is required
to demonstrate performance over much longer
periods of time. The condition for acceptance is
based upon minimizing the metal and binder
arca in contact with hydrazine, hence, applica-
tion apecific,

¢. Molybdenum. The primary offeet has been estab-
lished as propellant decomposition,

Rating: Not acceptable (N)

N = The material is incompatible with hydrazine.
aud results in excessive decomposition,

8. Polymeric

a. Ethylene propylene terpolymer ( EPT-10}). The pri-
mary effeets have been established as material property
changes, loss of elemental constituents through leaching,
and propellant decomposition. These offects are typical
for polymeric materials. Mechanical property changes
were less than 1007 of original values, Zine (0.09 mg) was
extracted, bt the wine jon apparently did not catalyvze
hydrazine decompesition, The presence of GA 3V (ita-
nitm metal did rot produce any signilicant adverse
syneegistic effeet on cither the polymer or metal.

Rating: Acceptablo-Restricted (A-R)

A = The EPT-10 material is comsidered provisionally
aceeptable and as noted.

R The charaneteristios of EPT0 indicate a ten-
deney toward remadning in the intermediate
raere. The main problem s the lwck of nmlti
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vear data which necessitates a “provisional” as-
signment to the rating.

b. Perfluoroclastomer (I.RV-448), This polymeric ma-
terial s in the experimental stage of development. Ac-
cordingly, no rating is assigned,

9. Lubricant

a. Krytox 240AC. The cffect of Krytox 240AC, a wet
lubricant, is not clearly definable, It is stable and com-
patible, but it does not scem to inhibit corrosion nor
hydrazine decomposition and does seem to allow free
diffusion of both the metal.and halide jons.

Rating: Acceptable-Incomplete (A-1)
A = Potentially acceptable

I == Data lacking for 10-year period
These ratings are summarized in Table 5.
G. Hydrazine-Hydrazine Nitrate/Materials Ten-Year
Compatibility Ratings
1. Hydrazine-Hydrazine Nitrate: (75% N.H,, 24
N.ILNO, 17 H.O). The primary cffect has been estab-
hished as the decomposition of the propellant resulting
from impurities in solution and mctal contact,
Rating: Aeceptable-Restricted (A-R)
A= Marginally aceeptable

R The catalytic activity of impurities produce re-
actions which result in an inereased rate of de-
composition,

2, Aluminum Alloy, Type GOG1-T6. The primary effect
has been established as corrosion, The heavy corrosion
exceeded the eriteria linit approaching a major effeot.

Rating: Aceeptable-Restricted (A-R)
A Maseinally acceptable
R High corrosion rale presents a serious problem,

3. Corrosion-Resistant Steel, Tvpes 3003, 3041, and 347,
The primary effeet has been established as corrosion
which produces o major efled,

Rating: Not aceeptable (N)

N CRES waterials are incompatible with oIS
heeitise of exeessive corros o,

3
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Table 5. Summary of compatibility ratings for materials In
contact with hydrazine for ten years at 43°C (110°*F)

Material Rating Qualifier

Aluminum alloy

2219-T86, 60C1-T6 A 1
Corrosion-resistant steel

302, 303, 304, 304L, 316, 321, 347 A R

350, 355 A 1

416, 446 A 1

17-4,17-7 A I
Nickel base alloys

Hastelloy A R

Inconel A R

Nickel A It}
Titanium Alloy

GAl-4V A 1
COithers

Chrome plate A I

Gold plate A 1

Tungsten carbide A R

Molvbdenum N -
Palymeric

Ethylenc propylene terpolymer

EPT-10 (JPL) A R

Lubricant

Kryvtox 240AC { Dupont) A 1
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Table 6. Summary of compatibility ratings for materlals in
contact with hydrazine-hydrazine nitrate for ten years at 43°C
(110°F)

Material —— Rating Qualifier_
Aluminunn alloy
GOBY-16 A R
Corrosion-resistant stecl
303, 304, 247 N -
Titanium Alloy
BAI-4V A I

A= Acceptable; N=Not acceptable; 1= Incomplete; R= Restricted

4. Titanium, Type 8Al-4V, The primary criteria has
been cstablished as corrosion and formation. Corrosion
is considered nonumform. The film formed (titanium
oxide) is brittle, 2 pm thick, and covered with Bne cracks,
The results are within the criteria limit,

Rating: Aczeptable-Incomplete (A-I)
A = Provisionally acceptable

I == Data lacking for 10-year period.

These ratings are summarized in Table 6,

H. Monomethylhydrazine/Materials Ten-Year
Compatibility Ratings

L. Propellant, monomethylhydrazine; materials, CRES
(Types 303, 3041, and titanium 6AL-4Y), The number of
posttest analyses performed to date is very limited, How-
ever, it was concluded that these combinations exhibited
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more compatibility than the same materials with hydra-
zine.

Rating: Acceptable-Incomplete (A-I)
A == Potentially acceptable

I = Additional data required, Data lacking for 10-
year period,

2. Polymeric: Teflon, FEP. The primary cffect has becen
established as material changes. Tensile strength and
clongation properties were lowered; for example, the
reduction in tensile strength was 19.31 to 1517 MN/m?
(2800 to 2200 psi). Vlizse resulis are considered acceptable
because of the influence of the “miniature configuration”
of the dog-bone tensile specimens used,

Rating: Acceptable-Restricted (A-R)
A = Potentinlly acceptable

R = Relatively stable material, however, additional
multiyear data is required.

These ratings are summarized in Table 7.

[. Nitrogen Tetroxide/Materials Ten-Year
Compatibility Ratings

1. Nitrogen Tetroxide, The propellant (MSC-PPD-213)
is a stable oxidizer; therefore, no primary or specific of-
fects are defined,

Rating: Aceeptable=Tncomplete (A-1)
A - Potentially aceeptable

1 == Data lacking for 10-vear period
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Table 7. Summary of compatibllity ratings for materlals In con-
tact with menomethylhydrazine for ten years at 43°C {11Q0*F)

Table 8. Summary of compatibllity ratings for materlals in con-
tact with nitrogen tetroxide for ten years at 43°C (110°F)

Material Rating Qualilier

Materinl Ruating Quualifier

Corrosion-resistant stecl

303, 304 A .. ...
Titanium alloy

6AV-4V A I
Pelymeoric

Teflon (FEP) A R

Alaminum altoy
B0G1-16 A 1

Corrosion-resistant stecl
347 . A I

Titanium alloy
8Al-4V A 1

2. Aluminum Alloy, Type 8081-T6, The primary cffects
have been established as corrosion and formations. Cor-
rosion was uniform with a depth of 1.0 um. The uniform
formation of rough porous oxide film was less than 0.2
pm thick.

Rating: Acceptable-Incomplete (A-I)

A = Potentially acceptable

1 = Data lacking for 10-year period

3. Corrosion-Resistant Steel, Type 347, The primary
effeets have been established as corrosion and formations.
The corrosion was very minor. Oxide particles were less
than 1.0 pm in sizc.

Rating: Acceptable-Incomplete (A-I)
A == Potentially aceeptable

I = Data lacking for 10-year peried

4, Titanium Alloy, Type 6Al-4V, The primary clfects
have been established as corrosion and formations. The
corrosion was very minor, Pormations were nonuntform
and spotty gray. The 2.0-un-thick oxide film exhibited
numercus cracks with most of the film adhering to the
titanium specien, This is opposite to the effect on CRES
alloys where the product dissolves into the propellant,

Rating: Acceptable-Incomplete (A-1)
A — Potentially aceeptabk

1 - Data lacking for 10-ycar period

These ratings are summarized in Table 8,
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VIl. . Conclusions
A. Hydrazine Propellant

(1) Under controlled .environmental conditions and in
the abscnce of known degrading contaminants such as
carbon dioxide, the primary eriteria for determining ma-
terials compatibility has been the decomposition rate of
the hydrazine propellant. It has been found that metal
corrosion itself has been 2 secondary consideration, The
presence of metallic ions in solution and transitional metal
ions from cxposcd surfaces, catalyze the reaction, and
cause an increase in the rate of hydrazine decomposition.

(2) The metal ions or corrosion products of aluminum
(6081-T6) and titaniwum (GAL-4V) nlloys cause an insignifi-
cant amount of decomposition of the hydrazine. Hence,
these alloys could be used for long-tern: {of up to ten
years) mission applications with assuranee of a suitable
level! of-performance and reliability.

{3) The mietal ions or corrosion products of corrosion-
resistant steel (sometimes referred to as stainless steel),
are active catalysts for decomposition, althougl the spe-
cific ions responsible have not been identified. The com-
patibility of this class of materials is marginal with
hydrazine, Usage on long-term (of up to ten years) mis-
sions vequires a careful assessment of the specific mission
condlitions and requirements,

(1) The earbon dionide content in hydrazine should he
kept at o Jow level to minimize the effeet of corrosion.
The maximum level of carbon dioxide shoeld not exceed
fitty parts per million (50 ppm), particnlarly if 347 CRES
is being used in the systen,
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8, Hydrazine-~Hydrazine Nitrate Blends

As a generalization. it is obvious that this hlend is not
compatible with CRES type of materials, Excessive pres-
sure rise and etching of the test specimen surface was
experienced after relatively short exposure periods vary-
ing from 5 to 78 days.

C. Monomethylhydrazine

All specimen/capsule units still in active tost after six
years exposure reveal no serious problems.

D. Nitrogen Tetroxide .

All specimen/capsule units still in active test after six
years exposure reveal no serious problems.

E. Cleaning Seclvents

It has been found that the carbon-chlorine type sol-
vents used for contamination control can interact with hy-
drazine and titanium 6Al-4V resulting in embrittlement of
the titanium material. The use of carbon-chlorine type
solvents should be climinated to avoid the possibility of
contaminating and affecting liquid propulsion elements,
particularly where fucl-type propellants are involved.
Specifically, the use of halogenated solvents such as IFreon
or Freon-type materials, should be prohibited.

Isapropyl alcohol is more suitable than Freon for re-
moving crganic material, and docs not interact with the
Liydrazine or titanjum material. Isopropyl alcohol should
be used for cleaning, processing, or other pertinent oper-
ations for fucl-side propulsion clements,

34

F. Ten.-Year Design Data

The rate oxpression for the compatibility phenomena
as a funetion of long-term storage needs to be defined for
a ten-year period. Experimental results are required to
establish whether the “total compatibility changes” con-
tinue linearly or Jevel off ns a function of multiyear stor-
age duaration,

G. Procedures and Standards

The cssence of this compatibility program is uniform-
ity of implementation and methodical control of the
numerous and complex factors involved for cach phase
of work. This has been acconiplished by the standardiza-
tion of all metheds, procedures, and processes. The ade-
quacy of these procedures and standards has been dem-
onstrated in the accomplishment of each major phase,
These include: preparation of approximately 900 speci-
men/capsule combinations using semiproduction tech-
niques; conducting test operations and storage testing ns
planned; and performing posttest analyses on over 90
test units involving metallurgical examinations and pro-
pellant characterizations. It is felt that the procedures
and standards evolved and used in this work provide a
reliable means for carrving out long-term compatibility
investigations, and identifying potertial propellant/ma-
terial interactions whether gross or subtle in effect.

H. Multiyear Design Data

The results being gencrated after multiyear real-time
exposure periods are considered to be representative
criteria, The data derived from this long-term experi-
mental program can be used for propulsion design pur-
poses in any system,
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Appendix A

Specimens Posttest Analyses and Results
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Appendix B

Test Units in Storage
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Table B-1. Test specimens in hydrazine storage (Spec. MIL-P-26536B)

Strossed
{Stressed
Bimetal Bimetal to67% |]
Matertal Slug contact separated of yield) | Welded Other Total
Q
™ <
- & % &
= ~
E N R
=L - w = . = = k]
a4 9 ~ i - © % = s B | B
8 8 3 8 2|18 5 2 &| 8 2] 2 |8 6.2 §(8
303 CRES 1 1
3041 ] 1 2 9
316 2 2
347 1 ] 2 1 6
430 2 3 5
446 9 2 4
17-4 1 1
17-7 2 2 4
350 1 1
335 2 2
356-T6 Al 2 2
2014-T6G 1 3 1 2 9
2219-T81 2 2
2219-T86 1 I
50352 2 2 4
G061TG 14 2 1 5 1 2 4 ] 3 4 3 44
707576 1 1
GAl-4V Ti 248 3 1 2 2 22 17 8 83
BAl-#V ELI 4 4
Columbium 2 2
EPT-10 2 2 3 4 11
Feflon
LRV-148 2 2
NI, (Controls) 24 24
Total T2 2 3 3 4 5 3 4 2 4 32 At ) 8 3 8 23| 24| 224
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Table B-2. Specimens ir: hydrazine—Viking Lander '75 grade materlal
(STM NO20, July 14, 1972, Rev. 2)

Stressed
Bimetal (stressed to 67%
Material | Slug [ contact of yicld) Welded Brazed Total
E
E 2
A -— 3
: E g
- = - @0 .
a3 = i - §~"—- b el
§ E 3 8 g 8 v
& |¥ z £ Ei iz E £ |3 £ |%® E £ E
3 w F R & |& & & & & a8 & ¢
301 Cryo 4
{Tank
section
& dia-
phragm}
304L CRES | 1 6 2 2 a 5 1 20
316 2 2
{Tube
& cou-
pling)
446 3 4 T
15.7 2 1 3
Inconel-X 2 2
BAL4V Ti 2 2 1 5
{Transi-
tion
joint)
AFE-332 2 4 G 12
(ASTM
Nog-bone,
double
fold)
AFL-332 3 3
(O-rings
high
stress)
AFE-332 3 3
{O)-ringes
low
slress)
EPT-10 5 53
(Tunk
section)
ALO, 1 !
{sphere)
N, | 6 6
{controlss
Argon gas 4 i
{ealibration
__unit\‘ L B ] o
Tt T (B 4 5 2 3 ] 1 ! 2 t 4 fi 1 4 TG
— ——
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Table B-3. Specimens In test, hydrazine—hydrazine nitrate
(75% N,H,; 24% N,H,NO,; 1% H.,Q)

A

b x4

) Stressed
o | Bimetal contact {Strossed to 67% | Welded Other .
Materia Slug ol - 6-4Ti of yicld) Solf controls Tota
Slug Weld
G081-T6 Al 1 1 2 4
BAl-4V Ti 1 2 3 8 4 13
Hydrazine nifrate 1 1
Total 1 2 1 4 . 3 | 6 1 18
Table B-4. Specimens in monomethylhydrazine (MIL-P-27404A)
B \ Stressed
imetal contact (Stressed to 87% Welded Brazed
Material Slug 347 6061 6-4Ti of yield) Self Self Controls | Total ...
Slug Weld
303 CRES 3 2 2 1 2 2 2 14
304L 8 2 g g 1 2 2 14
318 3 2 4 2 2 2 2 17
347 a 2 2 2 2 2 13
6061-T8 Al a3 1 2 g 1 9
6 Al-4V Ti 2 2 4 3 3 14
Teflon FEP 3 3
Teflon TEE 4 4
MM (control) 3 3
Taotal 22 9 12 7 13 13 10 ) 3 a1
Table B-5. Specimens In nitrogen tetroxide (Spec. MSC-PPD-2B)
B " Stressed Other
imetal contact Stressed G ¢
Material Shig 24 Ti ¢ "C;;:_i:l(:]? % Chrome Krytox | Controls | Total
7 606k G-4Ti Slug Weld Plate Anodize 240 AC
302 CRES 5 1 1 1 8
303 5 2 7
304L ] 2 g 2 2] 14
316 3 5
321 3 2 2 2 9
347 5 8 4 2 2 2 23
4168 3 3
15-4 4 2 ]
177 5 2 7
5052 Al 4 4
GiOGH L' 6 4 2 4 4 4 4 22
0TS 3 ) _ 3
8 ALV 11 1 ¥ ) 3 41
Nickel 4 o ) ) 3 2 . 8
NL0O, (Controls) 5 ]
Total 71 9 9 8 28 14 2 i 17 i [{] 168
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Appendix.C

Propellant Specifications and Assays

¢ ~ING PAGE BLANK NOT Fli.f:w

JPL TECHNICAL MEMORANDUM 33.779 67




Table C-1. Assays of hydrazine~hydrazine nitrate

Assay® of hydrazin Assay of )PL-produced
Constituent or property MH_"'P'%BSSPB_H a)lrs recel?l'cd ° Assay of J PL.-purl.ﬁcd hydiazir]m—h)lrdm;;ne
specification limits (drum H-3155) hydrazine nitrate

Hydrazine assay, % by weight 97.5 min 08.2 99.9¢ 75.2
Other major constituent, NAdL NA NA 24.0(N_H,NO,)
% by weight
Water plus soluble impurities, 2.5 max 0.45 H,0 <0.02 0.4
% by weight
Density at 298 K (77°F), g/cm? 1.004 +0.002 Not deternined Not determined Not determined
Particulate, mg/cm? 0.01 max Not determined Not determined Not determined
Ammonia plus amincs, Not required L18(NI1,) 0.08 (NH.,} 0.1 (NH,)
% by weight 0.20 (C,II,NH,) <5 ppim (C,H,NH,} 0.3 (C;H,NH,)
Dissolved metals, % by weight Not required

Iron 0.01 Not determined because Not determined

Aluminum
Nickel
Manganese
Cobalt
Chromium
Copper
Zinc
Silicon
Magnesium
Sodium
Calcium
Barium
Boron

Dissolved anions, % by weight
Chloride
Sulfate
Nitrate

None detected

0.003
0.003
None detected
0.008
0.002
0.075
0.009
0.005
0.005

Not required
None detected

!

levels assumed below
detection threshold

A 4
Not determined beeause
evels assumed helow
detection threshold

None detected

}

Not determined

Nonvolutile residue, mg/em?

Not required Not detennined Not determined

*Version of hydrazine specification in foree at start of program,

"From Ref, 41,

Assuy by titration with acid indicated 10075 bydrazine; assay by titration with chloramine T, 9495 hydrazine,
INot applicable.
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Table C-2. Assay of monomethylhydrazine

MIL-1-274044A ;
Constituent or amendment 2 Assay of .
property specification N‘-'l'[_:‘CH’ prior
limits to filling capsules
Monomethylhydrazine 98.3 min 90.42
{N,H_CH,) assay,
% by weight
Water, % by weight 1.5 max 0.48
Particulate, milligram 10.0 max 0.97 -
por liter
Density, grams per 0.870 to 0.874 0.872
milliliter at 25°C
{77°F)
Ammonia (NH,), % Not required 0.10

by weight

Table C-3. Assay of nitrogen tetroxlde

. MSC-PPD-2B Assay of N,O,
Constituent or H

specifieation prior to filling
property limits capsules
Nitrogen tetroxide 98.50 99.36
(N.Q,) assay, % by
weight
Nitric oxide (NO) 0.8 = 0.20 (.60
assay, % by weight
Water cquivalent, 0.10 max 0,006
€2 by weight
Nitrosyl chloride 0.08 max .ol
{NO Cl), assay,
€5 by weight
Ash, %8 by weight Not required 0.01 ;
1
;
|
'
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Appendix D

—d

Method for Determining Carbon Dioxide Content.in.Hydrazine

.xpING PAGE BLANK NOT FiLRl

S

e i
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I. Determination of Carbon Dioxide
Absorbed by Hydrazine

The general test setup i« shown schematieally in
Fig. 1>-1. The sulfamie acid solution is prepaved by dis-
solving 150 g of reagent grade material in 1.0 1 of dis-
tilled water, To reduee the GO, content of the sulfanic
acid, high purity helium. passed through Ascarite, is
bubbled through the sulfamic actd solution via the glass
frit which provides a fine gas Jdispersion aad efficient
purging. The helium gas is passed through the sulfamic
acid delivery tube for about 16 hours at 50-60 cm*/min.
The exit end of the helium gas from the sulfamic acid
hottled is protected against rir and CO, with an Accarite
tnbe, This Ascarite tube is replaced with a new one after
the helium purge. With the precautions outlined, the
blank CO. is under 2.0 ppm.

The apparatus is standardized by means of a NaHZO,
solutioi: prepared by dissolving 0.381 g of dried NalICOQ,
in distilled water, The solution is stored in glass, and air
exposure is minimized. This solution provides 0.20 my
CO. per milliliter. Its CO. content i 200 ppm by weight,

The cohumn is 6.0-mm diam tubing, 3.68 m long (0.24-in,
diam, 12-ft long), filled with 60-80 mcsh F & M Polypack
No. 5. 'This packing gives good separation of CQO. at
ambient temperature. The peaks »re sharp, permitting
direct reading of the heights and climinating the need
for peak area measurements. The colunm is bent into a
number of 0.7-m (2 ft) sections arranged close together
and contained in a glass jacket. The filament-tvpe thermal
conductivity detector unit is kept at ambicnt temperature
in a glass dewar to minimize temperature fluctuations.
A LO mV recorder records the detector output. Helium
flow ix 60 em*/min.

The first step in the analysis is the determination of
the blank: the GO, picked up from the reagents and the
system. The flow of the high purity hielium purge gas
after passage through Ascarite, is adjusted to 50 cm™/nin
by nreans of a Bowmeter in the systen, A 60-m1 sulfamic
acid solution is run into the wnit via the stopeock, The
stirrer is adjusted to give vigorous constant stirring. Onee
set the helium flow anel stirring are kept fixed through
the whole v,

After addition of the sulfamice acicd, the helium $AS i
passed through the traps for 30 min to purge the svslem
of air. The CO_trap s thew immersed i liguid nitrosen
to the top devel of the glass heads, Flow of helinm s
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LIBCRATION AND TRAPI NG OF o,

SULFAMIC HLLIUM
IN

ACID
SOLUTION
ASCARITE FLOWMETCR
l out
i — j‘
I:D SEPTUM ’!
L—':- BALL
3 BUBBLER baLL
DRAIN -rQ)-I—"—‘J
DRYING TRAP
T CONCEMTRAIED
H,S0,
MAGNETIC CO, TRAP
STIRRER (N,
GAS CHROMATOGRAPH
THERMAL
CONDUCTIVITY
DETECTOR
FLOWHETER
( HELIUM
3 4 IN
VACUUM
out

3.686-n GLASS COLUMN
PACKED VITH F & M PCLYPAK
NO. 5 AMBIENT TEMPERATURL

U

Fig. D-1. Apparatus for analysis of CO, in hydrazine

contined for 20 min afier which time the stopeock on the
CO. trap is turnerd to isolate the loop on the trap.

The trap, inunersed in liquid nitrogen, is removed and
transferred (o the gas chiromatograph sampling svstem,
The stopeock on the CO. trap is timed so as 1o evacuate
the nancondensible gases in the teap and then trned to
isolate e Toop containing the frozen GO..

The nest step is to flow the helinm gas through the
hranched leg of the sampling systenm. Duting this opera-
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tiom the liquid nitrogen is removed, and the GO, trap
thawaed with warm water, After a few ninutes, the stop-
cock is turned so as to llush the CO.L with helinm into the
chromatographic column for separation and assay, The
blank run is repeated until consistent low values are
obtained.

The standardization run is made in the same manner as
the blanks, except that after a 5-min preliminary purge
with helium, 0.50 ml of standard NalCO, solution is
injected into the vigorously stirred sulfamic acid via the
septum on the sulfamic acid unit, The released CO. is
frozen out in the CO. trap immersed in liquid nitrogen.
The trapped GO, fromn the standard solution is trans-
forred to the gas chromatographic sampling systein. This
yiclds a peak height for a standard of 100 ppm CO..

The CO, in hydrazine is similarly determined. A 1.0-ml
sample is injected into the sulfamic acid solution via the
septum, and the released CO. is swept out of the solution
for a period of 20 min, The hydrazine injections should
be made rapidly and with a minimum exposure to air,
The sulfamic aeid solution is suflicient to newtralize 1.0 mil

JPL TECHNICAL MEMORANDUM 33.779

of hydrazine and should therelore be disearded after each
hydvazine analysis, 1 another sample is to be run, the
sulfamic acid unit is refilled, and the hlank and the
standard determinations are made as before.

Il. Calculation for Carbon Dioxide Content
Parts per million earbon dioxide -

peak sample — peak blank

peak standard - - peak Dlank * 100

For hydrazine, where the density ean be taken as 1O, a
density correction term is not applied. The error due to
this omission is about 1%, well within the -=10% pre-
cision for the CO. determination when the valucs are
under 20 ppm.

lI1. Conclusion

The method deseribed provides meaningful results Tor
the determination of CO. in hydrazine or the methyl-
substituted derivatives.
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Appendix E

Data Summary Sample Format
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HYDRAZINE COMPATIBILITY DATA SUMMARY: TITARIUM

GAL- 4V ELY
I, TEST SPECTIFIMEN CHARACTERIZATION
Material(s) Configuration Specimen Number {S/N)
GAR-4Y ELT SLUG STRESSED o787
DG 10040406 A
6AR-4v DWVG 10026715 A STRESS FIXTURE
8/N Specification Assay Temper
0787 MIL-T- 9046 0.023C, 0.09 Fe,0.0tN, ANMEALED
& TYPE I, COMP C 5.1a8,4.Va, 0024 CONDITION)

EXTURE HEAT N¢ G-/863 0.10 O,

Length Width Thickness Weight
em ( in.) cm ing)  _em ( in.) g
0787 75989 (2.9917) 12598 (0.4960)  0.076 (0.030) 3.2086
Hardness Surface Finish: 1ID/Opposice Sides
0787 NOT APPLICABLE _ 03/03 um ( I2/12 pin.)
Welding Method
Special Surface Preparation BY P5I PeR JPL FS5505029
Cleaning and Surface Treatment BY P8I FER JPL F5505029
{/B0PRoPYL ALlOHOL )
11, TEST MILESTONES

76

Late Period (days) Environment
Capsule Sealed 13 NOV 968
Test Started 25 MAR Ig70 496 222K (-e0°F)
Test Stopped 24 FeB 1975 1797 36.5K (110°F)
Analysis Started 12 MAR 1975 e 253K (-4°F)
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PQST-TEST ANALYSIS RESULTS

111,

Gas Analysis
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B.

Total Metals in Solution __ [imjted Analysis
Initial Hydrazine Weight  2(.47 g

Total Hydrazine Decomposed 0.4¢ V%

78

Liquid Analysis

' JING PAGE BLANK NOT Flikiu

Liquids
and Solutes

Initial Value™

Final Value

Main Constituents, %
Nzﬂ4
H20
C . H.NH

652

Ny

Dissolved Metals, mg
Fe
Cr
Mn
Ni
Al
Ti
v
Na
81
Co
W

Dissclved Anions, mg
F
cl
Carbazate (as COZ)

298.93
0.23
0.285

<0. {0

¥ REF DRUM
NUMBER 3155

98.82
0.73.
0.25

<0.10

0.0z
£0.03
< 0.0t

oD
o N

< Indicates glement is not ;ld'ach:\b!e at concentration given

Contamination
Halide Content

< 05 mag
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C. Specimen Analysis

Solute-
Inicial Final Measured
Property S/N Value Value Change, mg Indicated
Change, %
Weight, 0787 3. 2006 5.2080 —-0.4 —
g
EIXTURE 249. 9713
Thickness )
Hardness NOT NoeT
| APPLicABLE | APPLICABLE N/A
Surface Properties
Area:
S/N Liquid-Exposed Vapor-Exposed Total
t'm:I L'm: (ng
0787 iz 414 &.819 /9. 2989
FixTuRE 7. 759 g 163 B FZ2,
NOTE - -
"Lly RATI0: SLue, 0.624 cam ™' wiTH FixTues 1.52 cm ~!
Films:
§/N Location Thickness Color
0787 Ltgud (L) 2.04 OXIDE _Fun 8uiLooP
FixTvRE _ VAPOR (V) INTERINE Z.04 OXIDE FILmM _BUILOUP
OTHER SURFACES 0 Z M BLIE GRAY TARMISH
s/n Area Compeosition Pitting Remarks
0787 NONUNIEORM NOT DETERMINED NOMNE

(MOT_MEASURED)

Tdentified Corrodinn Yechanisrms
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1V. DOCUMENTATION

See SEM photos,

Fig. E-1. Sampe of liquid-vapor interface (a) at 135 -, (b) at 360 -, and (¢) at 1450 -

-
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